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ZUSAMMENFASSUNG

Die Glukosylglycerin-Phosphat Synthase (GgpS) ist eines der
beiden Enzyme, die beteiligt sind an der Darstellung von
Glukosylglycerin, dem wichtigsten kompatiblen Solut im Cyano-
bakterium Synechocystis sp. Verbindungen dieserart sind osmo-
tisch aktiv, dienen damit der Halotoleranz und sind deswegen
zugleich in hohem Maf3e kompatibel mit dem Metabolismus, d.h.
vorranging Protein stabilisierend. Glukosylglycerin und andere
kompatible Solute werden in verschiedenen Pharmazeutika,
insbesondere aber in kosmetischen Produkten zur ,Revitalisie-
rung“ oder Hydratisierung der Haut eingesetzt. GgpS ist eine
Glykosyltransferase, die die Reaktion von ADP-Glukose und Glyce-
ryl-3-phosphat zu ADP und Glukosylglycerin-phosphat unter
Beibehaltung der Stereoisomerie des anomeren Kohlenstoffs
katalysiert. Frithere Veroffentlichungen berichten, dass GgpS unter
Bedingungen mit niedrigem Salzgehalt inaktiv ist, aber konstitutiv
exprimiert wird; hingegen jedoch aktiviert und starker exprimiert
wird nach dem Umsetzen in Medium mit hohem Salzgehalt. Bisher
wurde angenommen, dass die Inaktivierung durch Bindung an DNA
realisiert ist: Erst durch einen intrazelluldren Salz-Schock werden
GgpS und die Nukleinsdure voneinander getrennt. Die Salzionen
schirmen dabei beide Bindungspartner elektrostatischen
voneinander ab. Im Folgenden werde ich die erste Struktur von
GgpS, einer Glykosyltransferase mit der bekannten B-Faltung,
vorstellen. Uberraschenderweise sind zwei Chlorid-Anionen an das
konstituierte Tetramer gebunden und implizieren damit eine
bislang unbekannte direkte Chlorid-Abhangigkeit von GgpS. In der
Tat konnte ich einen Effekt von Chlorid auf die Aktivitat validieren
u.a. durch einen Vergleich mit einer Mutante die kein Chlorid an
der spezifizierten Stelle mehr binden kann. Dieser Effekt konnte in
der Vergangenheit entweder ilibersehen oder gar verwechselt
worden sein mit einer Mg2*-Abhdngigkeit. Das Mg2* war immer als
Chlorid-Salz hinzugefiigt worden. Zusatzlich zeige ich die

Bedeutung der Chlorid-Bindung fiir die Reaktivierung nach DNA-



Hemmung und gebe erste Vorhersagen tiber den GgpS:DNA-

Komplex.

Ein weiteres hier diskutiertes Projekt befasst sich mit der AAA*
Protease FtsH. AAA* Proteine sind bekannt fiir ihre hexamere
Ringstruktur und die Fahigkeit, Proteine oder Nukleinsdauren durch
die gebildete Pore zu translozieren. Die Translokation entfaltet
Strukturen und daher lassen sich AAA* Proteine dort finden, wo
eine Entfaltung, moglicherweise vor einer korrekten Riickfaltung
(Chaperone fiir Proteine), oder auch nur eine Bewegung entlang
eines Substrats (Helikasen fiir Nukleinsauren) erforderlich ist. Die
Untersuchung des Translokationsmechanismus wird derzeit durch
die aufkommende Methode der Kryo-Elektronenmikroskopie be-
schleunigt. Bei AAA* Proteasen ermoglicht ein weiterer Ring mit
proteolytischer Aktivitdt einen vollstandigen Abbau der ehemals
stark gefalteten Proteine. Diese Proteasen gewdhrleisten daher die
Kontrolle der Proteinqualitat in allen Zellen und das Recycling
ihrer Aminosduren. FtsH ist eines der einfachsten Mitglieder dieser
Proteinfamilie, da sein Hexamer nur aus sechs identischen
Proteinen besteht. Es ist jedoch gleichzeitig die einzige membran-
gebundene AAA* Protease. Wahrend meiner Masterarbeit (2015)
begann ich ein neues Konstrukt aus Aquifex aeolicus ohne
Membranteil zu kristallisieren. Die verfeinerte und nun griindlich
analysierte Struktur wurde schlief3lich im Jahr 2018 veroéffentlicht
(Uthoff & Baumann, 2018). Ich beschrieb eine neue Faltung der
»pore loop“, welche normalerweise mit dem Substrat wahrend der
Translokation interagiert. Die alternative Faltung ist meiner
Meinung nach fiir die korrekte Riickbewegung der Untereinheit
nach der Translokation erforderlich. Um fiir den Mechanismus
kritische Aminosaure zu validieren, entwickelte ich drei Aktivitats-
assays welche ich ebenfalls hier vorstelle. Dartiiber hinaus haben
wir eine Zusammenarbeit mit Elmar Behrmann begonnen und
prasentieren die erste Struktur von volllangen-FtsH in Detergenz,
die bei etwa 6 A aufgeldst ist. Kryo-Elektronenmikroskopie mit
Membranproteinen ist jedoch eine Herausforderung und die
Arbeiten dauern an. Ein vielversprechender Datensatz fiir ein

Modell mit hoherer Auflosung wird derzeit prozessiert.



ABSTRACT

Glucosylglycerol-phosphate synthase (GgpS) is one of the two
enzymes required for the production of glucosylglycerol, the main
compatible solute in the cyanobacterium Synechocystis sp. These
compounds are essential for halotolerance and as such are osmotic
active but highly compatible with the metabolism, i.e. they are
protein stabilising. Glucosylglycerol and other compatible solutes
are commercialised in various pharma but especially in cosmetic
products for skin ‘revitalisation’ and as hydrating agents. GgpS is
a glycosyltransferase catalysing the reaction of ADP-glucose and
glycerol-3-phosphate to ADP and glucosylglycerol-phosphate under
retention of the stereoisomerism of the anomeric carbon. GgpS was
found to be constitutively expressed but inactive under low salt
conditions and strongly expressed and activated if the cells are
shocked with medium containing high salt concentrations.
Previously, inactivation was thought to be realised by binding of
GgpS to DNA and thought to be activated due to electrostatic
shielding of GgpS from the nucleic acid by the salt ions. Here I will
present the first 3D-structure of GgpS a glycosyltransferase with
the common B fold. Surprisingly, two chloride anions are bound to
the tetrameric enzyme and imply a so far unknown direct chloride
dependence of GgpS. I could indeed validate the effect of chloride
on the enzymatic activity by comparison of the wild type with a
binding deficient mutant. This effect probably has been missed due
to or mixed up with an Mg?*-dependency. The Mg?2* cation in
previous studies has always been added in the form of MgCl..
Additionally, I demonstrate the importance of chloride binding for
DNA inhibition rescue and give first predictions of the GgpS:DNA

complex.

Another project discussed here is about the AAA* protease FtsH.
AAA* proteins are known for their hexameric ring structure and the
ability to translocate proteins or nucleic acids through the central
pore. Translocation unfolds 3D-structures, and hence AAA* pro-
teins are found where unfolding, potentially prior to correct refold-

ing (chaperone for proteins), or where just the movement along a



substrate (helicases for nucleic acids) is required. Investigation of
the translocation mechanism is currently accelerated by the
emerging method of cryo-electron microscopy. In AAA* proteases,
another ring with proteolytic activity enables these complexes to
completely degrade tightly folded proteins. Hence, they ensure
protein quality control in all cells and recycling of their amino
acids. FtsH is one of the simplest members of this family of proteins
as its hexamer is constituted by just six identical proteins.
However, it is simultaneously the only membrane bound AAA*
protease in bacteria, mitochondria and plastids. During my
master’s thesis (2015), I started crystallising a new construct of
FtsH from Aquifex aeolicus lacking the N-terminal trans-membrane
and periplasmic part. I described a new conformation of the usually
substrate-engaging ‘pore loop’ which I believe is required for
correct subunit movement after translocation (Uthoff & Baumann,
2018). To validate critical residues, I present here the development
of three activity assays. In addition, we started a collaboration with
Elmar Behrmann and I will present here the first full-length
structure of FtsH solubilised in detergents at around 6 A. However,
cryo-electron microscopy with membrane proteins is challenging
and the work is ongoing. A very promising dataset for a higher

resolution structure is currently being processed.
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Salt and osmosis — Opportunities and challenges 1.1

1 GGPS —INTRODUCTION

1.1 Salt and osmosis — Opportunities and challenges

‘Life is a characteristic that distinguishes physical entities that
have biological processes [...] from those that do not [...]
(Wikipedia, 2020). This is the first sentence written in the
‘Wikipedia’ article about life and the truncated statement is appar-
ently a circular reasoning because the term ‘biology’ is ancient
Greek for ‘the study of life’. The statement carries an important
fact nonetheless: Life is a physical entity and as such is distinct of
its environment. A common feature for all living entities on earth
is a thin lipid bilayer separating them from their surroundings. The
membrane is hypothesised to have coevolved with the metabolism
from simple abiotic to increasingly complex ‘biological’ processes
(Szathmary, 2007). Today, (eukaryotic) cells are highly compart-
mentalised: Vacuoles store things, lysosomes degrade molecules,
mitochondria and chloroplast generate energy, peroxisomes con-
tain harmful reactions... All are separated by one/several lipid
bilayer membrane/s which are semi-permeable. This usually
means that small nonpolar molecules can freely diffuse to the other
side but not charged, polar and bulky ones. Controlling the flow of
ions actively, enables cells to separate charges on both sides. This
generates the membrane potential required for signal transduction

and energy production.

1.1.1  The problem of osmosis

Osmosis is a phenomenon occurring at semi-permeable barriers
like bio membranes. The diffusion rate of water through simple
lipid bilayers is actually quite low but it is also the universal
solvent required for all living beings. Hence, cells evolved for rapid
mostly passive water exchange by integrating aquaporins (Haines,
1994). On the side where there are more solutes (hypertonic), the
water has effectively a lower concentration and accordingly a
lower chemical potential, and there is therefore a net diffusion rate
of water towards that side. It becomes naught if the water concen-

trations or more precisely the water activity becomes equal in both
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Salt and osmosis — Opportunities and challenges 1.1

spaces. Thus, not the solutes but the water diffuses to equilibrate
the concentrations. However, this increases volume or, usually
more importantly, the pressure on the former hypotonic side.
Hence the true equilibrium is reached when the osmotic potential
on both sides equalises, this includes amongst others
predominantly water activity and hydrostatic pressure. Typical
cells have evolved to be slightly over-pressurised (turgor), but a
higher pressure might burst the cell. Controlling osmosis is
therefore critical, especially for single cell organisms and it must
always maintain a slightly lower potential i.e. usually a lower
water activity in its interior (Campbell & Reece, 2009).

Bacteria and archaea live or survive up to 5.1 M or 30 % sodium
chloride and are often divided according to their preferential
growth conditions into slight (0.34-0.85 M), moderate (0.85-
3.4 M) and extreme (3.4-5.1 M) halophiles (Ollivier et al., 1994).
The living conditions are unfortunately not constant and can
change rapidly. During low tides small ponds can evaporate and
thereby decreasing considerably the water activity inside. Like-
wise, rain can dilute such ponds quickly, increasing their water
activity. Hence, single cell organisms often had to evolve systems
for rapid adaptation.

1.1.2 Pitfalls in osmoregulation — The Hofmeister phenomenon

Water activity can easily be reduced by production or uptake of
osmolytes, i.e. osmotically active agents. However, some com-
pounds may have adverse effects on the metabolism. Cells evolved
for low intracellular sodium, chloride, and calcium, but higher
potassium levels as required for the membrane potential. In
addition, there are more, less apparent effects. Franz Hofmeister
described how certain compounds modulate the solubility of
proteins (Hofmeister, 1888). Theses osmolytes were later catego-
rised as chaotropes and kosmotropes, which either salt-in or salt-
out. The former are supposed to break water structure and the
latter to increase it, thereby altering the protein stability. In more
detail, salting-in refers to the ability of chaotropes to increase

solubility of folded proteins at low concentrations while at higher
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Salt and osmosis — Opportunities and challenges 1.1

concentration the unfolded denatured state is stabilised. Eventu-
ally, also chaotropes precipitate polypeptides. The salting-out
effect of kosmotropes on the other hand only stabilises folded
proteins and decreases directly their solubility. The categories and
their names were kept, but the idea of more or less ordered bulk
water was discarded (Ball & Hallsworth, 2015; Y. Zhang & Cremer,
2006).

The Hofmeister phenomenon is a mixture of effects depending
on the agent. Zhang and co-workers tested the classical Hofmeister
anions on a peptide-bond model polymer (PNIPAM) and reported
that all their sodium salts increase surface tension in general (Y.
Zhang et al., 2005). This means all enhance separation of protein
and water and have thus a classical salting-out effect, which is
stronger for kosmotropes as one might expect. In addition, kosmo-
tropes have a strong negative hydration entropy and are thus able
to polarise i.e. remove the hydration shells of proteins, further
increasing the salting-out effect. Chaotropes on the other hand
have a low negative hydration entropy and it is their hydration
shell which is removed if close to proteins. This enables them to
interact with very low affinity sites on the protein directly. Hence,
one may say the protein is not only solved in the water but in the
chaotropic agent as well, increasing overall solubility. However,
the peptide bonds are potential binding sites, too. Most of them are
usually only accessible in the unfolded state and the proteins
therefore start to unfold with increasing chaotrope concentrations.
Since all interactions sites are finite, this effect saturates and is
overcome by increased surface tension, leading eventually to
precipitation.

The authors indicate their hypothesis to be not complete,
especially since they did not analyse cations and the Hofmeister
effect of complex compounds is certainly more complex. Urea and
guanidinium for example not only interact directly but have an
amphipathic surfactant-like effect, increasing their penetration
capability into the protein’s core (England et al., 2008). Likewise,
some solutes may not be able to interact with the peptide backbone

at for example due to sterically reasons. So, while urea favourably
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Salt and osmosis — Opportunities and challenges 1.1

interacts with it, sarcosine avoids it and apolar sidechains.
Sarcosine is therefore excluded from the protein and its vicinity
and thus increases overall protein stability (Holthauzen et al.,
2010). Atomic force microscopy experiments support this. Up to
600 mM sarcosine or ectoine reduces the elasticity i.e. increases
the stability of fibronectin steadily, while sodium chloride does not
impose any change up to 4 M (Oberdorfer et al., 2003). Hence,
solutes can be divided into protein or metabolic incompatible
solutes like urea and guanidinium and compatible solutes like

sarcosine and ectoine.

1.1.3 Strategies for osmoadaptation — Potassium versus compatible solutes

If a cell wants to decrease its water activity, the employed
mechanism to achieve this goal and the cell’s metabolism must not
interfere with each other. This can be achieved by the usage of the
previously introduced group of compatible solutes to concentra-
tions of up to 2 M, or by making the metabolism compatible to the
solutes in use. A simplified overview is given in Figure 1. The latter
strategy is usually employed by extreme halophilic organisms as in
the archaea family of Halobacteriaceae and referred to as salting-
in strategy. They in fact require higher potassium (chloride)
concentrations for survival and their proteome became eventually
more acidic, i.e. negatively charged and less hydrophobic to accom-
modate that potassium (Oren, 2013). This strategy is especially
useful under extreme conditions because it is considered as less
energy requiring as no agents are actively produced (Oren, 2011).
Those cells and enzymes often need 2-4 M intracellular potassium
and sometimes 100 mM Mg?* for peak growth or activity (Lanyi,
1974). Reviews even report 5-7 M, more than the actual solubility
of potassium chloride. The salt is believed to be bound to the
intracellular contents, e.g. proteins, though no primary sources are
given at all. Nevertheless, these organisms are potassium
dependent and the salting-in strategy is more adjusting the basal
halotolerance. The second strategy in contrast requires to actively
accumulate or produce compatible solutes. They often fine tune the

cell to the current condition and are used in most cells. However,
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Salt and osmosis — Opportunities and challenges 1.1
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Figure 1: Simplified overview of osmoadaptation strategies and compounds used.

especially the synthesis of these products is more energy

demanding.

As described, compatible solutes usually increase protein
stability and in addition, since all solutes lower the freezing
temperature, they also help against temperature stress and desic-
cation (Kunte et al., 2014; Lentzen & Schwarz, 2006). In contrasts
to potassium, compatible solutes often do not need counter ions
because they are neutral or zwitterionic. Ectoine and its derivative
hydroxyectoine but also betaine, proline and glutamine belong to
the latter group, while carbohydrates and polyols are usually
neutral (Czech et al., 2018; Galinski & Triiper, 1994; Lentzen &
Schwarz, 2006; Shivanand & Mugeraya, 2011; Welsh, 2000).
However, phosphate, glycerate and glyceramide derivatives of
carbohydrates are anionic in nature and often better suited to
protect against heat stress (Faria et al., 2008). In addition, they
require positive counter ions and are thus often found in

combination with potassium.
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Salt and osmosis — Opportunities and challenges 1.1

Sodium uptake is usually the immediate response to salt shocks
but is soon replaced against potassium while compatible solutes
have to be produced first (Sleator & Hill, 2002). However, several
organisms accumulate the solutes directly from the environment
since they often have already been released during down shocks
before. Welsh discusses this and other ecological effects in his
great review (Welsh, 2000). Sleator and Hill review the response

to salt shocks according to strategy (Sleator & Hill, 2002).

Compatible solutes have been shown to aid in periplasmic
protein expression in E. coli and subsequent purification (Barth et
al., 2000). Ectoine and mannosylglycerate can enhance refolding
of proteins from inclusion bodies (Lentzen & Schwarz, 2006) and
ectoine improved the growth of protein crystals (Harjes et al.,
2004). Compatible solutes have been found helpful in neurodegen-
erative diseases since they can reduce prion, AB42 and a-synuclein
aggregation in cell models (Jorge et al., 2016). Moreover, according
to Merck scientists, pre-treatment of ectoine reduces ‘sunburn’ in
organo-typical skin equivalents by UV irradiation. Also the skin of
human test subjects were subsequently pre-treated and irradiated
with a protective effect (Blinger et al., 2001). Glucosylglycerol (GG)
enhances aquaporine levels in keratinocytes and reduces water
loss in human skin (Schrader et al., 2012). In addition, it prevents
human saliva bacteria from acid production thus potentially
inhibits caries and it is an important natural component of Sake
and Mirin (Takenaka & Uchiyama, 2000). GG can also decreases in
vitro digestion of disaccharides and may help patients with
diabetes mellitus (Takenaka & Uchiyama, 2001). At last, probiotic
effects on intestine flora have been show and it is therefore

discussed as an additive for functional foods (Sawangwan, 2015).

It is no surprise, that those compounds are already exploited on
an industrial level, especially ectoine (Kunte et al., 2014). Itself,
hydroxyectoine and glucosylglycerol are sold by the German
company bito AG under the trademarks of ‘Ectoin’ and ‘Glycoin’ for
skin care products (Bitop AG, 2020). Glucosylglycerol is most likely
produced from sucrose and glycerol by immobilised sucrose

phosphorylase (Bolivar et al., 2017), but a different method via the
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Synechocystis sp. and the role of GgpS 1.2

enzymes GgpS and GgpP in Corynebacterium glutamicum was
proposed recently (B. Roenneke et al., 2018).

1.2 Synechocystis sp. and the role of GgpS

1.2.1 Osmoadaptation in the moderate halotolerant Synechocystis sp.
PCC6803

Cyanobacteria predominantly produce sucrose and trehalose
(<0.6 M sodium chloride in medium), glucosylglycerol and gluco-
sylglycerate (<1.7 M) or betaine and glutamate betaine (<3.0 M) as
compatible solutes. The selection is not exclusive, the more
tolerant species often switch production to a ‘simpler’ osmolyte
under less extreme conditions. Hence, sucrose is found in most
species at moderate conditions. However, while some species are
just halotolerant, some require salt for survival (Martin

Hagemann, 2011).

Synechocystis sp. PCC6714 was isolated in 1949 by G. C. Gerloff
from a freshwater lake near Madison, Wisconsin, USA (JGI:
Go0071041). It produces glucosylglycerol as osmolyte and its
response to a 500 mM sodium chloride shock was analysed (Reed
et al., 1985). Adapted to BG-11’ medium (5.0 mM sodium, 2.5 mM
potassium, 2.0 mM chloride), the cells maintained levels of around
7 mM sodium, chloride and sucrose as well as 180 mM potassium
but no glucosylglycerol. The following concentration are usually
the concentration above these basal values as depicted in Figure 2.
Within 2 min after the shock, sodium and chloride concentrations
increased by 160 mM and 200 mM, respectively. While, the
concentration of chloride did not change for about an hour, sodium
was equimolarly exchanged against potassium within 20 min
(around 340 mM total intracellular potassium). An hour later,
ejection and replacement of chloride and potassium by sucrose and
glucosylglycerol began. Thus, 24 h after the shock, ion levels stabi-
lised at around 60 mM chloride and 30 mM potassium with 75 mM
sucrose and 150 mM glucosylglycerol above initial values. At the
end of the experiment after 48 h, sucrose concentration had

dropped to 30 mM above initial values while GG production went
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Figure 2: Potassium, sodium, chloride, glucosylglycerol and sucrose levels in
Synechocystis sp. PCC6714.

Visually enhanced Figure 1 from (Reed et al,, 1985). Changes in intracellular
solute concentrations of PCC6714 cells transferred from BG-11' to a medium
containing additional 500 mM sodium chloride. Data were collected within first
30 min (0.5 h) and between 1h and 48 h after shock. Increases in glucosyl-
glycerol and sucrose levels up to 30 min were osmotically insignificant and
have not been included in first time frame. Values are represented as increases
above the basal levels for cells in freshwater BG-11' medium (181.1 mM
potassium, 7.8 mM sodium, 6.8 mM chloride and 7.7 mM for sucrose; glucosyl-
glycerol was undetected in freshwater-grown cells). Thanks for permission of
reuse from Oxford University Press.

on with 200 mM produced so far. The photosynthetic oxygen
production was also analysed. It stopped after 2 min of the salt
shock but recovered to 70 % after 30 min and 80 % after 60 min
with around 10 % standard deviation or error.

Glucosylglycerol is produced from ADP-glucose and glycerol-3-
phosphat (G3P) in a reaction catalysed first by glucosylglycerol-
phosphate synthase (GgpS, KEGG: R05328) and a final dephos-
phorylation by glucosylglycerol 3-phosphatase (GgpP, KEGG:
R0O5791, Figure 3). ADP-glucose is a central component in starch
and trehalose metabolism and G3P links glycolysis and the
generation of glycerolipids.

Matthias Uthoff, University of Cologne 8
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Figure 3: Synthesis of glucosylglycerol in cyanobacteria by GgpS and GgpP.

Red: Oxygen containing groups; Blue: nitrogen containing groups. (ChemDraw)

The GgpS from Synechocystis sp. PCC6803 was analysed in this
thesis instead of PCC6714. Both strains are closely related based on
16S r-RNA (Martin Hagemann, 2011) and GgpS sequence (98 %
coverage with 95 % identity). PCC6803 was isolated 1968 by
Wolfgang Hess from a freshwater pond near Oakland, California,
USA (JGI: Goooo0791).

1.2.2 Regulation of GgpS

GgpS was found to be constitutively expressed in Synechocystis
sp. PCC6803 (Martin Hagemann et al., 1996) but salt shocks with
684 mM sodium chloride led to a tenfold increase in protein level
(Marin et al., 2002). A linear relationship between mRNA, protein,
glucosylglycerol and external sodium chloride concentration was
found. PCC6803 tolerates more than 1.2 M sodium chloride, but
photosynthesis declined and GgpS transcription was not induced
directly at 1,026 mM. Nevertheless, mRNA and glucosylglycerol
levels increased eventually to expected values. The authors further
showed that mutation of of, a transcription factor of several salt
stress proteins, broke the relationship between medium-salt and
mRNA concentration. However, glucosylglycerol accumulated up to
684 mM sodium chloride in the medium after five days as usual.
Higher salt concentration led to diminished growth and glucosyl-

glycerol accumulation (Marin et al., 2002). When shocked with
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342 mM sodium chloride in presence of chloramphenicol, only half
as much glucosylglycerol accumulated as without translation
inhibitor after 3.5 h (Martin Hagemann et al., 1996). This clearly
indicates the condition-dependent expression of GgpS as an
important factor for glucosylglycerol production regulation. How-
ever, GgpS activity is directly fine-tuned especially at lower salt
concentration.

GgpS in ‘crude’ cell extracts was found to be activated by
sodium chloride (Schoor et al., 1999). All tested chloride and
bromide salts activated stronger than iodide or nitrate. This fact
was neglected and the focus was set on the cations and their
apparent Hofmeister-like effect. Moreover, magnesium chloride
was found to be exceptionally activating in low concentrations,
thus laying the grounds for the belief in Mg2*-dependence of GgpS.
Results were refined by analysis of better purified GgpS (M.
Hagemann et al., 2001) and led to the discovery of inhibition by
poly-anions (nucleic acids or heparin) and subsequent sodium
chloride activation (Jens F Novak et al., 2011). In this model,
sodium chloride does not directly bind to the protein or the DNA
but electrostatically shields both from each other. Thus, if the cells
are under no salt stress, GgpS is inactivated by DNA or possibly
also RNA. After a salt shock, potassium, sodium and chloride enter
the cell and separate GgpS from the inhibitor, activating it, as it is
now needed. This leads to the accumulation of glucosylglycerol and
the intracellular concentration of inorganic ions can be reduced
gradually. If the environment becomes less hypertonic or even
hypotonic, more inorganic ions and eventually also the compatible
solutes are released. This inactivates GgpS and adapts the cell

quickly to the new condition.

1.3 Glycosyltransferases
GgpS (EC 2.4.1.213) is a glycosyltransferase (GT; EC 2.4). The

‘carbohydrate-active enzyme database’ (CAZy) states the follow-
ing: ‘these enzymes catalyse the transfer of sugar moieties from
activated donor molecules to specific acceptor molecules, forming
glycosidic bonds’ (Lombard et al., 2014). The activated donor
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molecule usually refers to a monosaccharide coupled to a phos-
phate or a nucleotide mono- or diphosphate. GTs are therefore res-
ponsible for the formation of more complex sugars such as sucrose
or cellulose and glycogen as well as the glycosylation of proteins,
lipids and nucleic acids. Strictly speaking, hydrolysis and phospho-
rolysis are transfers to water and phosphates, respectively, and can
be regarded as GTs.

There are numerous ways to classify glycosyltransferases. For
example, the EC classification systems divides them into hexosyl-
transferases (EC 2.4.1), pentosyltransferases (EC 2.4.2), and
transfer to ‘other’ glycosyl groups (EC 2.4.99). Based on sequences,
CAZy has defined 111 families, of which few have been discon-
tinued. A structural comparisons reveals three distinct folds: GT-A,
GT-B and GT-C. These folds are also found in the GT-like hydrolases
and phosphorylases as indicated above. Several reviews report
about glycosyltransferases and are basis for the brief following
overview (Coutinho et al., 2003; Gloster, 2014; Lairson et al.,
2008; Moremen & Haltiwanger, 2019; Taujale et al., 2020).

Most GTs adopt the GT-A or the GT-B folds. A large Rossman-
like domain, which is described as one composed of two Rossman
motifs linked together, interacts with both substrates in GT-A
proteins. In GT-B enzymes are the substrates bound in the cleft
between two distinct Rossman-like subdomains. Here, the
N-terminal domain usually stabilises the diverse acceptors, while
the C-terminal one binds predominantly the activated sugar. A
conserved feature of most GT-A enzymes is the DXD motif in the
active site. It coordinates Mg?* or sometimes Mn?* to stabilise the
phosphate leaving group of the donor. This interaction mode is
replaced by arginines and lysines in GT-B proteins. Hence, most but
not all GT-As are cofactor dependent, but no such dependence is
known in GTs with the B fold.

Another important discriminating feature is the stereochemis-
try of the anomeric linkage in the product (Figure 4). The activated
sugars are all a-anomers and transfers can either invert or retain

this configuration. There is no correlation between fold and formed
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Figure 4: Reaction mechanism of inverting and retaining glycosyltransferases.

A) Typical S\2 reaction as assumed for most inverting GTs. B) Sy1 mechanism as
hypothesised for few recently found inverting GTs. C) Discarded double-
displacement mechanism of retaining GTs, based on glycosidases. D) Proposed
Syi-like mechanism of retaining GTs (Moremen & Haltiwanger, 2019, adapted).
Thanks for permission of reuse from Springer Nature.

linkage type. Moreover, a deep evolutionary analysis of GT-A
proteins revealed multiple lineages for inverting and retaining
mechanisms (Taujale et al., 2020). The inversion of the stereoiso-
meric centre is explained by a simple Sy2 reaction in which the
enzyme activates the acceptor and displaces the leaving group of
the donor by a nucleophilic attack. However, a Sx1 mechanism has
recently been discussed for few enzymes. The reaction under
retention is more complicated. In glycosidases the first step is the
displacement of the leaving group by a sidechain nucleophile.
Subsequently, the acceptor activated by the protein attacks again
nucleophilic from the front. Thus, two Sx2 reactions switch the
configuration back and forth and comprise a covalently glycosy-
lated protein intermediate. However, after long debate in the gly-
cosyltransferase field, this was disregarded in favour of the Sni-
like mechanism. The donor phosphate deprotonates the acceptor
hydroxyl group thus further polarising the anomeric carbon. The
hydroxyl group then performs a nucleophilic attack on that carbon.
The protein is predominantly required for correctly orienting the
substrates and the subsequent stabilisation of the leaving group by
a positive charge. It is not directly involved in the mechanism (S.
S. Lee et al., 2011).

As initially mentioned, CAZy defines glycosyltransferase fami-

lies by sequence similarity. Therefore, same fold and mechanism
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are anticipated within one family. GgpS is a member of the GT20
family. The only other members are the a,a-trehalose phosphate
synthase (TPS or OtsA) and its products’ phosphatase (OtsB). GgpP
(StpA), the phosphatase of the product of GgpS is not characterised
by CAZy. GgpP is in general not well researched. To date, Uniprot
lists only 23 entries of which only the one from Synechocystis sp.
PCC6803 has evidence at the protein level. All others are only
predicted or inferred from homology. Besides GgpS and GgpP, some
organisms have a protein called GgpPS. Blastp indicates that this is
a form of GgpS with an additional N-terminal phosphatase domain.
Again, all four Uniprot entries are only inferred from homology.
GgpS and GgpP share no sequence similarity and the latter might
not has the GT-B fold as it is strictly speaking not GT at all. It
transfers a glycerol moiety to a water molecule, while phosphatase
OtsB transfers a glucose moiety. However, both do not alter a
glyosidic bond. As a side remark, a Uniprot search should not be
mistaken with geranyl-geranyl pyrophosphate synthase, which is
often abbreviated as GgpS as well.

The structure of TPS from E. coli bound to a transition state
mimetic was one of the first pieces of evidence indicating the
Swni-like mechanism to be correct (Errey et al., 2010; S. S. Lee et al.,
2011), and since it has the GT-B fold, GgpS most likely assumes the
GT-B fold as well. It further indicates that GgpS may not dependent

on Mg2* ions.

1.4 The GgpS project

It was Kay Marin with Reinhard Kramer and his team who
worked on GgpS and brought this project to us. One of their
important publications was about the inhibition by DNA and
reactivation or rescue by high salt concentrations (Jens F Novak et
al., 2011). Before the group disbanded due to retirement of
Reinhard Kramer, they asked us for a collaboration to crystallise
the protein and to solve the apo-structure and the complex with
DNA. Since the Kramer group was able to purify the protein,
crystallisation was thought to be of lower difficulty. After

Benjamin Roenneke, a PhD student of their lab graduated, most
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tasks were carried out by bachelor students (Monique Henschel,
Georg Rabbow, Seyma Bozkus, Leon Wehrhan) as well as master a
student (Monique Henschel), who were supervised by Jan Gebauer
and myself. Soon it turned out, that crystallisation was much
tougher than anticipated. But after exchanging the C-terminal
affinity tag against an N-terminal one, crystals started to grow and
I assumed more and more responsibility over the project.

1.4.1  Wait, there is a chloride! What now? — The aims of the project

As a compatible solute producing enzyme, GgpS does not have
to be active all the time but must rapidly become active under
conditions of salt shock, i.e. usually a strong increase of
intracellular sodium chloride concentrations. The commonly
assumed mechanism behind this was binding of the enzyme to
nucleic acids during low salt conditions by occlusion. In the
complex, the enzyme is thought to be inactive. Upon increasing
intracellular salt concentrations in salt shock scenarios, the ions
were thought to shield electrostatically GgpS from the nucleic acids
and thus releasing and reactivating it.

The initial scope of the project changed after solving the protein
structure and finding two potential chloride ions bound to the
tetramer. It challenges the established theory about salt regulation,
since those sites may act as chloride sensors and directly regulate
the activity bypassing any nucleic acid interactions. A brief
literature research also reveals an inconsistency in the DNA-
inhibition hypothesis: The cytosol at low salt cultivating conditions
contains ions, predominantly potassium, at roughly 100 mM ionic
strength (Reed et al., 1985). However, 100-150 mM ionic strength
added in the form of sodium chloride to GgpS in vitro is enough to
lift the DNA inhibition (Jens F Novak et al., 2011). So, how can the
inhibition be possible if it is purely ionic strength dependent and
independent of the ion species? This part of my thesis concentrates
therefore on these potential chlorides and the aims were redefined
as follows:
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1. To validate the ion species unambiguously (as chloride)

2. To characterise the structural effects of non-, half and full
chloride occupation

3. To correlate the structural effects of chloride binding with
enzymatic activity

4. To re-evaluate the nucleic acid regulation mechanism

5. To co-crystallise GgpS with DNA and to identify the binding
mode

In order to better assay chloride binding and its effects, we
generated a binding-deficient mutant. Since the anions bind via the
amino subgroup of the amide bond of Trp110, only the mutation to
proline (W110P) was feasible. Fortunately, the actual
Ramachandran angles of Trp110 are already located in the allowed
regions for prolines, indicating the mutation to have only a minor

effect on the overall structure.

Sucrose turned out to be the best cryo-protectant for GgpS,
probably because it binds at several positions within the structure.
In addition, we analysed crystals soaked with ADP and sn-glycerol-
3-phosphate cryo-protected with mineral oils. Moreover, I crys-
tallised GgpS in the presence of sulphate since some biochemical
data suggested that only one sulphate can bind per tetramer. This
could enable us to characterise the GgpS bound to only one anion,
in contrast to the anion-free W110P mutant and the two-chloride

occupied wild type.
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2 GGPS — RESULTS AND DISCUSSION

2.1 Purification

A Strep-tag with a linker containing a TEV cleavage site was
added to the N-terminus of GgpS from Synechocystis sp. PCC6803
(Uniprot: P74258). In addition, the construct I obtained had its
very last amino acid removed. This version of the wild type protein
and the corresponding W110P mutant version were both
heterologously expressed in BL21(DE3) E. coli cells. The bacteria
were lysed twice at 2.5 kbar using a Cell Disruptor (Constant
Systems) and GgpS proteins were further purified via a Strep-
tag:Strep-Tactin affinity and Superdex 200 size exclusion chroma-
tography. A highly critical step is the removal of nucleic acids on
the affinity chromatography column. When the protein was bound
to Strep-Tactin or to Ni-NTA by using a different construct with a
Hise-tag, nucleic acids have to be removed with up to 30 column
volumes of buffer containing 500 mM sodium chloride. In theory,
only the positively charged Ni-NTA interacts with nucleic acids, but
in our experience with other proteins, Strep-Tactin does as well.
After this washing step, the protein appears reliably monodisperse
as a tetramer every time if kept in 150 mM sodium chloride and 10
mM HEPES/NaOH pH 7.6 or for assays 30 mM HEPES/KOH pH 7.6
(Figure 5). The tag could have been removed by cleavage with TEV
protease but that has never been done. Moreover, the tag is

probably required for crystallisation.

The protein was always produced on the same day of usage for
biochemical assays. Freezing in the size exclusion buffer usually
led to loss of around 15 % of the protein after thawing and
centrifugation. A fast (4 h) small scale purification with a smaller
affinity column (0.5 ml) for the assays yielded 0.2 mg protein per
1 g bacterial pellet. The process was optimised for fast production
of fresh protein for the assays of the current day and sometimes
for the next day (stored at 20°C). Larger scale purifications were

more efficient with 1.2-2.1 mg/g due to usage of considerably
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Figure 5: Purification of GgpS wild type and W110P mutant.

The proteins were purified via Strep-tag:Strep-Tactin affinity and size exclusion
chromatography (Superdex 200). The Coomassie stained gel depicts the lysate
(L), supernatant (S), affinity chromatography flow-through (FT) and the final
pooled and concentrated protein after size exclusion chromatography (P). Size:
59.30 kDa, runs between 45 kDa and 66 kDa. The plot depicts the size exclusion
chromatograms at 150 mM or 10 mM sodium chloride and 20 mM HEPES/NaOH
pH 7.6. The proteins were usually concentrated with a 100 kDa molecular weight
cut-off ultrafiltration device, hence lower sized particles might have been
removed beforehand. Yet, no new monomeric GgpS was formed. As comparison,
a 47 kDa protein elutes usually from this column at around 16 ml.

slower but larger affinity columns (2 ml) with same pellet size. An
expression usually yielded 1.9 g pellets per 11 culture in LB

medium.

2.2 Overview and general description of the crystallo-

graphic models

2.2.1 Crystallisation and data processing

Here I give a brief overview of all important crystallographic
models. All data about used proteins, crystal type, data collection,
reduction and refinement can be found in Table 12. The crystals,
datasets and models are named by the used protein (wild type and
W110P mutant) as well as an index composed of the anion present
during crystallisation and the PDB code of the ligand supplied
during soaking (SUC: sucrose, ADP: adenosine diphosphate
(glucose), G3P: sn-glycerol-3-phosphate, GOL: glycerol).
W110Pcsuc for example refers to the crystal of the W110P mutant
grown in presence of chloride and sucrose. However, the ion may

not by present in the final crystallographic model. A slight
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exception is ADP-glucose. Only the ADP moiety was found in the
active site and the models are only have an ‘ADP’ in the index.

The proteins were purified as explained in section 2.1. Crystals
were grown under several but similar conditions as listed in Table
12. If crystallisation with a different anion than chloride was
desired, the sodium salt of that ion was used at latest during size
exclusion chromatography with the same concentration. In addi-
tion, crystallisation conditions with chloride ions were avoided or
in case of an employed Tris buffer, it was titrated with malonic acid
instead of hydrochloric acid.

Most crystals appeared morphologically as columns, sometimes
with a recognisable hexagonal base. Initial crystals often had
hollow tips und were used after 1-2 days for micro seeding of
conditions with less precipitant and no crystals yet. Under sulphate
conditions, crystals grew as simple prisms with hexagonal base and
the W110P mutant crystals predominantly in needle clusters. From

the latter, individual crystals were detached and mounted.

All crystallization conditions turned out to require further cryo-
protection. Most crystals were eventually cryo-protected in a 50 %
saturated sucrose solution made from reservoir solution or reser-
voir solution of an adjacent condition. Crystals soaked in ADP-
glucose and G3P were protected with Paratone N or paraffin oil.
The very first dataset (wtcysuc) was phased by molecular replace-
ment with coordinates from PDB entry 2wtx, a homologous GT20
glucosyltransferase with 31 % sequence identity (Errey et al.,
2010).

An inconsistency at position 463 was found during model
building of the initial wild type structures. The electron density is
clearly indicating a small amino acid like cysteine or serine,
perhaps the former due to shape, however, by sequence an arginine
was supposed to be there. The anomalous dataset of wtcyapp further
indicated the presence of an anomalous scatterer at that position.
A thorough analysis of the last sequencing result eventually
revealed a potential mixed plasmid stock of wild type and the

unintentional mutant R463C. This cysteine mutation was probably
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also present in the preceding plasmid preparation and hence
persisted in very low and unnoticed amounts two such purifi-
cations from E. coli. During expression, however, that mutant was
picked or at least predominantly expressed. All assays and crystal-
lisation trials in bromide were performed with a corrected wild
type. The eventually used proteins are listed in the dataset
statistics (Table 12) as well.

2.2.2 Asymmetric unit: Ggps is a proper member of the GT20 family

GgpS wild type with chloride (wtci,suc) and bromide (Wtgr,suc)
as well as the W110P mutant in chloride buffer (W110Pcysuc)
crystallised in space group P6s522 with cell dimensions of a =
b =104 A and ¢ =364 A. Datasets were truncated to 1.88 A, 1.80 A
and 3.35A resolution, respectively. The asymmetric unit is
composed of two copies of GgpS and contains about 50 % solvent.

The first GgpS dataset was solved by molecular replacement
with a model of the well-studied trehalose-6-phosphate synthase
(TPS) from E. coli (PDB: 2wtx). Sequence identity is mediocre with
31 % for 397 out of 499 amino acids (blastp). However, the
structure is conserved. As TPS, GgpS has two Rossman fold-like
subdomains, where the active site is found in the cleft between
both. The N-terminal domain has ten -strands and the C-terminal
domain has six strands (Figure 6). While aligning the first chains
of wtcy,suc and TPS with Chimera, 313 Cq-atom pairs have an root
mean square deviation (RMSD) of 0.99 A. The structures differ
primarily in the N-terminal regions up to position 84 and between
residues 276-293 of GgpS (TPS: 1-68, 238-254). At least the first
region coincides with strong sequence dissimilarity (Figure 69). On
the other hand, regions of higher similarity include foremost the
active site. GgpS has an additional two strand [-sheet (f1/2) in
positions 14-26 prominently protruding the structure and two
extended B-strands in the N-terminal Rossman [B-sheet (225-246,
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Figure 6: The monomer and the tetramer of wtc suc with highlighted features and
symmetry axes, respectively.

Representatively depicted is chain A, which has no SUC1004, however, its
position in chain B is indicated. The monomer is shown with view into the active
site with SUC1001. This perspective is indicated by arrows in the top view of the
tetramer. The other two sites are accessible from the bottom. The asymmetric
units are coloured in either cyan or orange while chains B are brighter than
chains A. The crystallographic twofold axis through the bound chlorides is
coloured in black, whereas the non-crystallographic axis is grey.

TPS: 208). Both insertions are partially visible in the alignment
(Figure 69).

The asymmetric unit of the P6522 crystals has two GgpS
molecules. Both are virtually identical with an RMSD of less than
0.33 A for all Ce-atoms excluding 18 pairs with distances larger
than 2 A (calculated using Chimera and wtcysuc). The structure with
bromide is remarkably similar, with RMSD values as low as 0.116 A
and 0.114 A across all Cq-atom pairs for the molecules A and B,
respectively if compared with wtcy,suc. Moreover, the average
residue B factors are very similar at each position. However, the
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electron density map of the bromide bound model was subjectively
superior, and this model was finally used to phase all other data-
sets. Most images depicted here represent the wtgr,suc model.

As mentioned in the introduction, initial crystallisation experi-
ments with a C-terminally tagged GgpS failed. The crystals
appeared were very irregular and intergrown with weak diffrac-
tion properties. After switching the tag to the other terminus,
better crystals grew. The built model explains why changing the
terminus was important. The complete TEV-cleavage site between
the Strep-tag and GgpS is indeed part of a crystal contact. It
protrudes from the tetramer and probably facilitates crystal
growth (Figure 6, bottom left of monomer and the ‘hooks’
protruding the tetrameric views at the bottom).

Large peaks were found in the electron density map near
Trp110. The initial interpretation as chlorides could be confirmed
via anomalous scattering difference density maps (section 2.2.4).
These chloride anions are bound to the amino subgroup of the
peptide bond linking Pro109 and Trp110. They are localised on one
of the twofold crystallographic axes and were constrained to that
special position. Due to the symmetry also Trp110’ of the symmetry
equivalent GgpS subunit interacts with the anion. In contrast, the
W110P mutation successfully prevents anion binding of any kind at
this position and we concluded that it is a good model for a
chloride-free GgpS (section 2.3.3).

Cryo-protection with sucrose led to incorporation of up to seven
sugar molecules bound by both GgpS molecules of the asymmetric
unit. Four different sites were identified: The true active site
(SUC1001, Figure 13) and secondary sites at n1 near the chloride
binding site (SUC1002, Figure 8), at a11 and a12 (SUC1003, Figure
7) and at the loop between a5, 8 and the C-terminus (SUC1004,
Figure 7). The latter is only found in chain B and its electron
density is clearly visible but less pronounced indicating a lower
occupancy or flexibility in general. However, it is part of a crystal
contact which does not occur in chain A. Therefore chain A has only

three bound sucrose molecules. In the W110P mutant this sucrose
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Figure 7: SUC1003 and SUC1004 sites.

Three of the seven sucrose sites in space group Pé6s22. The fourth site is only
present in chain B and while there is electron density justifying the position and
placement of the fructose moiety, it is weaker. Polder maps (Liebschner et al.,
2017) of the wild type are depicted at 3 0 RMSD and 1.5 o for the W110P mutant
owing to its lower resolution. Polar interactions below 3.5 A distance are indi-
cated by dashed lines.

site cannot be seen probably due to lower resolution, but also the
sucrose in the active site of chain B is likely not present since its
position there is taken by amino acids 399-403 (section 2.4.1).

Crystals soaked with 10 mM ADP-glucose (wtci,app) and 6 mM
G3P (wtci,gsr) yielded similar models as with sucrose. However, the
large c-axis was reduced from 364 A to 350A and 337 A,
respectively. Only the ADP moiety of ADP-glucose was discernible
in the active site. The glucose part was either hydrolysed or not
visible at 3.30 A resolution. Since the dataset was measured at a
wavelength of 1.70 A, the general phosphate location and ADP
orientation could be verified by anomalous dispersion. Glycerol-3-
phosphate was found bound at the 3i0-helix n1 near the chloride
binding site at the position of SUC1002 (Figure 8). Since sucrose
and glycerol-3-phosphate both appear there, this can be a potential
allosteric inhibition site for compatible solutes. Several mono- and
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Figure 8: SUCigo site can also be occupled by glycerol-3- phosphate

Red-brown sphere: Bromide; Green sphere: Chloride.

disaccharides inhibit GgpS (B. M. E. Roenneke, 2014). In addition,
very weak density appeared in the active site. This may be the
phosphate group of the G3P, however, resolution with 3.75 A is too

low to place any small molecule confidently at this position.

Crystals not treated with sucrose diffracted worse than
sucrose-soaked crystals in general. The very best was indeed
completely ligand-free but with both chloride anions bound in the
structure (wtc1). The crystal diffracted to 2.77 A and its cell shrunk
from 104 A, 104 A, 364 A to 102 A, 102 A, 344 A.

Purifying with and crystallising in sulphate while cryo-
protecting with either sucrose or glycerol (wtsos,suc Or wtsos,coL)
yielded GgpS crystals in space group P6,22 with cell dimensions of
157 A, 157 Aand 602 A or 155 A, 155 A and 592 A, respectively. They
diffracted to 3.43 A and 3.20 A but suffered from anisotropy with
diffraction limits of about 3.0 A to 4.0 A. With the different cell,
also the asymmetric unit changed. It contains six copies of GgpS
with 59.4 % solvent. At the given resolution, no sucrose or glycerol
molecules were found. Furthermore, although crystals grew in
sulphate, none were incorporated into the model eventually due to

ambiguous electron density as detailed in section (2.4).

2.2.3 Biological unit: Always a tetramer, but chloride dependent?

While there are only two molecules in the asymmetric unit, the
protein appears to be tetrameric in solution (SEC-MALS in collabo-
ration with Lutz Schmitt, University of Diisseldorf). The two copies
of GgpS within the asymmetric unit (A and B) of space group P6522

form a non-crystallographic C2 dimer (AB) via the a1215 interface
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Table 1: Total and buried surface area, AG™ as well as AG“ss for all assemblies
of models wtc and W110P¢ suc (sucrose removed) as analysed by PDB ePISA
(Krissinel & Henrick, 2007).

Assemblies with a AGY* > 0 are considered thermodynamically stable. There
were no stable assemblies detected in the sulphate models.

Protein  Assembly  Total Surface  Buried Surface AG™ AG7=
V27 V27 [keal/mol]  [kealymol]

Wild type AB[Cl]: 68,990 1,540 -72.0 14.7
Wild type AB, 69,230 11,050 -34.7 17
Wild type A[Cl]2 35,470 3,920 -218 13.4
Wild type B2[Cl] 37,310 3,840 -22.0 14.2
Wild type Azor B Not stable
Wild type AB 38,240 1,890 -14.1 0.9

WI10P AB 40,230 1,850 -12.0 -1.7

(Figure 6). It predominantly includes residues 348-375 that belong
to this a-helix and B-strand and is relatively small with 1,890 A2
(Table 1). The AB-dimer lies parallel to the same crystallographic
twofold axis on which the chloride ions are located. The final
(partially crystallographic) D2 symmetric GgpS tetramer is consti-
tuted by the bespoken dimer and its crystallographic symmetry
mate, bridged by the ions (Figure 6). However, the entire AB:AB
interface comprises an area of 7,760 A2 (AL[C1] + B2[C1]: 3,920 A2 +
3,840 A2) of which the ion-bridges are only a part off. Moreover,
the interface is effectively split in two areas, each consisting of the
symmetry equivalent dimers only. The tetramer forms a pore with
a diameter of smaller than 20 A while the tetramer is around 100 A
in diameter; measured along the crystallographic twofold axis.

Besides buried surface area, PDBePISA estimates the AGYiss,
which ‘indicates the free energy of assembly dissociation’ in
solution (Krissinel & Henrick, 2007). Assemblies with
AGYss > 0 kcal/mol are considered thermodynamically stable.
According to the analysis, the dimers across the ion bridge (A2[Cl]:
13.4 kcal/mol; B>[Cl]: 14.2 kcal/mol) are more stable than the
dimer found in the asymmetric unit (AB: 0.9 kcal/mol). Altogether,
the tetramer with ions is judged stable with 14.7 kcal/mol. In
contrast, the AGYss of the tetramer whose chloride haven been
removed decreases to 1.7 kcal/mol. This still indicates the tetramer

to be stable but raises the question about ion/chloride dependent
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Figure 9: Size exclusion with sodium salts of chloride, citrate, nitrate and
phosphate.

Adapted from master’s thesis of Monique Henschel (2017).

tetramerisation. Accordingly, PDBePISA cannot find any stable
assembly for the W110P mutant apart from the AB dimer which
‘may or may not be stable in solution’ with a value as low
as -1.7 kcal/mol. However, the mutant behaves identical to the wild
type during size exclusion chromatographies and the wild type in
presence of only 10 mM sodium chloride has unexpectedly a lower
retention volume corresponding to octamers (Figure 5). This
higher oligomerisation was reversible and judged as less
important. Size exclusions chromatography runs in presence of the
sodium salts of citrate, nitrate, and phosphate instead of chloride
demonstrated no change of the oligomeric state, thus no chloride
dependent tetramerisation (Figure 9). Hence, low ionic strength
potentially leads to higher oligomerisation but there is no

detectable chloride dependent association.

The activity and chloride-interaction assays (section 2.5.3 and
2.5.4) yielded unexpected results and let me revaluate the
octamerisation. A simple dynamic light scattering experiment
confirmed the octamerisation, however by roughly doubling the
HEPES/KOH content I could almost completely suppressed this
phenomenon (Figure 10F). The implication of this for the
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Figure 10: Negative stain electron micrographs and dynamic light scattering
results of GgpS wild type and W110P mutant at low and high salt conditions.

A) Overview of the wild type at 150 mM sodium chloride and 20 mM HEPES/NaOH
pH 7.9. B) Focus on four particles of A). C) Focus on particles of the W110P mutant
in the same buffer. D) Wild type particles at approximately 5 mM sodium chloride
and 20 mM HEPES/NaOH pH 7.9. E) W110P mutant under same low salt conditions
as D). F) Dynamic light scattering results of both proteins at different sodium
chloride concentrations and HEPES/KOH pH 7.6 background. The HEPES back-
ground was chosen to be identical to chloride interaction assay (30 mM) and
similar to the activity assay (58 mM). Similar means assay substrates were
exchanged against HEPES so the ionic strengths matches, assuming all HEPES
molecules have a singular charge. However, half the HEPES molecules at pH 7.6
have one negative charge or a negative and a positive charge. The latter are
excluded from the actual ionic strength calculation, yet may interfere with
octamerisation.

interpretation of the assays is discussed in the summary and
conclusion section (3.4.1). A very recent and so far preliminary

negative stain electron microscopy analysis of GgpS at 20 mM
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HEPES/NaOH pH 7.9 and roughly 5 mM sodium chloride by
Matthias Morgelin (Colzyx AB, Lund, Sweden) further supports the
octamerisation. The wild type forms predominantly octamer-like
oligomers (Figure 10A, B, D). However, the mutant exists appa-
rently as octamers and to some extent as tetramers and dimers
simultaneously at low salt conditions (Figure 10E). These dimers
are also visible at 150 mM sodium chloride (Figure 10C). There is,
as of now, no statistical evaluation. Dimers were not detected in

the dynamic light scattering experiment at all.

The crystal structures of GgpS in space group P6:22 (grown in
the presence of sulphate) do not differ strongly from those in
P6522. The asymmetric unit is composed of six copies and inde-
pendent of the wused cryo-protectant, tetramers are easily
recognisable. There are two different D2 tetramers in this space
group. The first has no crystallographic symmetry (ABCD) and the
second utilises again one crystallographic twofold axis (EF; Figure
70). However, this symmetry is different: prior, the molecules
across the ion bridge were crystallographically equivalent; now the
molecules across the weak ai12fB15 interface are equivalent. A
PDBePISA assembly analysis was also employed with these models
and no stable assemblies are to be expected in solution. However,
the analysis may be compromised because, the anion binding sites
have become more flexible and amino acids have often been deleted
due to insufficient electron density. Moreover, the structure was
modelled at 3.43 A with underlying anisotropy, hence side chains
conformations are not very reliable due to high B factors.

The general constitution i.e. the orientation of each wild type
monomer in the tetramer with chloride/bromide is usually not
depended on the presence/absence of ligands, as visualised in
Figure 11 (‘sulphate crystals’: Figure 70). The tetramers were
aligned only on their subunit A and the deviation of the mainchain
atoms of each residue from the reference tetramer (wtsr,suc) to the
equivalent residue/subunit in the analysed tetramer was
evaluated. An example: If chain B’ (symmetry equivalent of B) of

wtci,app is moved within the complex relative to chain B’ of wtar,suc
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WI0P syc
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RMSD [A]
Figure 11: Deviations of the tetramers from the two-bromide bound state.

Grey circles identify the subunit. All tetramers were aligned to chain A (always
top left) from the wtg.suc model. The RMSD of the mainchain atoms of each
residue of each model from the equivalent chain in the wts suyc model is
visualised, e.g. deviation between wtc-B’ and wtgrsuc-B'. Non-sucrose bound
tetramers have differently positioned B-sheet B1/2, al and a2. The W110P¢suc
tetramer deviates stronger on the opposite site of the alignment (chains B;
bottom). Most deviations are found in the tension belt (tb) loop (closer to the
pore) and al yet again. Not build elements are crossed out. The th-loop is only
annotated in the W110P¢suc. Annotations as in Figure 6. ‘Suphate’ structures:
Figure 70.

it should exhibit a higher deviation in general and should be
coloured more reddish over all. This not case, only isolated
movements of for example sheet $1/2 and helix a1 become visible.
However, subunit wide differences are indeed present in the
W110P mutant with a magnitude of up to 2 A RMSD and in the
‘sulphate crystals’ with 2-4 A RMSD. There is the impression of a
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WIIOP, cyc (chains A, B, A, B)
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Figure 12: Deviations of the tetramers from the two-bromide bound state with
focus on the anion binding site.

Grey circles with letter identify the subunit. Perspective in relation to Figure 11:
From the bottom upwards. The bromide/chloride is the blue sphere in the centre
of the dimer. All tetramers were aligned to chain A from the wtgsuc model. The
RMSD of the mainchain atoms of each residue of each model from the equivalent
chain in the wtgsuc model is visualised, e.g. deviation between wt¢-B' and
wtgrsuc-B'. A rotation most prominent in the ‘sulphate’ crystals around the anion
binding site is visible.
slight rotation around the anion-site connecting axis (i.e.
crystallographic axis in the mutant) of the dimer consisting of
subunit B and its symmetry mate B’ or the equivalent BD dimer of
the depicted wtsoqsuc, respectively (Figure 12). However,
DynDom3D (Poornam et al., 2009) cannot detect any movements.

Moreover, the resolution of those datasets is between 3 A and 4 A
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with anisotropy in case of the wtso4 crystals, hence the data are
less reliable.

Taken together, GgpS wild type and W110P mutant appear as
tetramers during size exclusion chromatographies and indeed
constitute D2 symmetric tetramers in the crystal. This D2 assembly
in the crystals is usually a mixture of non-crystallographic and
crystallographic symmetry. Most notably, losing both bound ions
dramatically impairs tetramer stability as calculated by PDBePISA
but does not lead to its breakdown or of the apparent symmetry as
amongst others the W110P mutant demonstrates. However, pre-
liminary negative stain electron micrographs revealed dimers of
the W110P mutant independent of ionic strength, i.e. sodium
chloride concentration. In addition, low ionic strength in general
leads to octamerisation.

2.2.4 The active site is GT20 like

Most GgpS crystals were cryo-protected with sucrose and one
sucrose molecule was usually found in the active site (SUC1001,
Figure 13). As GgpS converts ADP-glucose and G3P to ADP and GGP
I tried to soak either of both substrates into the crystals without
sucrose cryo-protection. However, only ADP without glucose moi-
ety was found in the active site (wtci,app, Figure 13), while G3P only
bound to the known second sucrose site at n1 (wtc,gsp, Figure 8).
The product GGP has never been co-crystallised or soaked into
existing crystals. Therefore, the exact position of G3P or glucosyl-
glycerol-phosphate in the active site is unknown. Nevertheless, it
can be inferred from the homologue TPS and by docking. TPS
catalyses the reaction of UDP-glucose and glucose-6-phosphate to
UDP and trehalose-6-phosphate. The model 2wtx of TPS with UDP
and a bisubstrate analogue, validoxylamine A 6’-O-phosphate
(VDO), was used to study the Syi-like mechanism of retaining
glycosyltransferases (Errey et al., 2010; S. S. Lee et al., 2011). A
structural alignment of this and our sucrose as well as ADP bound
models exhibits a great agreement in position of the respective

equivalent ligands and residues (Figure 13).
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Sucrose
al

His106
P
b

VDO + UDP (TPS-B)

Figure 13: Active site of GgpS models wtgrsuc, Wtciaoe, Wicipockesp (Chain A) and TPS
(chain B) (2wtx) with bound ligands.

The camera is positioned outside the protein with perspective into the binding
pocket. al (top, middle) is forced upwards due to the fructose moiety, but slides
down after correct substrate binding. The orientation of GGP is a docking result.
Four of the best fitting molecules are shown (details in the text). TPS in 2wtx has
bound the (pseudo-)products validoxylamine A 6’-0-phosphate (VDO) and UDP
(Errey et al., 2010). Polder maps are modelled at 3 ¢ RMSD and polar interactions
below 3.5 A distance are indicated by dashed lines.

The glucose moiety of the sucrose is mostly bound by the
sidechains or by the amides from the loop 399-402. In addition,
histidine 171 binds to the 06, thus ensuring the orientation of the
glucose. The binding mode is similar to the homologue TPS, where
the loop of 361-365 and Hisi54 the glucose moiety (Figure 14).
Comparing the sucrose and ADP bound models emphasises a big but
the only difference. The whole helix a1 is shifted roughly by a turn
upwards, freeing space for the fructose moiety, which would
otherwise overlap with its N-terminus (Figure 11, Figure 13, Figure
19). Further comparison with the ligand-free model reveals this
movement to be a feature than just a sucrose induced artefact. a1

Matthias Uthoff, University of Cologne 31


http://dx.doi.org/10.2210/pdb2WTX/pdb
http://dx.doi.org/10.2210/pdb2WTX/pdb

Overview and general description of the crystallographic models 2.2

Phe

A169
Leu
A403

A98

eeeeeaPs  Main-chain eeeeeaPs- Side-chain ======== H-hond to water
O Apolar O Polar O Acidic O Basic O Water
. Solvent exposure O Solvent exposure reduced by ligand Substitution contour

Figure 14: 2D representation of SUC1001 in the active site with coordination shell
(by Coot LIDIA, Emsley et al., 2010).

can be in an open or closed conformation but it moves towards the
substrates upon binding and locks them in place. In addition,
B-sheet p1/2 and the linker to helix a1 change their
positions/orientations accordingly but also independently to some
extent (Figure 11).

Gly21 and Gly22 at the N-terminus of a1l interact with the
phosphates of the UDP in TPS. This is helix dipole-nucleotide
interaction is a common feature in retaining GTs (Lairson et al.,
2008). In GgpS, Gly33 and Ile34 could take over this role but as
currently modelled are too far away. However, resolution is low
with 3.30 A, the ligand bound is apparently only the product and
the electron density is low so positions 27-31 could not built at all.
Interestingly, one unique feature of GgpS compared to TPS is the
B-sheet B1/2 constituted by amino acids 14-26. This hints to an
unknown regulative mechanism linking a highly exposed flexible

structural element to the active site. The phosphates are further
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Figure 15: 2D representation of the ADP in the active site with coordination shell
(by Coot LIDIA, Emsley et al., 2010).

interacting with Arg300, Lys305 and potentially Asp399 (TPS:
Arg262, Lys267, Asp361) as well as with the amide amino
subgroups of Leu403 and Val404 (Leu365 and Val366). The
arginine and the lysine take on the role of leaving group
stabilisation (Figure 15) and replace the Mg?* cation in GT-B
proteins. Similar is also the interaction of the ribose with the
sidechain of Glu407 (Glu369) while Arg341 of TPS is substituted
with the not interacting Tyr379 in GgpS. Since TPS utilises the
pyrimidine derivative UDP as donor instead of the purine
derivative ADP, coordination obviously deviates. The adenine is
bound by the amide bonds of Gly299, Pro333 as well as Leu377 in
GgpS.

In order to infer the interactions of G3P or the product
glucosylglycerol-phosphate (GGP), I compared GgpS first with the
homologue TPS. As described in the two paragraphs before, the
glucose moiety and the nucleotide diphosphate moieties are bound

in a very similar way by GgpS and TPS. Since the GGP is relatively
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similar to the pseudo-product VDO in 2wtx, the phosphate group of
G3P is probably at a similar position, i.e. in proximity to Tyro,
Tyr93, Lys98 and Aspi147, based on similar positioned residues
Argo, Tyr76, Arg300 and Asp130 in TPS.

Next, using AutoDock Vina with UCSF Chimera (Pettersen et al.,
2004; Trott & Olson, 2009), I tried to dock GGP, into chain A of the
ADP-bound model. I chose this chain of this model because a1 is in
similar position as in TPS, instead of being disordered as in chain
B or shifted as in the sucrose bound models (Figure 13, Figure 19).
Nevertheless, the active site is missing a few amino acids—the loop
including amino acids 27-31 could not be modelled. The docking
results vary drastically, however, since I knew the exact position
and orientation of the glucose moiety due to the TPS substrate
analogue and the bound sucrose, I excluded any results with a
differently positioned glucose moiety (RMSD of the ring atoms
bigger than 1 A). Nevertheless, the glucose moiety is usually shifted
away from the B-phosphate of the ADP. Still, the distance to the
oxygen of the glycosidic bond, i.e. the bond broken during catalysis,
is only 1.2 A. A comparison with UDP from TPS, shows the
B-phosphate to be similar but slightly differently positioned and
thus closer to the position of the glucose moiety. This might be the
correct position of ADP after catalysis or more likely an artefact

owing to low resolution.

I repeated the docking and removed the ADP beforehand. The
original dockings in presence of ADP yielded every time at least one
valid docked GGP. Now 200 dockings (different seeds) ignoring the
ADP yielded only four valid placed conformations. Eventually, in
both scenarios the interactors are very similar but I focus on the
docking ignoring ADP, since the glucose position is usually better
(Figure 13). Similar to the expectations, the phosphate of the GGPs
interact with Tyr9, Tyr93, Lys98, Aspi47, Tyri48 and Asni4o.
Furthermore, the hydroxyl group of the glycerol in position 1 inter-
acts with either Arg300, an ADP phosphate interactor or the amide
amino subgroups of Gly33 and Ile34 of helix a1. However,
coordination by Arg300 seems unlikely as it is critical for

interaction and charge mitigation of the B-phosphate of the ADP.
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Just as a reminder, the ADP was ignored for this docking and thus
probably allows this interaction. From the position of the substrate
in the active site, especially the glucose moiety, I assumed that
ADP-glucose binds first before the G3P. All four glucose moieties of
the docked GGPs are shifted similarly by a RMSD of 0.56-0.45 A.
They interact as the crystallised moiety with Hisi171 and amino
acids 399-402 but also with the amide bond of Leu403 and
potentially with the Gly33 of a1.

2.3 Validation of chloride sites and chloride binding

deficient mutant

2.3.1  GgpS binds reversibly chloride and bromide

A strong peak in the electron density map of the wtcysuc dataset
was interpreted as an ion coordinated by the amino subgroup of
the amide bond between Pro109 and Trp110. The nature of the coor-
dinator hinted towards an anionic ligand, of which chloride was
the most abundant anion in the crystallisation condition. A
subsequent refinement with chloride revealed no suspiciously low
occupancy, high B factors or difference density around the peak.

The wtci,suc dataset was measured at a wavelength of 1.00 A and
no significant anomalous signal of chloride is present. In contrast,
a dataset from a new crystal (with ADP instead of SUC, wtciapp)
collected at 1.70 A, exhibits anomalous density around the ion,
further supporting the assumption that it is chloride (Figure 16).
While the density drawn at 3 0 RMSD fits the placed chloride very
good in chain A, the peak is lower and off in chain B due to higher
B factors in that whole chain. In addition, since the K absorption
edge of chlorine is at 4.39 A, the weak anomalous signal is not

unambiguos.

Therefore, we purified and crystallised the protein again but
exchanged all chloride against bromide. As already mentioned,
these models are remarkably similar. We analysed one crystal with
bromide at a wavelength of 0.9197 A (Wtar,suc,highano) Slightly above
the bromine K absorption edge (0.9202 A) as well as at 1.00 A

(wtsr,suc,lowano). As expected, Wtsr,suchighano has a much stronger
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Figure 16: The chloride-binding site between the amide amino groups of Trp110
and its symmetry partner.

Two different crystals with chloride were measured at 0.99 A (Wtcisuc) and 1.70 A
(wtciaoe). As expect there is a higher anomalous signal at the latter wavelength
since it is closer to the chlorine K edge at 4.39 A. However, also phosphor (ADP)
and sulphur (Cys, Met) scatter anomalously and are present in the crystal.
Another crystal whose protein was purified and crystallised with any chloride
exchanged against bromide was measured at 0.9197 A (Wtasuchighano) and 1.00 A
(Wtsrsucowano) @s well as a second crystal with bromide (Wtg:sucano) at 0.98 R. As
expected the highest anomalous signal is visible in the first dataset, measured
on the high energy side of the bromine K edge at 0.9202 A. Depicted are the
maps at 3 o rmsd with a high resolution cut-off corresponding to a CC,n, of 20 %
as estimated by XSCALE and indicated in the plots (Cl: 7.00 A, Br: 3.75 A). Only
both molecules of the asymmetric unit of the high signal datasets are shown.

anomalous signal. However, since the low signal dataset was
collected at the same crystal position after the first one, the
anomalous signal might be reduced due to excessive radiation.
Therefore, I further analysed anomalously the wtgrsuc dataset
which is a combination of two measured at a wavelength of 0.98 A.
The CCano of all resolution shells of the merged as well as unmerged
high-resolution datasets are consistently low or even lower. The
Figure 16 depicts only the dataset with the strongest anomalous

signal (wtsr,suc,ano).

Since in vivo chloride is usually more prevalent than bromide,
we conclude that there is a chloride anion bound to the amide
amino subgroup between Pro109 and Trp110. However, the coordi-
nation is not very strong and the chloride is released or substituted
under suitable conditions without irreversible structural break-
down. In addition, if an anion is bound or released under physio-

logical conditions, bromide should have a similar effect as chloride,
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though K;s might differ since bromide is larger with a thermo-
chemical radius of 1.96 A compared to 1.81 A of chloride (Simoes et
al., 2017).

2.3.2 Coordinating chloride by only two ligands is unusual and the motif is
unique

GgpS coordinates the chloride by the amide amino subgroup of
the amide bond between Pro109 and Trp110 and its C2 symmetry
mate. Thus, the anion serves as bridge between two molecules of
the biological assembly and the coordination number is two. In
addition, the chloride is completely shielded from the solvent and
the coordinating amide amino subgroups are part of a three amino
acid long 3i0-helix. These properties appeared to us as very
unusual. Oliviero Carugo analysed in 2014 all models deposited in
the protein database in regards of how chloride ions are bound
(Carugo et al., 2014). As I was also interested to find proteins with
a similar binding site/motif, I repeated his analysis. However, the
following values are mostly taken from his paper since he filtered
for non-redundancy, which was not done in my analysis.
Nevertheless, most data except from the coordination numbers are

very similar.

In contrast to our initial thoughts, chloride ions being shielded
from the solvent is uncommon, almost 20 9% of all chloride anions
found in all models in 2014 had a residual solvent accessible
surface area of lower than 4 %. On the other hand, 80 % of the
chlorides are coordinated by three, four or five ligands while a
coordination number of two is indeed uncommon (10 %). Carugo
notes that the average distortion from the ideal coordination angle
of 180° is 75° and no chloride is bound having both ligands within
160-180°. My new analysis reveals the coordination angle to be
better adhearing to theory. Most models in the subset of models
with similar properties as GgpS (explained in Figure 17) have an
angle between 145-155°, including GgpS with 149°. The only
exceptions, 3v62 and 2qws, have angles of 168° and 175°,

respectively.
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Protein PDBid Coord. - Sequence
GgpScsue AFWPILHSFP W QFTYDSSDWD
3tji NVNAYWRNGP L MNNAISGVDM

3tw9, 3twa, 3twb  VVSGYWRNGP I MNNALSGVDM
D-Galactonate dehydratase

Lelf YKGAYWRRGP V TMSAISAVDM
YATAY YRGAYWRRGP V TMTAIAAVDM
D-Mannonate dehydratase 3thu YKGAYWRRGP V' TMTAIAAVDM
Lectin 3v62 RDGYKSLAKT I FGTYGIDCSF
Xylose isomerase 2qw5 RTFDPSSNYP E QRQEALEYLK
A
4 4
3 3
%2 %2
1 1
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Figure 17: Proteins with similar chloride binding properties as GgpS.

The table lists proteins whose chlorides are coordinated by two nitrogens from
the amide bonds within helix secondary structures. The nitrogens must belong
to two different molecules of a biological unit and the solvent accessible surface
area of the chlorides must be less than 5 %. Sequences include the ten positions
preceding and following the chloride-binding amino acids. A) Sequence logo for
proteins in the table, only unique sequences. B) Sequence logo for proteins with
same restrictions except from solvent accessible surface area. Maximum is
now 30 %. Sequence logos made with WebLogo (Crooks et al., 2004).

Several hits are sugar binding/modifying proteins, often
dehydratases (Figure 17). They share a proline in front of the amino
acid coordinating the chloride but, unlike GgpS, the chloride coor-
dinating amino acid is never a tryptophan. Since peptide bond NH
groups are usually bonded to carbonyl groups in the helix, the
chlorides are all positioned at the N-terminal end of the helices,
where also a positive partial charge from the helix dipole may
attract the anion. However, upon closer inspection, there is no
structural similarity to GgpSs, as the helices are all from type a and
not of type 310 as in GgpS. In addition, while a couple of sugar-
modifying enzymes are found, there are no glucosyltransferases at
all.

2.3.3  W110P mutant — a model for chloride-free GgpS

Later sections will discuss the change of GgpS activity while
titrating chloride. In order to link apparent changes to the binding
of chloride and to understand unspecific ionic strength effects, we
designed a binding deficient mutant. In addition, a 3D-structure of

this mutation may characterise the conformational effect of
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chloride release. Since the anion is bound via the amino subgroup
of the protein backbone the only possible mutation was the
substitution of the tryptophan to proline.

Such substitutions usually affect protein folding because the
proline backbone ring structure restricts the ¢ angle within the
protein backbone to the region around -60°. This increases
backbone rigidity and can impede folding or enforce a different
conformation. With residue 109 already being a proline, the
mutation is further restricting due to formation of a diproline unit.
Averaging across all four position in wtgr,suc and wtcisuc we get the
following ¢ and Y angles for Proio9 and TrpllO respec-
tively: -60°, -22°, and -56°, -30°. Together with GIn111, these amino
acids form the 3i0-helix n1 with all residues in trans conformation.
Saha and Shamala have analysed the occurrences of diprolines in
respect to their geometry (Saha & Shamala, 2012). Out of 809
analysed diprolines, 749 are in trans conformation and seven take
part in a 3:0-helix. Six of them mark the beginning of that helix and
are preceded by phenylalanine or tyrosine as would happen in a
W110P mutant (Figure 18A). This setting is therefore unusual but
possible. The ¢ and P angles with standard deviations for the first
and second proline according to Saha and Shamala are (Figure
18A): -49° (9°), -41° (7°) and -57° (5°), -26° (6°). This indicates
our P angle of the first proline to be lower than expected. Still,
since the difference is low and the other angles fit, we anticipated
no or just minor structural changes in the W110P mutant.

The W110P mutant behaves like the wild type protein during
expression and purification (Figure 5). Moreover, it crystallises in
the same space group with virtual identical cell dimensions (Table
12). Also, the monomers and the tetramer are very similar. The
RMSD of the Cq-atom pairs between each GgpS wild type and W110P
monomer are 0.650 A over 466 amino acids and 0.721 A over 442
amino acids for chains A and B, respectively. Nevertheless, there
are differences, which are most prominent in chain B (Figure 11)
as explained in the following paragraphs.
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Figure 18: Ramachandran plots of Pro109 and Trp110 and the conformation
following position 109 of W110P¢ suc superimposed onto wtg:,suc.

A) Ramachandran plots and proteins found by Saha and Shamala with diprolines
within a 3;p-helix, while highlighting the participating amino acids. B) Alignment
of W110P¢ suc chain B onto wtgsuc chain B with annotated features. C) 2mF,-DF.
electron density of the W110P¢;suc chain B at 10 RMSD.

In contrast to our mutation-design hypothesis, substitution of
the Trpi10 to proline changes the conformation of the whole loop
from position 109 to 118 in both chains (Figure 18B). Starting
C-terminally, a4 is extended by one turn, now starting with Ser116
instead of Trp119. Thus, the space to Pro109 has to be bridged by
three amino acids less and helices n1 and n2 wind up accordingly.
In addition, Pro110 moves away from the chloride binding cleft,
broadening it in total and thus disrupting both the chloride and the

SUC1002 binding site.

I assume this loop with positions 109-118 to be under tension
by the helix propensity of positions 116-118 and its counterpart,
the chloride bridge with the m-interaction between Trp110 and
GIn111. Therefore, I called it the ‘tension belt’ or short the tb-loop.
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By losing the chloride, n1 is weakened considerable and unfolds
followed by n2 due to the now up winding a4. This conformational
variety is further supported by the models derived from the wild
type crystals grown in sulphate. The whole loop downstream of
potion 110 becomes often disordered while a4 is extended as in the
W110P mutant (Figure 71 and Figure 72).

A tryptophan-proline substitution is usually thought to be very
critical. However, a diproline unit in that structural context is
possible and neither expression nor purification are affected. The
mutation induced a different fold of the tension-belt loop. Also
crystals grown in presence of but potentially without bound
sulphate exhibit a similar folded sometimes partially disordered
loop. Hence, the wild type is not restricted to the chloride-bound
loop conformation. Up winding of a4 distorts the binding site
which potentially increases flexibility in general but probably
stronger in the wild type. Interestingly, B factors increase more
strongly only in one subunit of W110Pcisuc (Figure 25). Never-
theless, I conclude that the W110P is a good chloride binding-
deficient mutant and is not suffering under artifical proline

induced changes.

2.4 Chloride binding stabilises the active site

No structure of a GgpS tetramer bound to only one choride
anion can be presented. A first attempt was the crystallisation in
sulphate (and acetate) instead of chloride containing buffer, but
the resulting crystals represent possibly the completely chloride-
free state. There is sometimes density at the expected anion posi-
tion but of the two protein chains constituting the binding site, one
is always disordered. The supposed sulphate anion would therefore
just be bound to one Trp110 without any support on the other side
(Figure 71 and Figure 72). However, the missing amino acids there
must be somewhere and could give rise to artefacts in locations
where they converge across all measured asymmetric units. In
addition, the resolution limit is only between 3.0 A to 4.0A

(anisotropy), hence any peak can be misleading considerably.
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Wtciapp Wtg,suc

Chain A

Chain B

Figure 19: View in the active site pocket.

The perspective is as in Figure 13. Images are a composition of four docked
GGPs, ADP from wtciaoe chain A and the respective surface of the given model.
The loop (27-33, yellow) between B1/2 (15-26) and al (34-44, also yellow) leading
into the active site is sometimes disordered and not modelled. Missing amino
acids are indicated per image. In chain A of wtciaop, al protrudes from the top
into the active site blocking the way in/out. However, the active site itself in
chain A of wtciaoe is not blocked, it was thought to represent the active state and
hence used to dock GGP. al is disordered in chain B of wtc.app. That blockage
also appears in chain B of wtcindicating an inhibition by preventing substrates
from entering the active site. However, Sucrose is bound in both active sites of
Wtgrsuc (and wteisuc) and hence entry is permitted. Chain A of wtc and chain B of
Wiorcisuc have both similar disordered amino acids and no Sucrose bound.
However, none was soaked into the first, while in the second, the active site
pocket is distorted while the chloride site in unoccupied.

241 The W110P tetramer is probably partially inactive

The most notable difference between both monomers in the
asymmetric unit of the W110P mutant is the missing sucrose in
chain B. This raises the question if there is no sucrose bound
because of the lost chloride binding capacity or failed soaking
attempts.

Soaking GgpS with ligands is usually successful after dropping
the crystal into the cryo-protectant and immediate reattachment to
the mounting-loop. In all analysed datasets better than 3 A
resolution, electron density peaks for sucrose molecules at
positions 1001, 1002 and 1003 can be detected. The refined models
have 100 % occupancies and B factors very close to the environ-
ment. The W110Pcsuc crystal was not treated differently, and peaks
are found at the afore mentioned positions 1001 and 1003, but not
at 1002. The latter is essentially bound to the now extended tension
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belt loop. While the occupancy of SUC1003 is at 100 % in both cases
(Figure 7), the sucrose in the other active site is only modelled with
90 % occupancy, indicating a problem as in chain B. But since
SUC1003 is at 100 % occupancy and the soaking process is usually
very fast, I conclude that sucrose was available but could not
properly enter the active site.

A second crystal of the same mutant batch with similar
diffraction properties was analysed (W110Pcisuc,2). Model refine-
ment stagnates at an Rfree 0Of 0.2770 compared to 0.2631 of the
W110Pc1 suc. The Wilson B factor is with 112 A2 12 % higher and the
map is perceived as worse, hence W110Pc) suc is the favoured model.
Nevertheless, this is a second crystal soaked in sucrose and the
distribution of sucrose molecules and their occupancies is the same
as W110Pc;suc. In addition, another crystal like wtcysuc but cryo-
protected without sucrose yielded a 2.77 A dataset of a ligand free
structure (wtcy). Accordingly, it has no sucrose molecules bound in
the active sites but the chloride positions are still occupied. Figure
19 compares the active site pockets and its distortions is only
present in the W110P mutant. Thus, active site alteration is
correlated with the occupancy of the chloride site and not with the
presence of sucrose in the active site. As a side note, the models of
the potentially anion-free structures grown in sulphate have
similar alterations in the active site (Figure 73, Figure 74, Figure
75 and Figure 76).

One of the monomers in the asymmetric unit of W110Pc,suc
cannot bind sucrose anymore and according to Figure 19 no
substrate at all. The activity of the W110P should hence be about
50 % lower than the wild type in the fully chloride occupied state.

2.4.2 Chloride site affects the active site via the tension belt loop and helix
a3

In the following paragraphs, several water molecules become

important. They have been automatically modelled at 1.80 A

resolution in the wild type structure by phenix.refine (Afonine et

al., 2012). However, at a rather low resolution of 3.35 A resolution,
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Thrii3  Glpil TrpN0

chain B

Thri13  Proli0

Trpl0

Figure 20: Chloride and bromide induce a conformational change of the ‘tension
belt’ loop and further destabilise the already weakened helix a3.

wtgrsuc chain B and W110P¢suc are depicted in green and magenta, respectively.
The ribbon is forced to go through the C,-atoms. A) Losing the chloride/bromide
induces the extension of a4 and linearization of n1 and n2. Due to this change,
three amino-acid to amino-acid hydrogen bonds are lost. Water molecules are
excluded for visibility. B) Pro103 leads to disturbances by inducing a m-bulge
with an increased diameter. The carbonyl oxygens of Tyr93, Lys98 and Glu99 are
not able to form intra helical hydrogen bonds and interact with two waters or
Thr113. Polar interactions below 3.5 A distance are indicated by dashed lines.

no water molecules were placed in the W110P mutant at all, hence

their apparent absence is not due to the structural changes.

After releasing the chloride, the tension belt loop changes its
conformation: a4 is extended by one turn forcing ni and n2 to
unfold. This change disrupts three hydrogen bonds between the
tb-loop and Thr96 and Glu99 in helix a3 (Figure 20A). The figure
does not show waters molecules for visibility reasons, however,
there are some connecting a3 and the tb-loop additionally (Figure
21A). These changes happen in both copies of the asymmetric unit
of W110Pcsuc. Figure 22 depicts the 2mF,-DF. electron density for
molecule B of the asymmetric unit. Features in the map for the
other molecule of W110Pcjsuc are usually more pronounced.
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Gl

GlniM

Val397

Arg398

Figure 21: Loss of chloride/bromide affects the active site via a3.

Wtgrsue and W110P¢suc are depicted in green and magenta, respectively. A)
Perspective on a3, the th-loop on the very top right and the active site in the left.
B) Slightly zoomed in view of A) with focus on the background while omitting
some residues in the foreground (Trp102, 301-302). An oxygen of the phosphate
in the docked GGP replaces the water molecule interacting with and being below
Lys98. C) As A) but roughly rotated by 90°, a3 is at the bottom. D) Same as C) but
with focus on the background while omitting the foreground. Polar interactions
below 3.5 A distance are indicated by dashed lines. Similar perspectives for the
sulphate grown crystals are found in the appendix (Figure 73, Figure 74, Figure
75 and Figure 76).

Helix a3 is not a conventional o-helix as its intra-helical
hydrogen bond network is severely disturbed. Amino acid 103 is a
proline one turn before the actual C-terminus. This proline has of
course no free hydrogen bond donor and requires more space
vertically. This allows some carbonyl oxygens to form hydrogen
bonds with atoms outside the helix (Figure 20). Glu99 in the
Pro103 directly preceding turn interacts with Thri113 in the tb-loop
(Figure 20). Likewise, neighbouring Lys98, Tyr93 of the next prior
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‘Tension belt'-loop & a3 a3

wig suc chain B
W10P g chain B

Figure 22: Electron density of the ‘tension belt’ loop and a3.

2mF,-DF. map is depicted at 10 RMSD contour level.

turn interact with water molecules each. The latter introduces a so
called mt-bulge, a turn with larger radius including four amino acids
and intra-helical hydrogen bonds in O; — NHi+s manner instead of
a-helix conforming O; — NHi+4. Tyr93 and Ly98 of this helix are of
special interest since they are most likely interacting with the G3P-
moeity in the active site (section 2.2.4).

A closer analysis reveals Lys98, Trpi102, and His106 as the
beginning of a hydrogen bond network, mostly via water mole-
cules, towards other parts of the active site. The water molecule
close to the backbone carbonyl of Lys98 is interacting with Tyr303
but also with Thri13 of the tb-loop as well as via another water
molecule with SUC1002 and GIn111 (Figure 21A). Tyr303 is part of
the loop interacting with the phosphates of ADP (Arg300, Lys302)
and its base (Gly299) as explained in section 2.2.4.

The automatically placed waters were evaluated by Coot for
potential metal ions (Emsley et al., 2010). In the vicinity of the
bespoken positions only one potential potassium was found in
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Foreground Background

WtBl'.SUC chain B

WI0P¢, sy chain B

Figure 23: Interaction between a3 and the loop around position 300 with electron
density.

2mF,-DF. map is depicted at 10 RMSD contour level.

wter,suc chain B but not in chain A or in any subunit of the wtcisuc
model. The electron density of that particular water molecule
bound by Ala298 is very low and thus not placed in the other cases
(as in Figure 21D). The anomalous map of wtc,apr revealed no
unexpected signal at that position, although potassium should give
a similar if not stronger signal than chloride, sulphate or phosphate
at the given wavelength. Hence there are most likely no further
ions than the chloride involved.

All changes described in the following paragraphs are only
observed in chain B of W110Pc)suc. The other copy in the asym-
metric unit adopts conformations similar to the chloride bound
wild type. The mentioned Tyr303 is here rotated by almost 180°
including its backbone. This goes in hand with a conformational
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Foreground Background

WtBr.SUC chain B

WII0P¢,syc chain B

Figure 24: Interaction between the loops around positions 300 and 400 with
electron Density.

2mF,-DF. map is depicted at 1o RMSD contour level.

change of the entire loop from 298 to 305 (Figure 21C). Although,
this rotation changes the interaction between this loop and
positions 397 and 398, it probably does not induce that movement
directly. Nevertheless, the important active site loop 399-404
adopts a different conformation and effectively takes the position
of SUC1001, rendering this active site inactive (Figure 19).
However, explaining this is difficult. The opposite site of this loop
(beyond the right border of Figure 21D) does not change, so it
cannot cause the movement. His106 stabilises the water network
close to the SUC1001 and it is shifted slightly in the W110P mutant
(Figure 21B, middle and D, bottom). Another water network exists
and is stabilised by Ala298 and Lys305, which, as mentioned
before, shift both. In the wild type, the network interacts with
Asn402 and in the W110P mutant, Asn402 is one of the most moving
amino acids in that loop at all (Figure 21D, right).
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Figure 25: B factors of W110P¢,suc and wtgrsuc.

The colours represent the B factor and are scaled to their distribution, i.e.
quartiles, in the asymmetric unit. Colours range from blue (minimum) via cyan
(25 % quartile), green (median), yellow (75 % quartile) to red (maximum). B
factors between both chains of wtgrsuc are very similar. a3 is special since its
middle part, the mt-bulge has higher B factors than its termini. While chain A of
W110P¢suc is similar to the wild type, chain B has much higher B factors,
predominantly at N-terminus (bottom) but also the active site.

Alot of the bespoken interactions between different parts of the
protein are via water molecules. Moreover, in the W110P mutant
all direct interactions are lost and a larger gap is formed between
the tb-loop and a3 (Figure 20A). That helix stability depends on the
tb-loop conformation because of the Pro103 and the m-bulge disturb
the common intra-helical hydrogen bonds (Figure 20B). This helix
is recognisable in chain B of the W110Pc,suc. But sidechain
conformations are uncertain due to low or very low electron
density, thus yielding very high B factors (Figure 25 and Figure 23).
Therefore, the hypothesis how the chloride binding/release
influences the active site is as follows: Due to a disturbed intra-
helical hydrogen bond network, helix a3 is severely destabilised.
This flexibility impedes directly binding of G3P via Tyr93 and
Lys98 (Figure 21A, B). It also propagates to the active site loops
around positons 300 and 400 which are important for ADP-glucose
binding (Figure 21). This can block the active site (Figure 19). In
the anion-free state, the tb-loop is in a retracted conformation not
interacting with helix o3 (Figure 20). However, upon anion

binding, the tb-loop rigidifies and undergoes direct interactions
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with helix a3. This structural support reduces flexibility in the
helix and consequently in the active site loops as well (Figure 25).

The flexibility is also demonstrated by the second W110P model,
briefly mentioned at the beginning of this section. There, loops
300-306 and 399-403 of chain B appear to be in wild type
conformation. However, there is very low electron density at the
expected position of the sucrose molecule and the loop between
300 and 306 is surrounded by positive difference density. This
indicates that both conformations are present simultaneously in
this crystal. Unfortunately, a refinement with alternate confor-
mations failed because the alternate states overlap considerably,
the resolution is low with 3.30 A and the dataset is apparently
worse with a higher Rgee (0.2770 versus 0.2631) than for
W110Pc,suc at a similar resolution. Nevertheless, there is no
density for the sucrose molecule, indicating this subunit being less

active due to high flexibility, again.

A missing sucrose molecule in one subunit of the asymmetric
unit and correlating conformational changes lead to the hypothesis
that activity of a chloride-free GgpS is reduced by up to 50 %.
However, the sucrose is also missing in chain B of the second
W110P model without showing these pronounced changes. This
indicates that the actual structure of the active site is not causative.
However, likewise, an incomplete soaking was excluded. The only
similarity between both W110P structures is the high flexibility of
the discussed parts in their chains B. Hence, sucrose cannot bind
and the activity is probably reduced but certainly not as strong as
initially thought. On the contrary, an induced fit mechanism by the
real substrates, especially ADP-glucose, might stabilises the active
site again. Both monomers around one chloride site are crystallo-
graphically symmetric. Hence, another question is why only one
dimer around one chloride site is affected although both chloride
sites have the W110P mutation. It can indicate an interaction
between both sites and flexibility of the active site is only allowed
in one chloride site-surrounding dimer simultaneously. In the
crystal, chain B is favoured because of the lattice but active and

inactive dimers may be in an equilibrium in solution.
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2.5 Chloride binding modulates GgpS activity

GgpS can bind chloride, and the two-chloride occupied and
chloride-free states have differences potentially affecting activity.
So far, chloride was only considered as DNA releasing factor due to
electrostatic shielding but not as a direct interaction partner.
Hence, I went back to the literature in order to understand how our
finding might fit published data before conducting my own activity

assays.

2.5.1 Previous publications may have missed out a chloride effect in the low
millimolar range

The only ion previously found to be directly important for GgpS
is Mg?* (Schoor et al., 1999). They tested a ‘crude’ protein extract
later declared to be inhibited with DNA (M. Hagemann et al., 2001).
In addition, they also tested the activation of GgpS by different
salts, of course in presence of magnesium chloride. Interestingly,
independent of the counter cation, chloride is always the best
activator, however their conclusion focuses entirely on cations
ignoring the anions.

Since Schoor’s report, only cations, more specifically mostly
Mg>*, were considered to be relevant for GgpS activity and it was
usually provided by purifying in and/or adding its chloride salt to
activity assays. The only other experiment about Mg?* and purified
GgpS is depicted in Figure 1 in the Hagemann et al. publication. It
claims to depict the activation of recombinant GgpS from as low as
0 mM magnesium chloride without the presence of any sodium
chloride. However, the exact assay conditions are not described
and as stated in their method section, the protein was dialysed
usually against 5 mM magnesium chloride. Moreover, the caption
of Figure 2 states the standard assay contains 10 mM Mg?* but does
not detail where that magnesium comes from, i.e. the counter
anion is not declared. Hence, the observed effects might come from
the magnesium counter ions, chlorides, and other chloride anions
not accounted for. Most published experiments are usually carried

out with 4-10 mM but sometimes also up to 40 mM magnesium
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chloride. Thus, the actual chloride content varies at least between
8-20 mM up to 80 mM.

So far, all publications claim that ions, except Mg?*, are only
important for nucleic acid removal (Jens F Novak et al., 2011).
However, Benjamin Roenneke reports in his PhD thesis a sodium
chloride dependent increase of DNA-free GgpS activity up to
around 100 mM. He performed his assay in presence of 20 mM

magnesium chloride (Roenneke, 2014, p. 61).

Taken together, this means that the chloride-free GgpS was
potentially never sampled correctly and any explanation of the
observed effect could have missed out or mixed up with an Mg2*
effect. Simultaneously, there is no structural evidence for a Mg2*
requirement in the active site of GT20 members to which GgpS
belongs to (S. S. Lee et al., 2011). Moreover, there are ‘no known’
metal dependent glycosyltransferases with the B fold (Moremen &
Haltiwanger, 2019). These prior experiments give a rough upper
bound in the low millimolar range for the effect of chloride binding
and highlights the importance of monitoring and declaring any ion
in the sample. With regards to Mg2* being essential for GgpS: I am
not entirely convinced that GgpS requires Mg?*. However, while
there are very good structural indications, there is no disproof yet
and since I am focusing on the chloride effect, I decided to keep
4 mM Mg2"* in all activity assays but used the acetate salt instead.

2.5.2 Setting up the activity assay

Investigating the effect of ions on the activity of an enzyme is a
challenging venture, since the mere presence of the ion and others
may have an effect without a dedicated binding site. Franz Hof-
meister described stabilizing and destabilizing effects of different
salts with same ionic strength on proteins (Hofmeister, 1888; Lo
Nostro & Ninham, 2012). In addition, I explained why a chloride
effect could have been missed out (section 2.5.1) and concluded in
order to avoid or at least understand any interference, the presence
of all ions has to be carefully monitored during reaction, including
substrates and pH, but especially for the presence of anions (Figure
26).
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Figure 26: Assay composition and benchmarks of pyruvate kinase (PK) and
lactate dehydrogenase (LDH) with sodium chloride and sodium acetate.

Sodium, potassium and lithium are counterions of the substrates. HEPES/KOH
dissociation was calculated by the pH at start of the reaction and the zwitterionic
form was assumed to have no ionic strength. Sodium chloride and acetate have
similar inhibiting effects on the both assay enzyme PK and LDH (black dots, no
GgpS, ADP-glucose (ADPG) and glycerol-3-phosphate (G3P) but 4 mM ADP). At
all times, the 1x coupled enzymes are faster than GgpS (magenta dots). To
further ensure that GgpS is limiting, all measurements (including magenta
reference) were performed in presence of ten times more coupled enzymes than
in this benchmark demonstration without GgpS. PEP: Phosphoenolpyruvate.

Chloride was only used for the purification of the protein and
not part of any other assay ingredient. The protein was always
diluted and chloride content adjusted so that the assay eventually
contained 0.5 mM chloride. Except from 8 mM acetate (added as
magnesium acetate), there was no other anion than the substrates
required for GgpS and the pyruvate kinase (PK) and lactate
dehydrogenase (LDH) themselves. Both enzymes, react differently
on cations. Especially potassium is an activator of pyruvate kinase
while sodium competes and activates less efficiently (Kachmar &
Boyer, 1953). Raising the sodium ion concentration thus acts like a
net inhibition. The activity of both enzymes was analysed under
typical sample conditions excluding ADP-glucose and G3P, the
substrates of GgpS. Tested were sodium chloride and acetate. To

ensure GgpS to be limiting, eventually ten times more pyruvate
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kinase and lactate dehydrogenase were used than the amounts
utilised in these benchmark experiments (Figure 26).

In accordance to previous publications and mentioned before, I
decided to add 4 mM Mg?* by supplementing the acetate salt.
Regardless of any GgpS requirements the pyruvate kinase is Mg2*
dependent (Baek & Nowak, 1982).

The activity assays were run in true biological triplicates, i.e.
with freshly extracted proteins from independent expressions.
Besides sodium chloride, also bromide, acetate and sulphate were
titrated. Concentrations have been chosen based on the equivalent
ionic strength, thus a smaller concentration range was evaluated
in case of sulphate. The sodium chloride titration was repeated

with a narrower sampling in the low millimolar range.

A sample without addition of any extra salt serves as common
standard throughout all five data series. Figure 27 depicts all data
from all replicates and Figure 28 the averages. Each replicate
series can vary in activity by 10-30 %, while the relation between
the samples within this series remains similar. Figure 29 focuses
on the relation between samples by normalising each sample of a
series to the sample without extra added salt before averaging the
replicates. This highlights the differences induced by the employed
salt concentrations.

2.5.3 Chloride influences the activity of GgpS in a biphasic manner in the low
millimolar range

Under the assay conditions (0.5 mM chloride and 8 mM acetate,
68.62 mM ionic strength) without any extra salts, the GgpS wild
type has a k.,; of 10.52 s* with a standard deviation (SD) of 1.26 s™
across all 15 measurements (5 dataseries, 3 triplicates). The
addition of sodium chloride decreases activity to 70 %
(SD = 4 percent points) at 11.2 mM. In general, activity is below
72 % between 3.85 mM and 24.3 mM chloride. It eventually rises
again to 97 % (SD = 2 points) at 84.2 mM and stagnates around
118 % (SD = 5 points) at 194 mM and 124 % (SD = 2 points) at
408 mM total chloride.
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Figure 27: GgpS wild type and W110P mutant activity in presence of different
anions, measured in triplicates.

The wild type was titrated twice with chloride. The second time, samples were
chosen specifically around the minimum at 20 mM. Each replicate data series
differs in its total activity. Better comparability is achieved by normalising each
series to the 0 mM extra added salt sample prior to averaging (Figure 29).

In section 2.3.1, the model of GgpS bound to bromide instead of
chloride was analysed. As described, bromide binds identical as
chloride and no differences between the structures are detecable.
However, bromide affects GgpS differently than chloride. It does
not inhibit as strong as chloride at low concentrations, in fact up
to 20 mM bromide has apparently no effect at all on the activity.
Eventually, like chloride, the activity rises and reaches a maximum
at 194 mM. This maximum, though, lies with 206 % (SD = 5 points)
much higher than the 118 % with chloride.

As explained, due to the addition of magnesium acetate, there

is at all times 8 mM acetate present in every sample and as acetate
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Figure 28: GgpS wild type and W110P mutant activity in presence of different
anions, measured in triplicates.

While all salts show a pronounced and dissimilar effect on the activity of the
wild type, they have a similar effect on the W110P mutant: First activity increases
and then decreases. Error bars: standard deviation; Green highlighted area:
Minimum physiological range of intracellular chloride concentration in
Synechocystis PCC6714 (Reed et al., 1985). Fit explained in section 2.5.5.

was thought to have no effect on GgpS, it was chosen as negative
control. However, acetate indeed affects the enzyme, reducing its
activity down to 60 % (SD = 1 point) at and beyond 100 mM.

Sulphate was chosen as an alternative to acetate but again this
divalent anion has a strong effect on GgpS. Like chloride and
bromide, it exhibits two phases. Whereas both monovalent anions
first inhibit and then activate, sulphate switches those phases.
More sulphate activates proportionally up to a maximum of about
160 % between 15 mM and 31 mM sulphate. Then, activity drops
proportionally to 127 % at 136 mM (last data point, ionic strength
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equivalent to 408 mM chloride sample). However, as depicted in
Figure 29, the biphasic nature might be an artefact, since the last
four triplicates have a high variance.

The k.,; of the W110P mutant without added extra salt is with
12.56 s* (SD = 1.11 s!) 19 % higher than the wild type and thus
similar to the value of the wild type at 194 mM. In the following
paragraphs I describe again the activity based on the scaled then
averaged replicates. As such the no-salt sample is again the origin
with an activity of 100 %. Activity increases to 132 % or to 16.9 s™
(SD = 10 points or 0.69 s™*) at 93 mM and decreases afterwards to
58 % or 7.47 s (SD = 5 points or 0.04 s*) at 408 mM chloride.
Bromide acts similar but earlier and with lower activity; Increase
to 116 % (SD = 2 points) at 44 mM and decreases to 27 %
(SD = 4 points) at 408 mM.

The effect of acetate and sulphate changes as well. Similar to
chloride but a bit later, the maximum activity is around 150 mM
with a maximal value of 119 % (SD = 4 points) and a minimal one
of 97 % (SD = 5 points) at 416 mM. Sulphate is also following this
trend, having its maximum at 109 % (SD = 5 points) at 6.83 mM
(21 mM ionic strength) and its minimal activity at 51 %
(SD = 1 point) at 136 mM sulphate (408 mM ionic strength).

While all anions have a different effect on the k., of the wild
type, they act very similarly on the mutant: An increase of activity
in the mid-range of ionic strength (90-160 mM) followed by a more
or less strong decrease. This becomes clear when plotting the
samples against ionic strength instead of concentration (Figure
30). This indicates that the W110P mutant and probably the wild
type as well react on ionic strength alone. However, the anion
species is still of some importance. Bromide for example inhibits
much stronger (down to 33 %) than chloride and sulphate (70 %,
61 %) at 476 mM ionic strength. The comparison of both proteins
also indicates that all tested anions are able to occupy at least to
some extent the ‘chloride’ binding site and can modulate the

activity this way.
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Figure 29: GgpS wild type and W110P mutant scaled activity in presence of
different anions, measured in triplicates.

Similar to Figure 28 but better comparability is achieved by normalising each
series to the first sample (no extra salt added) prior to averaging. Thereby,
systematic differences per protein batch are bypassed. Wild type and W110P
mutant are not directly comparable, as they have different activities without
adding extra salt (Figure 28). The error bars (standard deviation) highlights
where the relation within one replication series differs from the others. Green
highlighted area: Minimum physiological range of intracellular chloride
concentration in Synechocystis PCC6714 (Reed et al., 1985). Fit explained in
section 2.5.5.

There is also another important observation. Acetate inhibits
and all samples were measured in presence of 8 mM acetate. This
indicates that in the beginning all wild type samples are actually to
some degree inhibited and the titrated anion is competing against
acetate. While this certainly changes the activity at a low anion
concentrations, it does not change the biphasic behaviour of
chloride and bromide since increasing their content up to 10-
20 mM inhibits even stronger.
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Figure 30: GgpS wild type and W110P mutant scaled activity in presence of
different anions, measured in triplicates plotted against ionic strength.

Activity per sample as in Figure 29. The sample salt concentration was chosen
based on same ionic strength. Magenta points highlight maximum activity in the
W110P mutant. Highest activity occurs around 110 mM. Error bars: standard
deviation.

A linear extrapolation of the acetate series reveals the k., to be
at least 8.8 % (11.44 s™) higher than anticipated. Thus, the 19 %
higher k.,; of 12.56 s* (SD = 1.11 s') of the W110P mutant is very
close to that of the wild type in the absence of anions. However,
this means that the activity of chloride-free and fully chloride
occupied GgpS with 12.19 s (1.93 s!) are very similar, although
the prediction based on the structures was, that the latter will be
less active. As described, high ionic strength reduces the activity of
W110P mutant and potentially affects the wild type similarly,

explaining this discrepancy.
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All four tested chloride salts have a considerable and different
effect on GgpS wild type activity. Especially chloride, but probably
bromide as well, provoke a biphasic response of activity: Up to 10-
20 mM, activity decreases by 30 % (chloride) or stagnates
(bromide) but increases with further added salt, until it stagnates
after 200 mM at around 120 % (chloride) or twice the stating
activity (bromide). Thus, chloride mostly affects GgpS below
100 mM which is a similar range not test correctly in earlier
publications because of the addition of magnesium chloride. In
addition, GgpS is slightly ionic strength dependent, which is
another fact explaining why the complicated influence of chloride
has not been discovered earlier. Activity is also biphasic with
sulphate but reversed, while acetate induces only an inhibition by
50 %. The activity unifies for the W110P mutant, there is only a
slightly increased activity followed by a more or less strong
decrease. Therefore, I conclude that the observed effects on the
wild type are genuine anion effects. However, before further ana-
lysing or refining the assay, a binding assay was developed which
should confirm the observed activity as a function of one or two

binding events of the corresponding anions.

2.5.4 Chloride Kgs are in the low to mid millimolar range

The proteins were purified as described and labelled with
Sulfo-Cy5 NHS-ester overnight. With 1.81 and 1.91 fluorophores per
wild type or W110P tetramers, respectively, the label efficiency
was similar in both cases. The binding of different anions to the
tetramers was analysed in 30 mM HEPES/KOH pH 7.6 and 0.05 %
Tween-20 in capillaries using a Monolith NT.115. In addition to
sodium chloride and bromide, labelled GgpS was also titrated with

sodium sulphate and acetate.

The presented fluorescence data are the first experiments and
each data point represents one measurement only. Due to the
preliminary nature of this assay, the protein concentration was
changed/optimised between individual experiments: 8.2 nM (wild

type with chloride), 9.2 nM (wild type with all other anions) or 8.0
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Figure 31: Fluorescence of Cy5 coupled GgpS titrated against chloride, bromide,
acetate and sulphate.

8.0 nM W110P mutant and 9.2 nM wild type except for chloride (8.2 nM). Vertical
dashed line is at 60 mM. The response axis includes always a range of 180 but
the starting point was chosen to show all samples.

nM (all W110P). In addition, the tested concentration range it not
yet optimal.

The fluorescence of the wild type is dependent on the present
anion and its concentration (Figure 31). Chloride and bromide
exhibit both a biphasic binding behaviour. With increasing anion
concentrations, the signals decrease to a minimum around 60 mM
and eventually rise again to around approximately starting levels.
As a rather crude estimate, the inflection points are below 10 mM
and between 200-300 mM. Sulphate and acetate, however, cause
a monophasic behaviour with the inflection points around 20-
30 mM. The W110P mutant does not show any specific response

about species and quantity of the anion, in fact they show a random
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distribution apparently. The only exception is acetate which see-
mingly responds in a dose-dependent manner, however, the spread
of the samples is much higher than in the wild type and the pattern
may appear as saturation curve by chance. Again it must be
stressed that all data points are only single measurements and that
these are preliminary results. Besides the the W110P mutant, a
subsequent denaturation of the wild type diminished any effects
(Figure 77), hence further indicating a structure-dependent effect.
This also explains why a quenching and enhancement of
fluorescence occurs in the first place. Structural changes shield or
expose the fluorophores from/to the solvent, altering the quantum

efficiency.

By mutating Trp110 to proline we disrupted the anion binding
site and I concluded that the W110P mutant is a good model for an
anion binding deficient GgpS (2.3.3). Accordingly, the response of
the mutant is independent from the salt/anion concentrations. The
binding of two chloride or bromide anions can be explained by
different responses of the three possible states of GgpS: (i) empty,
(ii) one site occupied, (iii) both sites occupied. A model explaining
the observed responses must accommodate the fraction of each
state present at a certain point in this three-state equilibrium. I
developed a simple model based on the law of mass action
assuming each degree of occupation coincides with only one
state/conformation and transition only occurs obligatory upon
binding or release (section 8.4.2). This model comes naturally with
one dissociation constant (K;) per transition, or one per binding
site. Chloride and bromide were fit against equation (14)
representing said three-state equilibrium and acetate and sulphate
against equation (17) representing only a simple two-state equilib-

rium with one K.

This yields K; s in the range of 20-40 mM for the first
chloride/bromide binding event. Fitting the binding of the second
anion becomes more unreliable with a K; of 71.1 mM (standard
error of 78.9 mM) and 294 mM (349 mM), respectively. Fitting the
W110P data usually yields high K;s with very high standard errors
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both in the molar range. This corresponds to the seemingly random
distribution of the data.

For both, chloride and bromide, the first k; is smaller than the
second. This indicates a negative cooperative effect and thus an
interaction between both sites. A crosstalk between both chloride
sites has already been hypothesised in section 2.4.2 of this thesis
for the Wi110P mutant and the chloride-free state. However,
response saturation was not achieved and the higher second K;s go
in hand with higher standard errors. First and second K; may
indeed be equal eventually.

Sulphate has a 28 % bigger thermochemical radius (2.31 A)
than chloride (1.81 A) and apparently hinders binding at the second
site at all. Acetate on the other hand has a thermochemical radius
of only 1.86 A, just 3 % bigger (Simoes et al., 2017). However, it
has similar effects as sulphate. This may be explained by its shape
and atomic composition. The thermochemical radius of an ion is
more comparable to the radius of gyration of an object. Both are
derived from an inherent property across an assumed spherical
shape. This may be a good assumption for a tetrahedral ion like
sulphate, but is questionable in case of an anisotropic anion like
acetate. Here the charge is located to one side of the ion while the
other has an apolar methyl group. Thus acetate may have a
different effect as the thermochemical radius imply.

The K;s in the millimolar range are rather high for typical
protein:ligand interactions. However, these concentrations are of
physiological relevance as detailed later and can be explained by
structural data. First, the chloride is only bound by two coordina-
tion partners. This occurs only in less than 10 % of all PDB
structures (section 2.3.2; Carugo et al., 2014). The expectation,
from the data in the PDB, is a coordination by four (35 %) or three
(27 %) partners. Second, the unoccupied binding site is potentially
flexible (wtso4,suc, Wtsogq,coL) Or even adopts a different fold
(W110Pcysuc; Figure 18), thus for successful binding, one chloride
and both parts of the binding site must come together. These two
features would result in a low affinity binding site.
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Comparing the results with the activity we can notice common
elements. Chloride and bromide anions show both a biphasic
character in the interaction and activity assays and acetate
provokes always a monophasic response. Only sulphate does not fit
since it is now monophasic, though, the important last samples of
the activity assay have higher variances and thus might be wrongly
interpreted. The first more reliable K; is always estimated to be
around 20-30 mM with about 10 mM standard error. This coincides
roughly with the turning points of the activities. However,
minimum activity of chloride would be expected between both K;s
i.e. at around 55 mM but the errors of the fits are currently as high
as the values itself. Hence, this assay is appropriate for the
characterisation of the anion interaction with GgpS but has to be
further refined.

2.5.5 Fitting the activity against the two-K; model

In order to fit the activity data and get a better understanding
about the activity of each GgpS version, I applied the previously
developed two-K; model (section 8.4.2). The response factors
described the expected fluorescence, now they correspond to the
k..: values or the relative activity. In regards to fitting constraints,
the relative activity of unbound GgpS is assumed constant since the
data are normalised to their first data point, representing almost
that state. Furthermore, the effect of half as well as fully occupied
tetramers and the K;s must be larger than zero. Technically, the
K;s from the interaction assay should be used here, however, as
their estimation is preliminary I decided to fit them as well.

Because the acetate series was originally normalised to its
8 mM sample, the effect factor for unbound GgpS was not
constrained except from being positive. In addition, assuming all
anions bind at the same site, having 8 mM acetate in each sample
creates a competitive situation. This was not modelled and is
therefore especially for lower estimated K;s an important error

source.

In a first attempt, all averages and normalised values were

fitted (Figure 28 and Figure 29). The activity factors for chloride
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indicate the fully occupied tetramer to be more active than the
chloride-free GgpS, as hypothesised previously based on the crystal
structures (section 2.4.2). The difference is low with an activity of
unity and 1.45 (standard error: 0.11), especially if the unoccupied
state is assumed to be slightly inhibited because of the actual
presence of acetate. The first K; is much smaller with 4.75 mM
(3.50 mM) compared to 39.3 mM (35.4 mM). On the other hand the
second is slightly higher with 90.7 mM (45.5 mM) compared to
71.1 mM (78.9 mM; Table 2). In good agreement with the structure-
based hypothesis are the results of bromide. The fully occupied
state is more than twice as active with 2.24 (0.16), while the half-
occupied state is inactive, although with a huge error (2.71). The
first K; is at 214 mM with a high error (764 mM), which originates
most likely from the fact that the first phase is shown in only two
samples. The second K; is at 15.6 mM (42.7 mM). Therefore, the
hypothesis that only different K;s explain the strong difference
between the chloride and bromide response cannot be validated
due to high standard errors. Interestingly, the K; s of the
interaction assay are quite similar but reversed. The K;s for acetate
and sulphate are in the very low millimolar range with 15.4 mM
(5.1 mM) and 1.57 mM (2.44 mM) compared to around 20-30 mM

from the interaction assay.

As mentioned, also the W110P mutant exhibits an ionic strength
dependence. This can also be present in the wild type overlapping
with the specific anion binding effect and impede its estimation. A
simple correction would be based on a multiplicative model, wt,,4
in equation (1), where ionic strength either enhances or attenuates
the binding site specific activity. However, the exact effect is
unknown and the stabilisation of a3 is most likely the critical
chloride-induced change. It can be achieved by either binding site
occupation or the mere presence of a stabilising agent, i.e.
kosmotrope. Hence, the effect might be additive and thus model
wt.q (2) would be more suitable. In that case, although GgpS should
by totally inactive under certain conditions, a3 may be partially de-
or stabilised chloride-site independent by surrounding ions

including sodium.
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Figure 32: Ggp$S activity, multiplicative ionic strength deconvoluted (wt,, ).

Green highlighted area: Minimum physiological range of intracellular chloride
concentration in Synechocystis PCC6714 (Reed et al., 1985).

_ Wti
Wilna,i = WllOPi/ (1)
W110P,
Wtad,i = wt; — (WllOPl - WllOPO) (2)

Both types of deconvolutions lead to monophasic sulphate
responses within the measured range (wt,,4: Figure 32, wt,,;: Figure
33). The K; of the multiplicative correction fits the fluorescence
quenching data within errors but the activity increases to 2.92
(0.22) while the fit with the additive model yields very low errors
with an activity of only 1.96 (0.03) and a lower K; of 11.6 mM
(1.61 mM; Table 2). The estimations for acetate is similar with
activities of 1.35 (0.33) and 1.43 (0.64) for the actual anion-free
GgpS and 0.4-0.5 for GgpS bound to one acetate. In addition, the
K;s fit the fluorescence quenching data (section 2.5.4) within
errors. The fit for bromide of the multiplicative deconvoluted data
fails. The W110P mutant is strongly inhibited at high salt
concentration and thereby requires the wild type to be extremely
more active. The dip in activity at low bromide concentrations
eventually becomes insignificant like noise and thus the activity is
best described by just one K;, a clear contradiction to the fluores-
cence quenching data. The additive deconvolution, however, leads
to K; s of 58.6 mM (standard error: 59.5 mM) and 95.6 mM
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Figure 33: Ggp$S activity, additive ionic strength deconvoluted (wt, ).

Green highlighted area: Minimum physiological range of intracellular chloride
concentration in Synechocystis PCC6714 (Reed et al., 1985).

(95.3 mM). They are more similar to the fluorescence quenching
with the same apparent type of cooperativity but high errors. For
chloride both deconvolutions are similar again. The activity of the
one-chloride bound tetramer becomes O with standard errors of
1.07 (wt,,q) and 0.256 (wty,). This agrees with bromide convoluted
and additive deconvoluted estimates. On the other hand, the fully
occupied state becomes highly speculative, probably because K, is

in the 200 mM range and the assay lacks samples there.

Salts are known to impact protein stability (Hofmeister, 1888;
Lo Nostro & Ninham, 2012) and, as described in section 2.4.2, the
chloride sites regulates the activity by modulating the
stability/flexibility of the active site. According to this, bromide
should have the most adverse effect on protein stability of the
tested anions and indeed, bromide is inhibiting the activity of the
W110P mutant most. However, the effect may be counteracted by
specific binding at the ‘chloride’ site. Thus, a deconvolution may
not be necessary at all or more likely overestimates true activity.
Deconvoluting via wt,,; is milder than via wt,,; and thus seemingly
better. The same might be true for sulphate but in a twisted way.
According to Hofmeister, sulphate should stabilise thus increase
activity but it may also compete with (ADP) phosphate group

binding in the active site, decreasing activity. The latter effect
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Table 2: Overview about all fit-parameters from the activity and interaction

assays.
Chloride

Activity Wtma Wtgq Interaction

a 1.00 + 0.05 1.00 £ 0.17 1.00 + 0.06 336 £5.27

0.423 £0.135 0.00 +1.07 0.000 = 0.256 191£77.2

c 1.45 0.1 80x19.8 7.64 +8.07 305 +4.98

Ka, 475350 338735 206 £12.2 39.3+35.4

Kq, 90.7 = 45.5 1041 £ 4084 1339 + 2009 T.1+78.9
Bromide

Activity Wtma Wtgq Interaction

a 1.00 £ 0.06 1.00 + 0.08 1.00 + 0.05 506 = 6.43

0.00 £2.79 0.426 +0.916 0.000 + 0.548 316 £43.3

c 223016 375 +0.30 562 +106

Kq, 218 + 795 312 1260 58.6 £59.5 185+ 8.86

Kg, 15.0 £42.3 95.6 £55.3 294 + 349
Acetate

Activity Wtima Wtag Interaction

a 125+ 0.10 1.35+0.33 1.43 £ 0.64 455 £2.49

b 0.541 +0.021 0.489 = 0.056 0.413 +0.108 358 = 4.44

K, 15.4 £5.1 128 +10.8 126 £17.7 263 £4.89
Sulphate

Activity Wtma Wtgq Interaction

a 1.00 £0.16 1.00 = 0.06 1.00 + 0.03 467 +£7.52

b 152 £0.10 292 £0.22 1.96 +0.03 304 £12.2

K, 157 £2.44 453 x14.6 n9+16 328+10.2

would be similar in both proteins but the stabilisation might by be
compensated by sulphate binding in the ‘chloride’ site partially.
Thus a deconvolution should only correct at higher concentrations
to as smaller degree, hence the milder additive model is better

again.

According to my structure-based prediction, the chloride-free
GgpS should be more flexible and hence less active than the fully
chloride occupied one. The activity assay indeed supports 15-25 %
less activity. While the structures of these states do not differ
strongly, fluorescence quenching of the one chloride/bromide

occupied state suggests conformational changes which coincides
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with strong if not total activity loss. Qualitatively spoken, the
similar sized acetate inhibits as the first bound chloride or bromide
does, while the much larger sulphate solely (hyper-) activates like
the binding of the second chloride or bromide. Nonetheless, both
prevent binding at the second site and have therefore a distinct
different effect from chloride and bromide. Measuring the true
effect of chloride site specific binding alone is challenging. The
chloride binding site is able to bind all tested ions including acetate
and the overall activity is probably affected by Hofmeister or other
ion dependent effects.

2.6 Chloride binding modulates DNA inhibition
Previously it was revealed that GgpS is inhibited by DNA, and

further analysis generalised this to poly-anions like heparin and
the phosphate backbone of nucleic acids (Jens F Novak et al., 2011).
Hence, the sequence of the nucleic acid or even the direct shape of
the molecule is less important. The inhibition is eventually relieved
by electrostatically shielding GgpS from the inhibitor with small
ions like sodium and chloride. However, Synechocystis sp. PCC6714
has usually an ionic strength of around 100 mM of small ions,
predominantly potassium, in its cytoplasm (Reed et al., 1985).
Moreover, the DNA release mechanism overlaps with the DNA
independent chloride binding effect. Hence the question arises if
the DNA release itself is more complex and modulated by the
chloride binding sites or even not present at all. The introduced
system of wild type and W110P mutant can help answering this.

While titrating GgpS with different anions, two further samples
without and with 194 mM of additional ionic strength in presence
of 1.25 mg/ml sheared (Figure 78) herring sperm DNA were
analysed (Figure 34). From previous studies I expect that DNA in
absence of any additional salt/anion inhibits strongly, while it has
no effect if additional ions are present. Likewise, inhibition of the
W110P mutant by DNA is expected, however, the activity should not
recover if an occupied chloride binding site modulates DNA
inhibition. Independent of the influence exerted by the binding

site, the previous mode of action, i.e. electrostatically shielding
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Figure 34: Influence of DNA in combination with different sodium salts on GgpS
activity.

Herring sperm DNA was sheared by sonication to 250-750 bp length (Figure
78). Activity was measured in presence of 1.25 pug/ul of that DNA and 194 mM
ionic strength of the sodium salts of chloride, bromide, acetate and sulphate. All
samples were measured in biological triplicates including their control without
any salt. Error bars represent standard deviation and stars indicate p-value
(legend) by one-sided t-tests (n =3) with Holm correction (m = 6) within
groups of salt species.
GgpS from the DNA, might still be (partially) true, so again two
effects can overlap leading to partial recovery only if the chloride-
binding sites are missing. Accordingly, GgpS was tested in absence
and presence of DNA and sodium chloride or the three other sodium
salts. Differences between key conditions according to expectation
were evaluated by Holm corrected (Holm, 1979) one-sided t-tests
with individual variances. The used data are the averages of the

raw data without normalisation per batch.

As expected, DNA inhibits significantly (p<0.05) down to 42 %
(standard deviation: 7 percent points). Further, supplementation
with chloride significantly increases (p<0.01) activity again to
127 % (8 points), which is similar to the observed activity without
DNA of 118 % (5 points). The W110P mutant is also significantly
(p<0.001) inhibited by DNA down to 17 % (1 point). However,
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while the activity increases significantly (p<o0.01) if chloride is
added, the activity does not recover completely and stays at 65 %
(3 points). This is 49 percent points lower (p<0.01) than in the
absence of DNA but in the presence of chloride (113 %, 5 points).
Summarised, wild type and mutant are both inhibited by DNA.
However, while the activity is fully recovered if the wild type is
supplemented with additional 194 mM sodium chloride, the mutant
is still only about half as active. This indicates a combination of
both, a specific chloride binding effect and the electrostatic
shielding of GgpS from the DNA.

I have shown so far, that the effects of bromide on GgpS alone
are very similar to that of chloride. The only difference is a
stronger activity increase if the second bromide is incorporated
into the tetramer. Hence, I expect full recovery of DNA inhibition.
This is indeed true for the wild type. DNA had no effect on activity
if about 200 mM sodium bromide was present. However, the
W110P mutant exhibited apparently a full recovery as well.
W110P’s activity decreased (p<0.001) in absence of bromide due to
DNA to 17 % (0 points) and recovered (p<0.001) ‘partially’ back to
57 % (1 point) similarly as with chloride (65 %; 3 points). Though,
in contrast to the case with chloride, this is almost the maximum
activity at high bromide concentration (69 %; 7 points) and thus
not significantly different. I explained in section 2.5.3 that bromide
has a strong binding site independent inhibiting effect on the
mutant. How this inhibition occurs is unknown and most likely
interferes here, explaining the abnormal behaviour of the mutant.
I established with chloride that, the binding site independent effect
i.e. the electro static shielding effect is not sufficient, hence the full
recovery of the wild type by bromide is only explained by a specific
bromide binding effect.

The effect of acetate on the other hand is inconclusive. There is
no significant recovery nor a significant difference to the DNA-free
condition determinable with the wild type. DNA inhibited to 36 %
(1 point), acetate alone to 60 % (2 points) and the combination led
to an activity of 52 % (4 points). The W110P mutant responded on
acetate similarly as on chloride, DNA inhibited to 15 % (3 points,
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p<0.01), the addition of acetate recovered (p<0.05) activity
partially to 44 % (1 point) while full recovery would be achieved
at higher 119 % (4 points, p<0.01). This indicates the binding site
independent DNA recovery effect to be present as well. However,
whether DNA release is facilitated by acetate binding is
indistinguishable. The reason is most likely the inhibition by
acetate itself which interferes with the DNA inhibition. On the
other hand, a specific acetate binding DNA release can explain why
GgpS is not fully inhibited in absence of any extra salt. As
mentioned earlier, 4 mM magnesium acetate are present
ubiquitously, including the ‘no extra salt’ samples. Acetate has an
K; of around 20 mM, thus 8 mM could already lift the DNA
inhibition slightly.

In contrast to bromide and acetate, sulphate can fully replace

chloride.

The activity of the wild type in presence of DNA at the tested
ionic strength of 194 mM is only completely rescued if the chloride
sites are occupied by chloride, bromide and sulphate while, the
binding site deficient W110P mutant only recovers partially.
Therefore, I conclude that chloride binding accelerates DNA
release, i.e. it enables full activity at lower ionic strengths. Acetate
and sulphate can apparently only occupy one binding site
simultaneously. The mechanism is elusive so far, but in the case of
sulphate, this singular binding event is as effective as binding of
two chloride/bromide anions. The response to acetate indicates but
does not proof, that binding of one acetate facilitates DNA release
as well. In the last section, I concluded that the effect of one
sulphate bound to the tetramer mimics to some degree the effect of
two chloride/bromide anions and the effect of one acetate that of
only one chloride/bromide. Hence, DNA release might be facilitated
by the first binding event already. However, binding to one
chloride/bromide is simultaneously inhibiting thus no activation

would occur.

The results explain why GgpS can be inhibited intracellularly
by DNA. The dominantly present potassium can most likely, in
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contrast to anions, not bind in the ‘chloride’ site and has therefore
just the binding site independent ionic strength effect. However,
194 mM sodium chloride i.e. 194 mM ionic strength can only rescue
partially that way. Hence the 90 mM ionic strength of potassium
(plus 10 mM due to chloride and sodium) will not have a strong
activating effect in the cyanobacterium and GgpS would remain
mostly inhibited.

2.7 Two predicted DNA binding modes can explain inhibi-

tion and recovery

2.7.1 Sucrose binding coincides with positive coulombic potential in the
pore

The coulombic surface potential of GgpS was analysed for
patches of positive charge, since the inhibiting poly-anions are
most likely bound by oppositely charged motifs. The outside
surface of the toroidal GgpS tetramer is predominantly negatively
charged (Figure 35). Positive patches are only found around the
active site pockets and within the central pore of the tetramer.
Coincidentally, besides a sucrose molecule in the active site, two
more sucrose molecules per subunit (1002 and 1003) were found
to be bound in the pore at each monomer. These sucrose molecules,
in total eight molecules in the complete tetramer, can be divided
into two groups of which each lie on a straight line. Together they
form a right-handed double helix-like appearance with
approximately 21-26 A inner and 36-37 A outer diameter. While
the handedness fits the commonly found A and B forms of RNA and

DNA, their outer diameter is only around 20 A.

This brief analysis reveals two distinct possible binding modes.
The first is on top of the active site pocket, thereby probably
blocking substrate entrance and explaining DNA inhibition.
However, why chloride binding affects the DNA interaction is not
obvious. In the second binding mode, the nucleic acid double helix
is encompassed by the tetramer and it assumes the positions of the
sucrose molecules bound in the pore. One of these sucrose

molecules is the one close to Trp110 and as mentioned briefly, the
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Top view through pore Focus on active site pocket
Both upper subunits omitted Complete tetramer

Pore Active site

Negative Positive

Coulombic potential
Figure 35: Coulombic surface potential of GgpS (wtsrsuc).

Positive patches are found in the pore and around the active site entrance. Eight
sucrose molecules (SUC1002 and SUC1003 from each subunit, orange spheres)
form a right-handed double helix in the pore. For better visualisation, the two
upper subunits have been omitted in the top view (left). CS axis: crystallographic
axis through chloride binding site, NCS axis: non-crystallographic symmetry
axis.

chloride site is located in the pore side of the torus. Thus, the
mechanism how chloride binding enforces DNA release becomes
trivial and distortions of the tb-loop due to DNA interaction may

explain the inhibition.

2.7.2 Early crystallisation attempts of GgpS with DNA were unsuccessful

Long overhanging DNA usually interferes with crystallisation,
hence the shortest still binding single stranded DNA (ssDNA) is
preferred for setting up crystallisation experiments. According to
Novak et al., ssDNA homo-oligomers with six nucleotides (either
adenine, thymine or cytosine) inhibit GgpS at least partially (Jens
F Novak et al., 2011). Preliminary binding experiments with
fluorescently labelled ssDNA of this length but with randomised
sequences were performed via size exclusion chromatography.
They confirmed binding of hexamers, octamers and decamers in an
approximate 1:1.3 ratio of GgpS tetramers to ssDNA (data not
shown, Seyma Bozkus). Crystals grown in the presence of these
oligonucleotides were of very low quality and not mounted or
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analysed. Eventually, lab priority was shifted towards finalising
the activity assay. However, a docking analysis of DNA/RNA with
ClusPro was performed.

2.7.3 Docking: Introduction to ClusPro and preparation of results

For docking, the tetrameric assembly of W110Pc,suc with
removed sucrose molecules was chosen. It should bind nucleic
acids more likely according to the activity assays. Nevertheless,
initial docking was performed with the wild type yielding similar
results but only those from W110P are presented in detail. As
binding partner, ideal DNA or RNA molecules generated by Coot
were submitted to the ClusPro server (Kozakov et al., 2017). All
nucleic acids are based on the same 30 nucleotide long random
sequence which was truncated or modified appropriately. The
server supports officially only RNA but also DNA is accepted and is
correctly processed. A question about the usage of DNA was
unanswered by the developers. Hence, the results with DNA should
be critically judged. However, according to publication about
ClusPro, nucleic acids are submitted as ‘receptors’ and are un-
changed during processing and only the ‘ligand’ is energy

minimised anyway.

For average sized proteins, ClusPro generates 109-10'° starting
combinations of receptor and ligand. These combinations are
energy minimised under consideration of four energy models
differently weighting electrostatic, hydrophobic and DARS poten-
tials against each other. Simplified, the DARS potential favours
fitting shapes (Chuang et al., 2008). Eventually, the 1,000 lowest
energy assemblies are clustered and ordered by population size,
while the structure with the highest number of neighbours within

a cluster becomes the cluster centre.

ClusPro outputs the top 30 cluster centre and usually only a few
densely populated clusters should indicate a good docking result.
However, since the tetramer is D2 symmetric, at least two
symmetric equivalent assemblies can be expected with GgpS.
Moreover, a frame shift like phenomenon led sometimes to differ-

ent clusters, although they show effectively the same binding
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mode. Therefore, a three-dimensional histogram was calculated:
The space was evenly distributed in voxels of 1.5 A edge length and
the number of nucleic acid atoms across all clusters, weighted
linearly by cluster size, were counted per voxel. This histogram
was visualised with each voxel, i.e. bin, represented by an
individual atom whose depicted radius scales with bin frequency.
Thus, overlapping binding modes get highlighted while symmetri-
cally equivalent or competing modes are depicted in similar
strength. On the other hand, less likely binding modes may appear
but will be less noticeable.

2.74 Docking: Length of double stranded nucleic acids determines
predictions

Since GgpS is inhibited by poly-aniones, the ‘electrostatic-
favoured’ model was chosen. From all analysed nucleic acids, only
the short ones docked successfully. Figure 36 depicts the 3D
histograms in top view, since in any case the nucleic acids dock into
the pore. Interestingly, they tend to cluster at the left dimer pair
of the W110P mutant. This pair is in its apparent inactive
conformation, while the right dimer pair is in its active wild type-
like conformation (2.4.1). On the other hand, the active sites of the
active pair attracts the termini of ssSRNA;, and to some extend
SSDNAs.

By default ClusPro docks with four different energy minimising
models, the electrostatic-favoured is one of them. A brief analysis
of the failed docking attempts reveals often successful dockings
using the energy model ignoring the DARS potential, i.e. relying
entirely on modelled physical interactions (Chuang et al., 2008).
Figure 37 depicts the 3D histograms, but this time in side view
along the chloride binding sites connecting axes. The single
stranded nucleic acids dock very similar to the electrostatic-
favoured model in the pore. Double stranded nucleic acids on the
other hand dock above and below the pore, parallel to the
previously defined NCS axis (Figure 35). dsDNA interacts with the
extensions above the pore from similar facing subunits of the D2

tetramer (compare Figure 6), thereby bridging the pore itself
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dsRNA,,
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Figure 36: All results from ClusPro docking of W110P¢ suc with the ‘electrostatic-
favoured’ model as 3D histogram.

Top view through pore. dsRNA and dsDNA with 10, 20 and 30 base (pair) length
as well as ssRNA with 10 and ssDNA with 8 bases were submitted. RNA was
supplied as A form and DNA as B form. However, in addition, dsRNA;3; in B form
was submitted as well. All not depicted docking combinations failed. All nucleic
acids dock into the pore. Radius of the spheres represent cluster-size weighted
bins of the histogram. Blue ball and sticks: Sucrose of W110P¢suc not present
during docking.

covering the active sites. dsRNA however is still pore centred. It

cannot enter but one end docks directly above the pore and the

other points around 30°-70° away from the pore axes (Figure 37,

bottom).

Two different binding modes were determined. Longer nucleic
acids apparently favour the binding across and smaller ones into
the pore. ClusPro does not modify the nucleic acids, thus a
somehow bent nucleic acid is not modelled. This potentially
explains why longer DNA/RNA are not docked to or through the
pore as further detailed in the next section.
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dsDNA,

Figure 37: All results from ClusPro docking of W110P¢suc without DARS potential
as 3D histogram.

Side view along axis connecting chloride-binding sites. dsSRNA and dsDNA with
10, 20 and 30 base (pair) length as well as ssRNA with 10 and ssDNA with 8
bases were submitted. RNA was supplied as A from and DNA as B form.
However, in addition, dsRNA3 in B form was submitted as well. All not depicted
docking combinations failed. Only ssDNAg docks into the pore, all other nucleic
acids prefer the cleft above and below the actual pore. dsDNA lies parallel to
the previously defined NCS axes bridging the pore while dsRNA terminates
above/below the pore and molecules from different docking results create an
angle of 115°. Radius of the spheres represent cluster-size weighted bins of the
histogram. Blue ball and sticks: Sucrose of W110P¢suc not present during
docking.

2.7.5 Docking: Pore and active pocket binding mode in detail

dsDNAj, in the electrostatic-favoured docking target is located
inside the pore. The best two clusters show very similarly docked
dsDNA molecules, which are only rotated with respect to each other
by a few degrees. As mentioned, the double helix is closer to the
inactive dimer. One end of a dsDNA;o molecule extends out of the
pore, the other does not because it would clash with protein parts
on the other exit of the pore. Nevertheless, due to the symmetry of
GgpS, the DNA can be placed in an opposite mode protruding the
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Figure 38: Top ClusPro results for dsDNA;, (electrostatic-favoured) and dsDNA3,
(without DARS potential) with W110P¢suc.

Docked nucleic acids are depicted in green with transparent surface. Grey
surface is from docking partner with a yellow to red gradient indicating the
atoms highly interacting with nucleic acid molecules atoms weighted linearly by
cluster size (truncated to 0-99 % quantile of final score). A) Pore binding mode.
dsDNAy (clusters one and three) are visualised on the left, while omitted on the
right. Predominantly positions 342-353 (al2) are involved. The double helix
follows approximately the sucrose molecules. Sucrose was not part of the
docking and is only provided for reference. Also position of Gln111 is indicated. B)
Pocket binding mode. dsDNA;3, visualised on the left, while omitted in the middle.
On the very right: Rotated by 90°. As depicted, the nucleic acid covers and blocks
the active site pocket (with sucrose and ADP as reference) but is not long enough
to block the other simultaneously. Important amino acids are part of the
protruding B-sheet B1/2 (11, 28, 29), B4/a2 (55-59), a3 (90-94), B14/a12 (342, 345)
and a12 (361, 364) of the adjacent subunit. a3 runs parallel to the pore axes on
the left side of the active site pocket (Lys90 and His%4, terminates below Lys59.

opposite pore exit as realised in cluster three. Figure 38A depicts
the W110Pc;,suc with the first and third docked clusters. The double
helices overlap by 5 bp and their backbones align very well. Again,
owing to the symmetry, the overlap occurs exactly in the middle of
the pore, i.e. close to the chloride binding site. Most interacting
amino acids are part of helix a12 (342-353), but also Gln1i1i1 is
under the top ten interactors (Table 3). The DNA binds indeed
parallel to a3 and the tension belt loop and it is almost parallel to
the pore axis (Figure 39). Hence, inhibition and chloride site

Matthias Uthoff, University of Cologne 79



Two predicted DNA binding modes can explain inhibition and recovery 2.7

Figure 39: First cluster of dsDNAy, (electrostatic-favoured model) in top view.

The perspective is aligned with the longitudinal axis of the nucleic acid. It is
docked parallel to a3 (orange), whose N-terminus is at the top. The tb-loop
(orange) is downstream of a3. The N-terminus of a12 (magenta) is inserted into
the major groove of the DNA. Amino acids 342-335 were not built in that subunit.
The docked nucleic acid is depicted in green with transparent surface.

dependent DNA release may be accomplished both via remodelling
of the tension belt loop and a3. The N-terminus of a12 (343-353)
is inserted into the major groove of the DNA (Figure 39). Amino
acids 342-335 were not built in that subunit and could potentially
prevent this binding mode. However, they were not build because
there is no electron density due to high flexibility. Moreover, they
are partially build and very flexible in the assumed anion-free
structures (Figure 75, Figure 76) and probably adjustable for DNA
binding. Interestingly, Tyr344 can interact via a water molecule
with Lys9o0 and Arg300 in the wild type (Figure 21D).

Without DARS potential, dsDNA3, is posed in a way that it
blocks the active site of at least one subunit (Figure 38B) and it
extends across the pore close to the active site of the adjacent
subunit. Unfortunately, this subunit is missing amino acids 14-33,
i.e. an essential part of the active site pocket. Hence, this pocket
appears as being not blocked. Moreover, the DNA is not placed
symmetrically, as is visible in Figure 37. The active site blocking
terminus of the DNA attaches closely to the protein, while the other
one does not. Hence, the closely bound end can probably not be
extended without clashes while the other does not completely block
the active site pocket. However, docking with the wild type yielded
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Figure 40: Top ClusPro result for dsRNA;; and dsRNA3; (A form in contrast to
usual B form DNA) with wtg: suc.

Colours as Figure 38. A) Pore binding mode. dsRNAy, visualised on the left, while
omitted on the right. Predominantly positions 342-353 (al12) are involved. The
double helix follows approximately the sucrose molecules. Sucrose was not part
of the docking and is only provided for reference. Also position of Trpl10 is
indicated. B) Pocket binding mode. dsRNA;, visualised on the left, while omitted
in the middle. On the very right: Rotated by 90°. As depicted, the nucleic acid
covers and blocks the active site pocket (with sucrose and ADP as reference).
Due to symmetry a similar double helix can also block the related active site and
properly overlaps with the first. Thus a longer one double helix should be able
to block two active sites, however, docking failed. Important amino acids are part
of the protruding B-sheet B1/2 (11, 26, 29), B4/a2 (54-59), a3 (86-90) and B14/a12
(336, 345). a3 runs parallel to the pore axes on the left side of the active site
pocket (Ala86 to Lys90).

a similar binding mode with dsRNA3, instead of dsDNA3o (Figure
40). There, RNA binds symmetrically, blocking both sites and the
RNA can be extended on either sides. Aside B-sheet 1/2 with linker
to a1 (11, 26, 28, 29), also B4/a2 (59), a3 (90, 94) and a12 (340,
342, 345) are under the top ten interacting elements/amino acids
(Table 3). The mechanism of inhibition, is obvious, the active site
entrance is blocked. Chloride site dependent DNA releases may be
induced via helix a3. Interestingly, B-sheet f1/2 was previously
assumed to be of unknown regulative purpose (section 2.2.4) as it
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Table 3: Important residues in both DNA binding modes and of reported assays
(B. M. E. Roenneke, 2014).

Prevents Less Same Pore Pore Pocket Pocket
biotinylation  inhibition inhibition ~ WIIOPasui)  Wisrsu) ~ (WITOPosu)  (Wisesuc)
59 80 281 304 90 n n
61 270 281/286* 308 342 28 26
286 281/286* 336 342 345 29 29
308 353 345 345 346 55 54
336 485 353* 346 349 59 55
364 353 353 90 59
94 86
342 87
345 90
361 336
364 345

*: Partial inhibition; Green: Found by docking and at least one assay; Yellow:
Prevents biotinylation but not inhibition; Red: Clear contradiction;
Blue: Activity not tested

is highly flexible if comparing the different crystals and it connects

directly to a1 which probably locks the substrates in the active site.

During his PhD in the laboratory of Professor Reinhard Kramer,
Benjamin Roenneke worked on GgpS and its inhibition by DNA (B.
M. E. Roenneke, 2014). He performed two experiments in order to
determine the DNA binding site and found nine lysine or arginine
residues which influenced DNA activity inhibition or altered
biotinylation pattern upon DNA binding (lysines only). Of those
nine residues, only three are found amongst the more important
ones by the binding prediction inferred from the work presented
here (Lys59, Lys308, Arg353; Table 3). The latter two are part of
the pore binding mode and Lys59 is exclusive to the pocket mode.
However, this lysine is positioned above the pore, thus its
biotinylation might be prevented by the binding of a longer dsDNA
through the pore. Roenneke’s results indicate that the mutation of
Arg345 does not alter DNA inhibition, but it is present in all my
predictions. The other positions found by Benjamin Roenneke are
all on the outer side of GgpS and thus not close to the pore or the
active site pocket.

Matthias Morgelin (Colzyx AB, Lund, Sweden) imaged in
collaboration with us GgpS bound to 20 bp long dsDNA labelled
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Figure 41: Negative stain electron micrographs of GgpS wild type under low salt
conditions in presence of 20 bp dsDNA labelled with 30 A gold particles.

The particle is apparently predominantly in or above the pore, however, no
statistic is available yet. Imaged by Matthias Margelin (Colzyx AB, Lund,
Sweden).

with 30 A diameter gold particles via negative stain electron
microscopy. Samples were sent to him 1-2 years before the docking
calculations were made and the calculations are therefore not
based on these predictions results but on the assumptions that
dsDNA binds in the pore or to the outer side. Finally, the EM data
were acquired only recently without further statistics so far. He
found that the gold particles are usually above or close to the pore
indicating the pore binding mode is the correct one (Figure 41).
However, the exact DNA position is hard to determine. The DNA is
not directly visible and with 20 bp rather short. Around 30-40 base
pairs are required to bridge the pore and block both active sites
with one dsDNA helix. A 20 bp dsDNA could potentially bind only
above one pocket with its gold particle over the pore. However, if
bound above one pocket only, the gold particle is expected to be at
the rim of the tetramer at least in half of the cases but this does
not happen.

ClusPro does not modify the ‘receptor’ during docking and since
the nucleic acids have to be submitted as the ‘receptor’, they
remain as perfectly linear molecules. Longer nucleic acids are

therefore not bend during the prediction process, may clash and
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are therefore excluded from the result. dsDNA;, demonstrates this
very well: Two different clusters overlap, thus indicating a bent
15 bp long dsDNA would be able to bind into the pore, so it passes
through it completely without clashes. Even longer (flexible)
dsDNA may bind in this mode, but assemblies with lower energies
are achieved by binding across the pore blocking the active sites.
Negative stain electron micrographs and prior biochemical assays
favour the binding mode through the pore. Here, it would poten-
tially interact with the chloride site, the tension belt loop and a3.
How the nucleic acid gets into the pore is so far unknown. A
helicase/AAA protein like threading process seems unlikely as it
requires extra energy. However, a simple mechanism would be the
breakup of the tetramer at low chloride concentrations. Prelimi-
nary electron micrographs by Matthias Morgelin demonstrated this
with the W110P mutant for the very first time, but not for the wild
type at low sodium chloride concentrations (section 2.2.3).
Nevertheless, there is no strict evidence against the nucleic acid
binding across the pore thereby blocking the active sites directly.
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3 GGPS — SUMMARY, CONCLUSION AND HYPO-
THESES

3.1 Physiological implications of the chloride binding sites

Synechocystis sp. PCC6714 is closely related to PCC6803 (Figure
69), the organism of which the here tested GgpS originates from.
In minimal medium with almost no salts, intracellular chloride
concentration drops to 6.8 mM in PCC6714 cells (Reed et al., 1985).
Hence, the minimal physiological chloride concentration coincides
approximately with the minimal measured GgpS activity between
5 mM and 25 mM (Figure 28 and Figure 29). If the cyanobacterium
is subsequently shocked with 500 mM sodium chloride (approxi-
mately the concentration present in sea water), the intracellular
chloride concentration increases to around 200 mM, coinciding
with the maximal activity of GgpS. Synechocystis sp. usually
tolerates more than 1 M sodium chloride externally, hence, internal
concentrations may increases further without the capacity to
increases activity. However, the expression of GgpS is also
triggered and probably more important in low salt adapted cells
(Marin et al., 2002, 2006). Eventually, enough glucosylglycerol has
been produced and the intracellular chloride concentration
decreases. This inactivates all GgpS although the intracellular

protein concentration remains high.

In vivo studies suggest almost complete inactivation of GgpS at
low ionic strengths (M. Hagemann & Erdmann, 1994; Martin
Hagemann et al., 1996; Marin et al., 2002). Chloride alone cannot
inactivate GgpS as powerful, even if the one-chloride bound
tetramer is indeed fully inactive (section 2.5.3). Assuming both
chloride sites have the same k,;, then only one third off of all GgpS
tetramers would be in the one-chloride bound state in presence of
a chloride concentration equal to the k; (according to model in
section 8.4.2). Another third would be chloride-free and the second
would have already bound two chlorides. Full inactivation is
therefore, as proposed earlier, most likely achieved by DNA (poly-

anion) binding. This reduces the activity of the chloride-free state
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potentially to zero (section 2.6, Jens F Novak et al., 2011). As such,
with a chloride concentration at the k;, two thirds of all GgpS will
now have a severely reduced activity. This fraction will increase, if
the chloride concentration is further below the k; and if the second

chloride k,; is higher in general.

DNA inactivation was thought to be an unspecific effect: the
ions shield DNA and GgpS electrostatically from each other without
specific binding. In my assay, the DNA is effectively released by
200 mM sodium chloride and around 70 mM additional ionic
strength (due to fixed assay ingredients). Roenneke et al. report
that 100-150 mM sodium chloride are actually already enough
(Jens F Novak et al., 2011). However, potassium alone accounts for
90 mM ionic strength (180 mM cations) in Synechocystis sp.
PCC6714 adapted to a low salt medium (Reed et al., 1985). If the
DNA is released by just small ions in the environment, i.e. by
increasing ionic strength, then DNA would not be able to inhibit in
vivo at all (Jens F Novak et al.,, 2011). The W110P mutant
demonstrates, that binding of chloride or similar anions is essen-
tial for full DNA-inhibition recovery of GgpS, as it is still inhibited
in an environment containing as much as 270 mM ionic strength in
total. This means, the affinity of DNA to the two-chloride bound
GgpS is lower than to the chloride-free (W110P) GgpS. And it
explains why the natural potassium dominated cytosol does not
interfere with DNA inhibition: Potassium ions cannot be incorpo-
rated into the chloride/anion binding site and they are not
sufficient to release the DNA just due to ionic strength effects as

sodium chloride is not able to do so with the W110P mutant.

Benjamin Roenneke analysed the GgpS from Synechococcus sp.
PCC7002 and WHS8102 briefly (B. M. E. Roenneke, 2014). He found
that GgpS from PCC7002 is strongly induced by sodium chloride;
that it interacts with DNA and is inhibited to some degree by DNA
as well. The GgpS from stain WH8102 is different. It is neither
induced by sodium chloride nor does it bind DNA. The sequence
alignment with GgpS from PCC6803 reveals accordingly a
substitution of Trpii1i0 and GInii1 to threonine and histidine,
respectively (Figure 69). Moreover, Lys308, Arg345 and Arg353,
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which are important for the binding mode of DNA through the pore,
are all substituted by glutamate. Hence, several of the important
positions found in this thesis are substituted in the GgpS of
WH8102 - a GgpS which is apparently also not regulated by the
mechanism described in this dissertation. PCC7002 has 76 %
sequence identity with 99 % coverage, while WH8102 has only
52 % identity with 96 % coverage, this indicated other potential
changes.

Chloride regulates GgpS directly and modulates DNA inhibition.
These findings have been missed by other researchers because it is
hard to determine, and it is affected by unspecific ion effects.
Moreover, Mg?* was declared to be critical (M. Hagemann et al.,
2001) and as of that, chloride was always present in all assay due
to the addition of magnesium chloride. Therefore, with a K,; for
chloride in the low millimolar range, the chloride-free state has
also been missed.

3.2 A model explaining the effects of chloride and DNA
on GgpS

Based on the presented results, a model for GgpS regulation by
chloride and DNA can be derived (Figure 42). Important for this
model is the single-chloride occupied state. I was able to estimate
its activity roughly and the fluorescence quenching suggests
stronger structural changes compared to the chloride-free and the
two-chloride occupied state. However, further structural data
supporting this are not available. This model is therefore an early
working hypothesis and no final conclusion.

GgpS is tetrameric but the crystallographic symmetry and the
presence of only two chloride sites suggests the separation into two
mechanistically units. These are the dimers forming one chloride
site.

According to PDBePISA, the tetramer is destabilised in the
absence of chloride, and at least the W110P mutant was very
recently found by negative stain electron microscopy to break apart

into dimers, at least transiently (Figure 10). As demonstrated, the
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W110P mutant is a good model for the chloride-free state (section
2.3.3). This tetramer is asymmetric because one dimer is consid-
erably destabilised and becomes slightly less active (2.4). The
crystal lattice probably selects a specific conformation, hence there
are no alternate conformation obvious in the same subunit of the
asymmetric unit in the W110P crystal. In solution, no such
discriminating factor is present and both dimers probably switch
conformations mutually. This apparent asymmetry is therefore
potentially just flexibility. The hypothesis is supported by the
assumed chloride-free structures of the crystal grown in sulphate,
as the active site and the tension belt loop are always highly
flexible.

The activity of the two-chloride/bromide occupied state was
initially expected to be twice as high as of the anion-free state
(2.4.1). This is indeed the case for the two-bromide but not the two-
chloride-bound GgpS (section 2.5.3). The latter is probably only
20-40 % more active, depending on the acetate interference in the
assay. This difference may be explained by an induced fit
mechanism of the real substrates. W110Pci,suc structure does not
have the large ADP moiety in its active site, thus missing several
hydrogens bond. W110Pc;apr and may be W110Pc1 app-glucose Crystals
should be obtainable via soaking. The W110P mutant also
demonstrated, that higher ion concentrations affect activity
independent of the binding site. Chloride is 8 % smaller than
bromide (Simoes et al., 2017), thus the latter might stabilise more
and counter the adverse effects leading to a higher activity
eventually (or in general). Another explanation for the strong
effect of bromide, can partly be explained by different K;s for the
anion species. If the second K; is for example lower for bromide
than for chloride, the maximum would be reached sooner.
However, preliminary interaction experiments cannot confirm

different affinities yet (section 2.5.4).

Only a symmetric tetramer i.e. with both chloride sites occupied
or unoccupied is (highly) active. The one-chloride bound i.e.
asymmetrically occupied tetramer is on the other hand inhibited or

potentially completely inactive. The activity assay only gives the
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combined activity of all three states present at a given chloride
concentration. The maximum fraction of GgpS tetramers in the
one-chloride bound state is present at a concentration equal to the
kqs (assuming kg, = kg,). It would only be one third. In addition, the
constant acetate background and the binding site unspecific ionic
strength effect further influence the estimation of the activity of
the asymmetrically occupied tetramer. Hence, it could be as
inactive as suggested by the bromide data and the explored
deconvolutions.

The interaction assay indicates real structural asymmetry of
the one-chloride bound tetramer due to stronger quenching of the
fluorophore (Figure 31). Occupation of both chloride sites might
put the whole tetramer under tension and confers stability.
However, if only one site is occupied, there is no countering force
and the whole tetramer is distorted. ai12 will potentially be
involved as it is the dominant element in the interface between the
two chloride dimers. The asymmetry could also mean, that the
second binding event is impeded, as it has to work against the other
chloride-stabilised dimer. However, the structural change can
simultaneously facilitate the second binding event by pre-consti-
tuting the binding site. Hence, the second K, could be all: lower,
equal, or higher. So far it is apparently higher but there is no
significant difference due the preliminary nature of the interaction
assay (Table 2).

A structural asymmetry has been observed in the model of the
W110P mutant and the crystals of the wild type grown in presence
of sulphate (Figure 12). I believe they are the chloride-free or are
at least comparable to the chloride-free state. The observed
structural asymmetry would go in hand with the initial assumption
of reduced activity of this state. However, as mentioned before this
could be just flexibility mitigated if educts occupy the active site.
At least soaking with ADP should be possible.

As presented in section 2.7.5, inhibition by DNA may occur by
either blocking the active site pockets or by binding in the pore

close to the chloride site. Interestingly, the pore is bigger than the
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DNA

Chloride .

0 mM
f\ Symmetric & Flexible \ Asymmetric
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10 mM \ Asymmetric
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,\ Symmetric & Rigid
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Figure 42: Hypothetical model of regulation of GgpS by chloride and DNA. The
apo tetramer, i.e. chloride-free without DNA might be might be more pseudo-
symmetric due to high flexibility.

DNA and neither can one dsDNA interact with both sites nor can
two dsDNA helices occupy both sites simultaneously. Inhibition
through the pore can be explained by the described model: The
flexibility of the chloride-free tetramer allows DNA binding. This
binding event could induce a similarly asymmetric tetramer as the
one-chloride bound state. This may not inhibit completely as
demonstrated in the assays (section 2.6), but subsequent binding
of one chloride certainly does explaining previous results (Jens F
Novak et al., 2011). If both sites become later occupied, the stability
of both chloride-dimers strengthens and remodels the DNA-
accommodating sites. This stops the interaction with the DNA in

pore.

3.3 SUC1002 and SUC1003 - Allosteric modulation sites?

The sucrose molecule 1002 bound close to the chloride site
implicates an allosteric inhibition site (Figure 8). Other compatible
solutes (with sucrose not being tested) can inhibit GgpS (Jens

Florian Novak, 2010). Interacting with the activating chloride
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element would be an elegant approached to control glucosyl-
glycerol synthesis under a sudden salt shock, if compatible solutes
are already present. However, besides sucrose also G3P can
apparently bind there, and sucrose-bound chloride-occupied
models are equal to the ligand-free and ADP bound structures. The
only exceptions are movements of the first -sheet and helix a1
in/on the outer side of the tetramer, induced by sucrose binding in
the active site. Thus, glucose-like compatible solutes probably
inhibit simply by a competitive mechanism. There is also no
evidence for allosteric activation. Moreover, as initial response,
Synechocystis produces glucosylglycerol and sucrose, hence a

sucrose inhibition would be counterproductive (Reed et al., 1985).

While the SUC1002 sites are in the middle of the pore, the
SUC1003 sites are closer to the upper or lower end of the pore
(Figure 7). Its interaction partners are on helices a11 and a12. ai1
is of special interest since on top of its N-terminus is the active site
loop around position 300. However, there is no hint of any effect.

The purpose of SUC1002 an SUC1003 site remain elusive. As
discussed earlier, they are positioned similar to a nucleic acid
double helix in the pore. If this binding mode is true, these sites
could be able to interact with sucrose and similar molecules just

because they are bulky and polar—a side-effect.

3.4 Required experimental evidences and improvements

3.4.1 Octamerisation

The last purification step of GgpS was a size exclusion
chromatography in 20 mM HEPES/KOH and 150 mM NaCl. After
dilution of the highly concentrated protein, the sodium chloride
concentration was adjusted to 0.5 mM. If the chromatography was
performed without sodium chloride, the peak usually shifted to a
larger particle size approximately corresponding to an octamer
(Figure 5). Preliminary experiments indicate an ionic strength
dependence, but it was deprioritised, since the biphasic effect was
unknown at the time and 0.5 mM NaCl was deemed as irrelevant.

In addition, the activity assay was performed with at least 68 mM
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ionic strength, which probably suppresses octamerisation as
indicated by dynamic light scattering (Figure 10).

A considerable strong effect of the potential octamerisation on
activity and fluorescence quenching is unlikely. If the activity is
reduced by octamerisation, increasing chloride concentrations
should activate, however, an inhibition is observed. If the activity
is enhanced by octamerisation, the activity of the W110P mutant
should decrease directly with increasing ionic strength, however,
it does not. Assuming on top that the Wii0P mutant does not
octamerise, then the W110P mutant at low ionic strength would
have to be less active than the wild type but it is more active. Accor-
dingly, fluorophores like Cy5 are usually quenched in presence of
more protein (Marmé et al., 2003), hence converting octamers to

tetramers would increase fluorescence but it decreases.

Nevertheless, increasing the ionic strength, perhaps by using
100 mM HEPES/KOH in purification and assay buffers, would rule
out any effect thereby improving the assay accuracy. Moreover, all
assays could be performed without any actively added chloride. In
vivo the octamerisation probably does not occur owing to the
presence of ions at 100 mM ionic strength (Reed et al., 1985).

3.4.2 Tetramer breakdown

The W110P mutant apparently forms dimers independent of
ionic strength according to the very recent negative stain electron
micrographs (Figure 10). This is the first time a tetramer
breakdown has been observed and can explain how DNA can bind
through the pore even if the breakdown is only of transient nature.
As of now it is unclear which kind of dimer this is. An evaluation
by PDBePISA judged the dimer around a chloride anion (A:) as not
stable, while the dimer found in the asymmetric unit (AB) is
‘maybe’ stable. The structural dynamics of GgpS have to be further
researched by for example thermal shift assays, EM or cross linking

experiments.
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3.4.3 Structural determination of the single-chloride occupied state

As detailed in the hypothetical model, the one-chloride occupied
state is key in understanding the mechanisms behind GgpS regula-
tion. Therefore, it is highly recommended to determine its
structure. Sulphate and acetate bind apparently just once and
would therefore be perfect for crystallisation. However, grown
crystals were of low quality. The ‘sulphate crystals’ diffracted
anisotropically with resolution limits of 3.0 A to 4.0 A and datasets
of the acetate crystals were not even recorded. The analysis
revealed similar structures to the W110P mutant but the presence
or absence of sulphate could not be confirmed. Crystallisation with
chloride/bromide might not be successful because the K;s of both
sites are close to each other, if not equal. If the latter is true, only
50 % of all tetramers would be in the desired state at most, hence
crystals must grow from a heterogenic population. Another
approach would be a desalting of two-chloride crystals. While an
easy experiment, a larger structural change is assumed and may

destroy the crystals.

An applicable method for direct structural insights is cryo-
electron microscopy. It is in theory capable of selecting the desired
states from a heterogeneous population and grid preparation
should not be extremely challenging because the protein is soluble
and not membrane bound. This gives full control over sample
properties like surface tension. Cryo- or just negative stain
electron microscopy can be further utilised to understand the

dimer/tetramer dynamics.

3.44 Activity

The assays were all performed in presence of 0.5 mM chloride.
Therefore, activity and fluorescence of the chloride-free GgpS
could deviate from the presented values. The difference would be
the bigger, the lower the lowest K; is. This highlights the
importance of accurately determined K;s. However, according to
the interaction assay (Figure 31), saturation is usually almost
achieved around 1.0 mM indicating that the 0.5 mM is not

distorting strongly.
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Mg?* is reported to be critically for GgpS activity as
demonstrated (M. Hagemann et al., 2001; Schoor et al., 1999). On
the other hand, there is no requirement for this cation in the Syi-
like reaction of sterochemistry-retaining glucosyltransferases with
GT-B fold like GgpS (S. S. Lee et al., 2011). As concluded in section
2.5.1, I am not convinced that Mg?* is required or has a bigger
significant activating effect. I have not conducted an experiment
further supporting my claim since it seemed to be of no importance
in the beginning and the used pyruvate kinase of the assay is Mg2*
dependent anyway (Larsen et al., 1997). However, the addition of
magnesium also adds anions which seemingly all interact with the
chloride site. Chloride and DNA inhibition can describe several
observations which may have been believed to display the Mg2*
effect. Hence, I recommend to check the Mg?* requirement of GgpS
again. This should finally proof or disproof the hypothesis on the
requirement of magnesium ions. However, total removal from the
assay might not be possible because pyruvate kinase requires Mg2*.
Potassium for higher pyruvate kinase activity was added via
HEPES/KOH titration. As noted above, more HEPES buffer should
be used to rule out any octamerisation effect. This HEPES could be
titrated with KOH and Mg(OH)., thus eliminating interfering

anions.

GgpS was inhibited down to only 40 % by DNA in my assays
(section 2.6). It is possible that only the one-chloride occupied
state in presence of DNA is fully inactive. This is the state usually
tested in previous publications (Jens F Novak et al., 2011). Hence,
I recommend a chloride titration of GgpS in presence of DNA. This
would also give a better understanding how the chloride site
affects DNA binding/inhibition.

3.4.5 Interaction — Fluorescence quenching

A Dbetter range of salts than currently sampled must be
measured. Lower bounds are currently imposed by the presence of
0.5 mM chloride as discussed above. However, lower concentra-
tions are not necessarily required since saturation is almost

achieved with the current set up (Figure 31). This is not the case
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for the higher concentration regime. Microscale thermophoresis
was first used to determine affinities and after protein
denaturation, the signal started to correlate with salt concentra-
tions above 100 mM. This indicates an MST response of the
fluorophore itself. It did not occur with the fluorescence itself
(Figure 77), hence, the assay was evaluated as reported.
Nevertheless, higher salt concentrations, could interfere and might

impose upper boundaries.

3.4.6 Further mutants - W110A and Q110A

Trp110 is interacting with the bound chloride anion but also via
a m-interaction with Glni11 in the adjacent subunit (Figure 18). The
importance of that interaction could be characterised by mutating
the tryptophan or the glutamine to alanine. Both mutants might
lose the chloride binding capacity as the m-interaction supports the
binding site. However, backbone flexibility would be as in the wild
type and thus any ionic strength effect more comparable between
chloride binding and binding deficient GgpS.
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4 FTSH - INTRODUCTION

4.1 Protein degradation — A keystone to cell homeostasis

Of the four major biopolymers in living cells only proteins
usually assume an active role and so are involved in or at least close
to many chemical processes. These processes are not perfect and
can directly damage or form by-products like harmful reactive
oxygen species (Dasuri et al., 2013). These damaged and malfunc-
tioning proteins have to be removed and replaced before they
accumulate and distort normal cellular activities (Anisimova et al.,
2018). Likewise, a cell adapts its proteome to new environments,
conditions and the cell cycle by replacing old proteins with others
of different function (Alber & Suter, 2019). Hence, proteogenesis
and proteolysis are constantly renewing and remodelling the
proteome of the cell. The former is executed by the ribosome
machinery and its numerous constituents, interactors and regu-
lators. Proteolysis on the other hand is more intricate. Besides
complete degradation also, maturating and regulating cleavages
are performed (Kihnle et al., 2019). Moreover, proteins can fold
into rather tight three-dimensional knots or even big aggregates
inaccessible for simple proteases. With AAA* proteases and lyso-
somes, two different independent locations and pathways for
protein degradation have evolved.

Lysosomes are the degradative endpoints of endocytosis and
autophagy but can also be used for storage as realised in the well-
known plant vacuoles (Xu & Ren, 2015; Yim & Mizushima, 2020).
Endocytosis describes the uptake of extracellular nutrients,
smaller preys or pathogens into endosomes while autophagy is the
packaging of proteins, other intracellular molecules or polymers
(microautophagy) into lysosomes but also large protein aggregates
or complete organelles (macroautophagy) into autophagosomes
(Jackson & Hewitt, 2016). Autophagosomes subsequently fuse with
endosomes and maturate into lysosomes if degradation is desired.
Key properties of lysosomes are the high acidity of pH 4.1-4.2 and

the concentration of acid dependent hydrolases degrading the
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content (Ponsford et al., 2020; Schroder et al., 2010). Proteases
localised here are predominantly cathepsins, small simple endo- or
exo-serine, aspartate and cysteine proteases (Cocchiaro et al.,
2017).

While degradation is well understood on lysosomes, protein
unfolding and aggregate dissociation are not. The acidic environ-
ment of course changes the net charge and thus the solubility of
proteins. This can increase but usually lowers solubility and facili-
tates aggregation and apart from the chaperones Hsc70 and
Hsp9OAA1 involved in chaperone-mediated autophagy there are no
other chaperones localised in the lysosomal lumen (Santos et al.,
2020; G0:0043202, 22.11.2020). Hsc70 and Hsp9OAA1 are both
critical for chaperone-mediated autophagy. Here no volume is
engulfed by membranes but proteins are directly translocated
through the lysosomal membrane (Tekirdag & Cuervo, 2018). First,
the chaperone Hsc70 recognises proteins with an exposed KFERQ-
motif due to damage or misfolding. This motif is found in about
40 % of all mammalian proteins. Hsc70 recruits other chaperones
including Hsp90OAA1 and hands the unfolded proteins over to
LAMP2A which translocates them through the lysosomal mem-
brane. There, they are subsequently received by lysosomal Hsc70
and eventually degraded. Hsc70 is also involved in microau-

tophagy.

Lysosomes are part of the cytomembrane system and thus
limited to eukaryotes with the usual exceptions (Lonhienne et al.,
2010; Tekirdag & Cuervo, 2018). The chaperone mediated
autophagy on the other hand is only found in mammals with some

homologs also in Drosophila and Danio (Dacks & Field, 2007).

A much older degradation pathway are AAA* proteases. They
evolved into different directions after the three kingdoms. Bacteria
developed LonA, ClpXP, HslUV and the membrane bound FtsH.
Archaea also have a derived, now membrane bound version of Lon
(LonB) besides the PAN/20 S holoprotease. Last but not least,
eukaryotes rely on the related but strongly further evolved
proteasome (Sauer & Baker, 2011).

Matthias Uthoff, University of Cologne 100


http://amigo.geneontology.org/amigo/term/GO:0043202

Protein degradation — A keystone to cell homeostasis 4.1

AAA* proteases contain an AAA* ring of six individual ATP
consuming modules. Each module consists of two domains required
for conversion of chemical to kinetic energy. Unfolding is achieved
by translocation through the axial pore and in contrast to
chaperones, substrates are not allowed to refold afterwards but are
directed to a ring of six or seven protease modules with their active
sites in the inner lumen. Thus, only translocated and unfolded

proteins reach the proteolytic sites.

The simplest AAA* proteases are Lon and FtsH because they are
hexamers of just one protein only. The others can consist of
numerous proteins and have in addition one or two further N-
terminal modules required for substrate specificity usually. While
all AAA* proteases including bacterial LonA are cytoplasmic,
archaea LonB and bacterial FtsH have N-terminal transmembrane
and periplasmic domains/modules. The Clp family and HslUV have
their homohexameric AAA* (ClpA, ClIpC, ClpE, ClpX, HslU) and
proteolytic active homoheptameric (ClpP, ClpQ) or homohexameric
(HslV) rings on different proteins. The final complexes are
constituted by two protease rings (ClpP and ClpQ do not mix) with
one AAA" ring on one side. However, CIpAP and ClpCP have one
AAA" on both sides of the proteases. The proteases of the PAN/20 S
holoprotease form an octaicosamer of two different proteins in
four rings (a,B7B,07). Ahomohexameric PAN (AAA*) ring completes
this machine on both sides. Finally, there is the only AAA* protease
in eukaryotes, the 26 S proteasome. It has a similar 20 S core
particle but each a or B protein is a derived unique one. Also, the
19 S regulatory particle on either side is more complex. It consists
of nine lid proteins as well as a heterohexameric AAA* ring und
three further proteins in the base. One further protein interacts
with both subcomplexes (Sauer & Baker, 2011; S. Zhang & Mao,
2020).

Proteolysis is highly regulated as only damaged, misfolded,
aggregated or unnecessary but no functional and required proteins
need to be degraded (J. Hanna et al., 2019). A well-known mecha-
nism is the ubiquitin proteasome system (Nandi et al., 2006;

Sokratous et al., 2014). A plethora of ubiquitinating enzymes and
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other proteins recruiting them recognises a potential substrate,
decides if it shall be degraded and eventually labels it covalently.
The ubiquitin label is then recognised by the proteasome and
removed before the substrate is unfolded and degraded. While
covalent linkers are not used in bacteria, common adaptors like
SspB and ClpS recognise substrates and hand them over to ClpXP
(Bouchnak & van Wijk, 2019; Mahmoud & Chien, 2018; Sauer &
Baker, 2011).

The initial substrate recognition is achieved by degrons and
their exposition (Mahmoud & Chien, 2018; Sauer & Baker, 2011). A
lysosomal degron is for example the aforementioned KFERQ-motif
(Tekirdag & Cuervo, 2018). Stalled ribosomes are rescued via SmpB
and tmRNA which add the SsrA tag to the stalling protein. It is the
interaction site for SspB which directs the stalling protein
efficiently to ClpXP. Nonetheless, all bacterial AAA* proteases can
directly interact with the SsrA tag and degrade the protein
subsequently (Fritze et al., 2020). A basic degron in all three
kingdoms is the ‘N-end rule’ in which predominantly the first but
also the second and the third amino acid with modifications
(cleavage of N-Terminus, deamination, acetylation) are critical
(Dougan et al.,, 2012). Less specific are degrons with just
hydrophobic exposed residues, probably due to damage or
misfolding (Bittner et al., 2017; Bouchnak & van Wijk, 2019).

4.2 FtsH — A unique AAA* protease

4.2.1 The only membrane bound AAA* protease in bacteria and eukaryotes

FtsH is the only membrane-bound AAA* protease in bacteria and
faces the cytoplasm (Figure 43). Eukaryotes have often several
FtsH homologs in their bacteria-derived organelles. Nine different
FtsH homologs exist in Aradidopsis thaliana chloroplasts and three
more are in their or other eukaryotic mitochondria (Nishimura et
al., 2016; Opaliniska & Janska, 2018). Archaea evolved probably
before FtsH with its two transmembrane helices and periplasmic
part because they lack any homolog. They feature LonB as their
membrane AAA* protease while the bacterial counterpart LonA is

cytoplasmic only (Rotanova et al., 2004). Also eukaryotes do not
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Figure 43: Collage of full-length FtsH. Depicted is a combination of the sixfold
symmetric periplasmic domain of £ coli (4v0b, Scharfenberg et al., 2015) and
the threefold symmetric cytoplasmic part from Aguifex aeolicus (6gcn, Uthoff &
Baumann, 2018) one of my published structures.

The placement is based on the most recent cryo-EM model (Figure 67). Black
dots in the cytoplasmic part are the zinc ions and the grey spheres are ADP. The
second transmembrane helix and the linker between membrane and
cytoplasmic part of each subunit is indicated by a long tube. Membrane and
cytoplasmic proteins can be substrates. Transmembrane helices are usually
inclined by 20° and will sit beside FisH. Translocation of cytoplasmic substrates
could be impaired by friction with the AAA ring or the membrane.
have FtsH or a homolog except from their organelles. They indeed

have no dedicated membrane bound AAA™* at all.

FtsH homologs in mitochondria are found in the inner
membrane and are divided in both topologies. i-AAA faces the inter-
membrane space and is a homohexameric complex of Yme1 (yeast)
or YME1L (Mammalia) with only one transmembrane helix instead
of two (Figure 46, Weber et al., 1996). m-AAA faces the matrix with
two transmembrane helices and is hence more FtsH-like. However,
one version only existing in mammals, called AFG3L2, is truly
homohexameric. An additional heterohexamer with additional
paraplegin subunits in alternate constitution is present as well
(Koppen et al., 2007). Only this second version exists in yeasts with
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its subunits called AFG3 (Yta10) and Ytai2 (Arlt et al., 1996). The
mitochondrial versions are longer with about 130 additional amino
acids at the N-terminus (Figure 46).

The plethora of chloroplast FtsH hexamers is not further
discussed here. However, homo- and heterohexamers exists as in
mitochondria but in different stoichiometric ratios and at least
FtsH11 is believed to be present in both organelles. Nishimura
published a great review about all proteases in chloroplast
(Nishimura et al., 2016). As the great number in chloroplasts
suggests, also cyanobacteria have a more complex FtsH system.
Synechocystis sp. PCC6803 has four FtsHs which localise
differently under low or high light conditions (Sacharz et al., 2015).
This indicates additional homomers to the previously known 3:3
heteromers of FtsH1/FtsH3 and FtsH2/FtsH4 (Boehm et al., 2012).
GgpS is a substrate of FtsH2 (Stirnberg et al., 2007).

4.2.2 A lack of unfoldase activity confers a role as simple waste collector?

As a membrane bound AAA* protease, FtsH degrades of course
membrane proteins. However, also soluble cytoplasmic proteins
are recognised and degraded (Bittner et al., 2017). Unlike other
AAA™* proteases, FtsH does not recognise a specific and unique
degron or a universal adaptor/label like ubiquitin. However,
several studies found that patches of 10-20 unstructured and often
hydrophobic amino acids are required for degradation. The
position of that rather unspecific degron was only sometimes of
importance: N- and C-terminal as well as internal ones can be
recognised and led to degradation (Chiba et al., 2000, 2002; Okuno
et al., 2006). Interestingly, this very diffuse specification also
agrees with the SsrA tag which is indeed recognised (C. Herman et
al., 1998).

FtsH fails to degrade cytoplasmic globular and properly folded
proteins and is therefore believed to prefer damaged and misfolded
ones in general (Christophe Herman et al., 2003; Koodathingal et
al., 2009). This is in agreement with the unspecific degron, which
could indicate a misfolded protein. Among the first found specific

substrates are the unmatched SecY subunit of the SecYEG
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translocon and the unmatched Foa subunit of the Fo, ATPase
membrane complex (Bittner et al., 2017). Both are believed to be
less stable if not complexed. FtsH also interacts with the protein-
membrane insertase YidC and it potentially directs problematic
proteins to FtsH for degradation (van Bloois et al., 2008).

Damaged but also native subunits of unassembled complexes
are substrates in mitochondria and chloroplasts. The prominent
ones are for example several subunits of the respiratory chain and
the photosystem II (Janska et al., 2013; Opaliniska & Janska, 2018).
In contrasts to protein degradation, FtsH and its homologs also
control protein maturation and complex formation (Arlt et al.,
1998; Marta et al., 2007). However, the latter can potentially be
caused by failed maturation by the large mitochondrial ribosomal
subunit MrpL32 by m-AAA (Bonn et al., 2011; Nolden et al., 2005;
Woellhaf et al., 2014). Partial degradation by FtsH homologs is also
involved in mitophagy, mitochondrial fission and intermembrane
space import of cytochrome c oxidase (Anand et al., 2014; Tatsuta
et al., 2007; K. Wang et al., 2013).

4.2.3 FtsH degrades healthy proteins involved in membrane stress response

A careful reader may has noticed that FtsH fails to degrade
stable ‘cytoplasmic’ proteins. This sounds profound but also
confusing considering that FtsH, as membrane protein, is probably
more important for other membrane proteins. Recent studies used
the integral membrane protein GlpG as substrate (Yang et al., 2018,
2019). They demonstrate full activity of GlpG in bicelles up to
85 °C, the whole range of the employed thermostability assay.
Their solubilised protein substrate is therefore very stable.
However, FtsH, also in bicelles, was able to degrade that protein.
The authors concluded that FtsH in proper membranes is a
powerful unfoldase if the substrate is another membrane protein.
They hypothesise that the special topology of FtsH disfavours
cytoplasmic proteins—the entrance pore faces the membrane or
more precisely its own transmembrane domain. A substrate must
either be besides that domain or the AAA ring if cytoplasmic (Figure
43). This leads to different angles of attack of the unfolding force.
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FtsH potentially pulls directly parallel to the longitudinal axis of
transmembrane helices, as they usually lay inclined by 20° in the
membrane (Bowie, 1997). Cytoplasmic proteins however may
interact with the side of the AAA ring during the unfolding process
due to their position (Figure 43). This could lead to dissipation of
the force by friction, yielding the weak observed unfoldase activity
for soluble proteins. As such, FtsH is presumably able to process all
membrane proteins if necessary and recognised. Some membrane
stress regulators have been found which are degraded even if they
are apparently in a native proper folded state (Figure 44).

FtsH is the only essential AAA* protease in E. coli because it
controls the level of LpxC. This enzyme is important for lipopoly-
saccharide (LPS) synthesis and shares the same educt with FabZ
for production of phospholipids. The latter is obviously important
for the membrane maintenance and production but also LPS are
integrated into the outer membrane of gram-negative bacteria.
They enhance the imposed barrier to the environment, for example
against hydrophobic antibiotics (Delcour, 2009). Strict regulation
of LPS synthesis is required as it either leads to LPS accumulation
and depletes the phospholipid pool or leads to LPS unprotected
membranes—both cases are lethal (Erwin, 2016; Ogura et al.,
1999). LpxC has an FtsH ‘specific’ degron which is required for
degradation but not sufficient (Fihrer et al., 2007). The
degradation of LpxC is mediated by membrane proteins YciM
(LapB) and YejM and correlates with levels of the alarmone
(P)ppGpp (Schakermann et al., 2013). The interactions between
those components are not fully understood yet. The cytoplasm
facing YciM co-purifies with FtsH and is required for LpxC
degradation by FtsH (Klein et al., 2014; Mahalakshmi et al., 2014).
It is probably a specific adaptor for LpxC and degradation by FtsH.
The involvement of the periplasm facing YejM has only been
recently discovered, it potentially senses somehow high LPS levels
and inhibits YciM/FtsH dependent degradation (Guest et al., 2020).

An adaptor mediated degradation is also assumed for YfgM but
none was found yet (Bittner et al., 2017). The N-terminus of YfgM

is essential for processing, but 5 out of 14 residues are acidic, thus
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Figure 44: Regulative degradation by FtsH in bacteria.

Image based on Bittner et al., 2017, other publications linked in the main text and
corresponding UniProt entries from E. coli. Only yellow/blue marked proteins in
complexes are degraded, often only if solitary.

not following the hydrophobic rule established for FtsH. Fusing this
degron to another membrane protein leads to its FtsH dependent
degradation under similar conditions, thus clearly indicating its
importance (Bittner et al., 2015). However, the direct trigger for
YfgM degradation is unknown but cannot be that specific because
of the mentioned fusion experiment with a different protein. YfgM
itself is a chaperone or at least strongly related to chaperones in
the membrane. It is an ancillary subunit of the SecYEG translocon
and can interact with the membrane bound chaperone PpiD (Gotzke
et al., 2014, 2015). YfgM also suppresses signal transduction via
the Rcs system (regulation of capsule synthesis, Wall et al., 2018).
Here, RcsF senses damage to the outer membrane or the peptido-
glycan and RcsB is eventually activated and induces expression of

several anit-stress genes (Laloux & Collet, 2017). These genes are
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important for cell division, salt tolerance, adaptation to the
stationary phase and the biosynthesis of colanic acid. A building
block for a cell encapsulating polymer (A. Hanna et al., 2003). YfgM
is degraded by FtsH for example under osmotic shock and stress
related to stationary growth (Bittner et al., 2015; Westphal et al.,
2012). It thereby enhances Rcs response and most likely the
chaperone activity in the membrane. Interestingly, YfgM is not

degraded if uncomplexed (Bittner et al., 2015).

Further membrane and cell envelope controlling proteins were
found to be FtsH substrates (Figure 44), amongst others: ACII and
ACIII (A phage), RpoH (032; heat shock), SoxS (superoxide stress),
PspC (phage shock protein system) (Griffith et al., 2004; C Herman
et al., 1997; Kobiler et al., 2002; Singh & Darwin, 2011; Yura &
Nakahigashi, 1999). Bittner et al. compiled a moderately recent list
of specific FtsH substrates (Bittner et al., 2017).

FtsH and its homologs are critical for membrane and organelle
quality control. It definitely degrades damaged and misfolded pro-
teins but has also important regulative purposes.

4.3 Membrane and periplasmic modules of FtsH

FtsH is anchored by two transmembrane helices to the
membrane and they flank the periplasmic domain of roughly 70
amino acids (Figure 46). They are believed to be of regulative

importance.

The proteins HfIK and HfIC are membrane bound with mem-
brane protruding parts facing the periplasm. Both can form a
heterodimer (HfIK/C) and co-purify with FtsH (Yoshinori Akiyama
et al.,, 1998; Bandyopadhyay et al., 2010; Kihara et al., 1996;
Saikawa et al., 2004). They presumably interact via FtsH’s
periplasmic part as its deletion prevents co-purification. However,
the authors also present simultaneously that FtsH does not
oligomerise without the periplasmic part although it is still active.
The HfIC/K complex but also the individual proteins inhibit the
degradation of SecY and ACII by FtsH in vitro (Bandyopadhyay et

al., 2010; Kihara et al., 1995). Their overexpression in vivo leads
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accordingly to the stabilisation of both substrates and their
deletion to the destabilisation of SecY. However, ACII is again
stabilised. The authors concluded that both proteins potentially
compete about their degradation (Kihara et al., 1997).

HfIK and HfIC contain a prohibitin homology domain (PHB) and
hence belong to the family of prohibitins/flotillins (Chiba et al.,
2006). Another membrane bound PHB protein (QmcA) faces the
cytoplasmic side and potentially interacts with FtsH as well.
Eukaryotic prohibitins also inhibit m-AAA and are involved in
numerous pathways of mitochondrial quality control such as
oxidative phosphorylation, apoptosis, unfolded protein response,
mitophagy or mitochondrial dynamics (Signorile et al., 2019).

The periplasmic part of FtsH and its homologs have been
structurally characterised several times (An et al., 2017; S. Lee et
al., 2011; Ramelot et al., 2013; Scharfenberg et al., 2015). Well
before the cryo-EM ‘resolution revolution’, Lee et al. reported a
cryo-EM model of the whole heterohexameric AFG3/Ytai2 m-AAA
at around 12 A. The periplasmic modules form here a crown-like
structure with the detergent micelle as base (Figure 45). The other
publications report about the crystal structures of the periplasmic
modules alone. A flat hexamer is formed after applying crystal
symmetries and thus contradicting the crown-like appearance of
Lee et al. (Figure 43). However, this could be a feature. An et al.
reports, that ionic interactions in the interface are apparently pH
dependent. They consequently propose a pH dependent switch
from the flat hexamer to the dispersed crown-like shape. However,
further decreasing the pH steadily increases the degree of
oligomerisation and the high acidity (pI 4.9) of their Thermotoga
maritima periplasmic domain is only found in closely related
bacteria. Nevertheless, this mechanism might go in hand with the
observation that FtsH activity is membrane potential dependent (Y.
Akiyama, 2002). In contrast to the acidic residues, more conserved
hydrophobic residues in the interfaces are proposed as potential
unfolded protein receptor sites if in the crown-like shape. NMR

structures of all other periplasmic domains are monomeric,
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Side view Top view

Periplasmic domains

Figure 45: Cryo-EM model of the heterohexamer AFG3/Ytal2 m-AAA (Saccha-
romyces cerevisiae) with crown-like periplasmic domain arrangement.

The C3 symmetric FtsH hexamer from A. geolicus was fitted into the
cytoplasmic part (6gcn, Uthoff & Baumann, 2018). The darker region corres-
ponds to lower coulomb potential, i.e. the proteolytic chamber (EMD-1712, S. Lee
et al,, 2011). S. cerevisiae AFG3/Ytal2 have 761 and 825 amino acids while FtsH
has usually around 600-650 (Figure 46).

however, as the cytoplasmic part from A. aeolicus FtsH is mono-
meric in solution so may be the periplasmic as well (Vostrukhina
et al., 2015).

Due to the topologies of HfIK, HfIC and FtsH, it is believed that
they interact via the periplasmic part of FtsH. This means, a signal

is somehow passed through the membrane to the cytoplasmic side.

4.4 AAA* family substrate translocators
Most NTP binding proteins are P-loop NTPases which are

divided into two divisions: Kinases and GTPases are usually found
in division KG, while the others including the AAA* family belong
to the ASCE (additional strand, catalytic E) division. Subfamilies
share motifs and function and are often grouped to clades defined
by common major motifs (Table 4). The following annotations are
based on the publication by Millers and Enemarks. Moreover, most
informations are compiled of their review correlated with others
from Hansen and Whiteheart and Iyer et al. (Hanson & Whiteheart,
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2005; Iyer et al., 2004; Miller & Enemark, 2016). The alignment in
Figure 46 is annotated with all features discussed here.

4.4.1 Critical and conserved sequence motifs

The Walker motifs are essential for NTP binding and define the
P-loop itself and hence the group of NTPases (Walker et al., 1982).
The canonical sequence for the Walker A motif of the P-loop is
GXXXXGK[T/S] in which X can be any amino acid. The P-loop links
B1 and a1 and is required for ATP binding. ATP hydrolysis is Mg?*
dependent. The cation neutralises the negatively charged phos-
phates and is coordinated by the B-phosphate and the Walker A
threonine in addition to four water molecules. The sequence of the
Walker B motif, characteristic for P-loop hydrolases as well, is
hhhhD[D/E]. h can be any hydrophobic amino acid. It is found on
B3 and the ASCE division name is given by the glutamate of this
motif that activates a water molecule for the nucleophilic attack on
the y-phosphate (Story & Steitz, 1992).

Prominent AAA* family features are the sensor 1 at the
beginning and the arginine finger at the end of the ‘second region
of homology’ (SRH) between and including B4 to 5. However, the
SRH is strictly speaking only conserved in the classic AAA
subfamily including FtsH. Nevertheless, sensor 1 and the arginine
finger are present in every AAA* protein. The stronger similarity in
the SRH of the AAA subfamily coincides with a missing sensor 2
(described below). Sensor 1 helps the Walker B motif to correctly
order the water molecule that carries out the nucleophilic attack
on the y-phosphate (Story & Steitz, 1992). It is usually an aspara-
gine (FtsH), threonine, serine or aspartate. The classification as
‘sensor’ comes from the fact that it senses or links ATP hydrolysis
to other functions, like proteolysis in FtsH (Karata et al., 1999).
The arginine finger is critical for AAA* proteins because it is a
trans-acting feature as in GTPases (Scheffzek et al., 1997). AAA*
proteins usually constitute a stable hexamer in which the arginine
finger stimulates hydrolysis in the neighbouring subunit by inter-
action with the y-phosphate (Ogura et al., 2004). Interestingly, the

close N-terminal sensor 1 is cis-acting in contrast. The arginine
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finger can sometimes and especially in FtsH be split in two
arginines with similar importance. They are three positions apart
on helix a4, thus pointing in similar directions (Karata et al., 1999).

A common element in all AAA* proteins is an additional a-helix
at the N-terminus often called a0 (Smith et al., 2004). Directly in
front of this helix is a conserved dipeptide called the N-linker,
usually a small hydrophobic amino acid or glycine followed by
glycine or a hydrophobic amino acid (FtsH: Ala-Gly). The first
position interacts with the base of the nucleotide and the linker
interacts in general with the helical domain. The region between
the preceding module and the N-linker crosses the Rossman fold
core and transmits signals in HslU (J. Wang et al., 2001).

An obvious difference of the AAA* family to other P-loop
NTPases is the helical bundle at the C-terminus. It usually consists
of four a-helices almost located ‘on the other side of the nucleotide’
and can be seen as an individual domain. It is therefore also
referred to as lid (covering the active site pocket partially), small,
or helical domain in contrast to the wedge, a-f3, or big domain.

Another difference is sensor 2. It is located at the N-terminus
of a7 in all AAA* subfamilies except from the classical AAA
subfamily. It is either an arginine or lysine interacting with the
Y-phosphate. Due to the loose bonding of both domains, ATP
hydrolysis can change the interdomain angle most likely through
sensor 2 (Ogura et al., 2004). However, sensor 2 may not be con-
served in AAA proteins like FtsH, although this energy conversion
certainly happens there as well. Sensor 2 is usually cis-acting, but
especially clades with deviating helical domains can also have a

trans-acting sensor 2.

Another third sensor is located at the C-terminus of a3. This
arginine or histidine interacts with the water activating Walker B
sidechain in a trans-acting manner in papillomavirus E1 and MCM
(Enemark & Joshua-Tor, 2006; Li et al., 2015). No such sensor is
known for FtsH but I hypothesise an aspartate at this position is
important for pore-1 loop remodelling as published in our paper
(section 5; Uthoff & Baumann, 2018).
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Figure 46: Alignment of FtsH with AFG3L2, Ymel and other FtsHs.

The names correspond to the UniProt names. Secondary structures are based
on chains A (top) and B (bottom) from égcn or 4v0b for the periplasmic module
(Scharfenberg et al., 2015; Uthoff & Baumann, 2018). They are coloured according
to module affiliation. Transmembrane and periplasmic: brown; AAA: green; M41
protease: grey. The transmembrane helices are annotated as given by UniProt.
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44.2 AAA* proteins have diverse functions but all are polymer translocators

The overview presented in Table 4 lists the clades and the
purpose of their assigned proteins. Usually, six AAA* modules of
six identical or different proteins constitute a ring and translocate
their substrates, proteins or nucleic acids, through the formed
pore. Additional domains/modules/proteins with a variety of
functions determine the final role of the particular AAA* protein.
Hexamers with two rings in which two AAA* modules are on one
chain do also exist. Translocation always leads to the removal of
any 3D structure that may be present in the substrate. As such, a
protein is unfolded, so that it could refold correctly (AAA*
chaperones) or be degraded (AAA* proteases). A nucleic acid can be
used as rail to either split the double helix continuously (helicases),
to search for special sites (replication origin recognition), and/or
to serve as a less mobile assembly platform for other proteins
(replication clamp and helicase loader). While most nucleic acid
AAA* proteins are perceived as moving along the strand, especially
viral helicases move or pack DNA into viral capsids under very high
pressure (Fuller et al., 2007).

Only one often mentioned AAA* member deviates form that
general rule of thumb: dynein. Together with the non-AAA* kinesin,
dynein is responsible for the transport along the microtubule. This
sounds similar to the movement along DNA, but microtubules are
much thicker and although dynein contains a hexameric ring, this
complex does not translocate anything. The ring is indeed only a
single protein with six AAA* modules and three appendages. A
homodimer with several additional proteins including cargo adap-
ters complete the microtubule walking machine. The movement
requires only ATP hydrolysis in one of the AAA* modules in each
protein while three others are completely inactive. The remaining

two have probably just regulative purposes (Bhabha et al., 2016).
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Table 4: Distinctive sequence features, functions and examples of all clades of
AAA* proteins conserved in all three kingdoms including virus-only helicases
(Miller & Enemark, 2016).

Name Changes Function Examples
Loading of replication RFC,
Clamp load N
anp Loacer one clamp /8 of DNA polymerase lIl
Replication origin
. DnaA/DnaC,
Initiator a-Helix insertion after a2 recognition naA/Dna
. ) Orc/Cdcé
Helicase loading
No Sensor 2, FtsH, proteasome, ClpABC,
Classic additional a-helix after p2: Chaperone/protease katanin, TIP49, AFGI,
‘Pore-1 helix NSF/Cdc48/Pex
Syperfamity Il psl Bh no C-te?rminal AAA+ lid, . papillomavirus E1 _
Lelicases additional helical bundle, Viral DNA helicase SV40 large T-antigen helicase,
Sensor 2 is trans-acting adeno-associated virus Rep40
Chaperone/protease HSLU/ClpX
HCLR Pre-sensor 1 B-hairpin (psiBh) . oPe ONe/P CTD of CLpAE, Lon,
Helicase
RuvB
054 RNA polymerase
Helix-2-Insert ps1Bh, B-hairpin after in a2 activator NtrC, PspF, McrB
endonuclease
1Bh, B-hairpin after in a2,
pe B . y alrpln-a erm Chaperone .
Pre-Sensor 2 Insert additional a-helix after a5, Motilit MCM, MoxR, YifB, dynein
Sensor 2 is trans-acting Y

443 The hand-over-hand translocation mechanism

The actual translocation mechanism of the usual AAA* protein
has been studied for a long time. Random and concerted mecha-
nisms with and without symmetry have been proposed a lot (Sauer
& Baker, 2011). The advent of cryo-electron microscopy (cryo-EM)
unifies this highly debated field and clarifies differences. 3D
models of FtsH-like proteases such as Yme1 and AFG3L2 as well as
the 26S proteasome (Dong et al., 2019; Puchades et al., 2017, 2019),
of chaperones like Hsp100 and Hsp104 (Deville et al., 2017; S. Lee
et al., 2019), of the ESCRT-III polymer disassembler Vps4 (Monroe
et al., 2017) and also of a helicase have been published (Gao et al.,
2019).

Translocation occurs in general by ATP hydrolysis in one
subunit and its subsequent repositioning further downstream of
the substrate polymer. This is followed by hydrolysis in and
movement of the next subunit like a hand-over-hand rope pulling
mechanism but with six hands (Figure 47). An active AAA* protein
is thus fully asymmetric with its AAA* ring assuming a so-called

spiral staircase: Each subunit interacts with the second next amino
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A ATP binding _ . -

01

Figure 47: The hand-over-hand translocation mode of AAA* proteins.

A) The spiral staircase formed by pore-1 loop in Ymel (EMD-7023). B) The
nucleotide induced movement is predominantly a change of the angle between
the AAA and the protease module in FtsH-like proteases. The subunits are
ordered by most open to most closed. Based on Puchades et al., 2017.

acid or nucleotide in the substrate and is therefore angled
differently relative to the plane of the AAA* ring. This simple
mechanism has for example been observed in Yme1 and is so far
unchallenged for FtsH-like AAA proteases (Puchades et al., 2017).
ATP hydrolysis is only in the bottom, most closed subunit possible,
as the trans-stimulating arginine finger of the previous subunit in
a more open conformation is required. This mechanism also
ensures the direction of the staircase. After hydrolysis, this subunit
changes into the open conformation and thereby stimulates ATP
hydrolysis in the next subunit. Subsequently, new ATP occupies the
subunit forcing a closing movement which cannot be achieved in
one step but requires all preceding subunits to undergo hydrolysis
first.

The substrate is engaged by loops protruding into the axial
pore. Pore-1 loop is between B2 and a2 and contains a highly
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conserved motif ([FY][IV]G) in all AAA* proteases (Figure 46, Sauer
& Baker, 2011). Especially the aromatic residue of that motif has
been linked to substrate translocation for a while (Martin et al.,
2008; Park et al., 2005; Schlieker et al., 2004; Yamada-Inagawa et
al., 2003; F. Zhang et al., 2009). Interestingly, a defining feature
of the AAA clade is an additional a-helix directly preceding this
motif (Miller & Enemark, 2016). Also, the pore-2 loop between 33
and o3 can interact with the substrates but its sequence is not as
good conserved and harbours several glycines (Figure 46). The
recent cryo-EM models demonstrate how interaction occurs
(Puchades et al., 2017, 2019). The pore loops assume a similar
spiral like the subunits they are belonging to. The aromatic amino
acids, with side- and mainchain from four ATP loaded subunits
intercalate between or are at least positioned above every second
sidechain of the substrate (Figure 47A). The ATP binding induced
downwards movement of each subunit is therefore directly
transferred onto the substrate. The substrate has to be in a linear
form, slightly helical, thus each downwards pushing translocation
step unfolds the substrate and translocates by approximately 6 A.

Under suitable reaction conditions, E. coli FtsH can degrade the
rather stable membrane bound GlpG while translocating 0.5-1.7
amino acids per ATP (Yang et al., 2018). The authors compiled an
average of 0.2-5 amino acids per ATP for the other AAA* proteases
as comparison. According to the cryo-EM models of Yme1 and
AFG3L2, we can assume a theoretical maximum efficiency of
two residues per ATP due to mechanical reasons (Puchades et al.,
2017, 2019). Another study further characterises FtsH (Yang et al.,
2019). The maximum hydrolysis rate is achieved at low 60-80 yM
ATP, owing to a cooperative mechanism not found in other AAA*
proteases. The authors compare this to the ClpXP which reaches its
highest ATP hydrolysis rate in a linear concentration dependent
fashion at 500 pM ATP. FtsH has to make around 20 hydrolysis
events per minute and hexamer for a successful degradation, i.e.
unfolding while 80 or 100 are necessary for peak efficiency

unfolding GplG or casein.
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444 Critique of the simple hand-over-hand mode

Studies of the chaperone ClpX do not agree directly with that
simple model, yet spiral and pore loops exist nonetheless (Fei et
al., 2020). The authors propose a single power stroke from the
most open to the most closed state, thus explaining numerous
reports about 10-20 A translocation steps. They also hypothesise a
less strict regulation of ATP hydrolysis, as such, other subunits in
the middle of the spiral could build up stress leading to a burst of
several translocation steps in quick succession. This moves the
substrate 20-40 A at once. For unfolding, this could mean to com-
pletely remove a B-strand from a (3-sheet instead of partial removal
and a subsequent refolding (Martin et al., 2008; Sen et al., 2013).
It could also potentiate the applied force in order to unfold tightly
bound secondary or tertiary structures and might explain why
different AAA* proteases are better unfoldases than others
(Koodathingal et al., 2009).

The basic model also fails to explain how hexamers with a few
hydrolysis deficient subunits are still able to translocate as they
should stall further processing (Beckwith et al., 2013; Cordova et
al., 2014). However, they could be rescued by mechanisms similar
to ClpX. Eventually, more complex AAA* proteins like hetero-
hexameric AFG3L2 are composed of two distinct AAA* proteins and
the proteasomal AAA* ring even of six different ones. Experiments
demonstrate accordingly a difference between these proteins of the
yeast 26 S proteasome (Beckwith et al., 2013). AAA* hexamers with
hydrolysis deficient mutants of Rpt3, Rpt4 and Rpt6 cannot
translocate substrates anymore while mutating the other three
subunits only reduces degradative activity of the proteasome by
40-60 9%.

The recent cryo-EM analysis of the 26 S proteasome reveals
additional complexity on top (Dong et al., 2019). The authors link
differently nucleotide occupied AAA™* rings and different confor-
mational compositions with three key stages of substrate
processing. The first is ubiquitin binding and deubiquitination

followed by translocation initiation and ubiquitin release.
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Eventually, there is the third phase in which they associate the
typical ‘spiral staircase’-like arrangement with the degradative
translocation.

AAA* proteins/proteases evolved to ever more complex
machines. However, the prototypic translocator made of six
identical subunits constitutes a spiral rather than a ring and
translocation depends on subsequent ATP hydrolysis stimulated by
the previous subunit in the ring. However, deviation from that plan
most likely tunes the AAA* machinery to its actual task: Steady
translocation (Gao et al., 2019; Puchades et al., 2017) or removal
of tight secondary and tertiary structures (Fei et al., 2020); a
second AAA* hexamer (Deville et al., 2017) for disaggregation;
pumping of viral DNA in capsids under high pressure (Fuller et al.,
2007); loading of protein complexes on the DNA (Kelch et al., 2012)

or the movement along microtubules (Bhabha et al., 2016).

4.5 FtsH is a zinc metalloprotease

As similar as the AAA* modules might be across all AAA*
proteases, as divergent are the actual proteases. HslV, the protea-
some and its archaea counterpart utilise N-terminal threonines as
peptide bond nucleophilic attacker; ClpP and Lon are characterised
as serine proteases with a His-Asp-Ser triade and Lys-Ser dyad,
respectively, and FtsH itself is the M41 family of zinc metallo-
proteases (Sauer & Baker, 2011).

FtsH has the metalloprotease typical conserved HEXXH motif in
which XX are alanine and glycine. The histidines coordinate the
Zn?* cation and the glutamate deprotonates the catalytic water
bound to the ion. The motif is found in the very first a-helix of the
protease, a9 if extending the canonical AAA* annotation. The third
zinc ligand, an aspartate, is positioned right after an angled m-helix

at the N-terminus of a11 (Figure 46, Bieniossek et al., 2006).

There are in total six a-helices and three very short B-strands
in one sheet. This B-sheet helps aligning the substrate above the
active site but the so-called edge strand, interacting with the

substrate, is only transiently part of the sheet. Together with the
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conserved preceding three positions it can also form an a-helix or
be completely disordered in the crystal structures (Bieniossek et
al., 2006, 2009; Vostrukhina et al., 2015). This is different in the
cryo-EM models of Yme1 and AFG3L2 in which the edge stands are
part of the B-sheet in all conformations (Puchades et al., 2017,
2019). In addition, substrates are found at the edge strands in the
four AMP-PNP loaded subunits of AFG3L2. Hence, substrate release
might be coupled to the AAA* cycle but on a closer inspection the
question arises how the substrates exit the hexamer at all. The
crystal structures have secondary pores between the subunits close
to the protease active sites, however, they have often also a
disordered i.e. missing edge strand region. These secondary pores
are sealed in the cryo-EM models by the edge strand, the
C-terminus and the AAA* modules due to a rotation of the AAA*

against the protease ring (as further outlined in our paper, section
5.1.2).

The simple translocation mechanism is based on steps of two
residues per power stroke and subunit. All subunits are proteolytic
active, hence, the produced peptide should probably have lengths
of two amino acids as well. However, based on the cleavage pattern
of pepsin and a-casein, 85 % of all products are smaller than 3 kDa
which are roughly 27 amino acids (assuming 110 kDa/amino acid,
Asahara et al., 2000). The authors admit that their statistic based
on mass spectrometry data might not be representative but it
indicates that proteolysis is not compulsorily following a translo-
cation step. The found cleavage sites are predominantly in hydro-
phobic regions i.e. the substrate can perhaps not be aligned cor-

rectly and thus is not cleaved.

4.6 The FtsH project — The goals

Our group is characterising FtsH for several years. (Bieniossek
et al., 2006, 2009; Uthoff & Baumann, 2018; Vostrukhina et al.,
2015). When I started my master’s thesis, the structure of the
truncated, i.e. non-membrane bound version of Aquifex aeolicus, a
hyperthermophile bacterium, by Marina Vostrukhina was about to

be published. However, they had some reservation about that
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structure: Its C2 symmetry was potentially a crystallographic
artefact. My goal was to improve that structure and I eventually
succeeded with a slightly different construct (FtsHaatr). Based on
two similar crystal forms (R32 at 3.41 A and P312 strongly twinned
at 3.10 A) I made early predictions of the translocation mechanism.
However, resolutions were low and the models themselves of poor

quality.

4.6.1 Refine and publish the results and predictions of the master’s thesis

The initial tasks for my PhD thesis were therefore clear:
Improve these structures and refine the predictions. I was indeed
able to get a better diffracting crystal (2.95 A) and refined the
structure to publication quality. Together with a more in depth
analysis, this work was published as my first first-authorship
paper and is included as the following chapter (Uthoff & Baumann,
2018). A key result is the determination of a second more compact
pore loop conformation. It probably does not interact with the
substrate anymore and is required during the upwards movement
of the ADP loaded subunit without clashing into the substrate or
other subunits.

4.6.2 Establish new activity assays and validate predictions

Besides further structural work, I wanted to validate my
predictions of the master’s thesis and the paper. Some of the key
amino acids (Figure 46) found are well-known elements like the
arginine fingers (Arg313 and Arg316), or elements of the Walker
motifs (E255) (Karata et al., 1999; Miller & Enemark, 2016). Others
including D287, R303 and D305 have been analysed before and no
loss in proteolysis has been observed upon mutation of these
residues (Karata et al., 2001). However, their FtsH from E. coli was
truncated, thus lacking the membrane and periplasmic part. More-
over, their sequence numbering does not agree with deposited
sequence in UniProt (POAAI3). We assumed D287 to be critical for
remodelling of the pore loop and coincidentally, it matches the
description of the position of sensor 3 in MCM or the papilloma-
virus E1 (Enemark & Joshua-Tor, 2006; Li et al., 2015). Of great

importance are of course the pore-1 loop phenylalanines F224 and
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F228, of which the latter is again well known. Moreover, Q281 is
like D287 probably important for pore loop remodelling.

Simple activity assays had been established before but were
usually of lower throughput because reactions had to be stopped at
the chosen time points and be further processed. In addition, the
ATP hydrolysis assay was always perceived as unreliable. As an
AAA* protease, FtsH has two main activities, ATP hydrolysis and
proteolysis, but also less obvious ones: translocation and unfold-
ing. A goal for all assays was to establish easy to handle 384-well
plate based medium to high-throughput assays so several mutants

can be analysed in rapid succession.

Analysis of the proteolytic activity is usually carried out by
degradation of a protein substrate, however, this requires at least
the successful translocation and unfolding. A pure proteolytic assay
could use short peptides with fluorophores at each terminus. A
signal is only emitted after cleavage when both groups are
separated. If the assay works as intended, the peptides are small
enough to diffuse into the proteolytic chamber without ATP
consumption. This assay was theorised but not developed since the
focus of the project was not on proteolysis itself.

Translocation can be measured by the usage of an unfolded
protein. Tested were chromophore (master’s thesis) and fluoro-
phore labelled caseins. The former requires the removal of un-
cleaved but still coloured proteins and effectively means the
addition of trichloraceate for precipitation and stopping of the
assay. The latter method allows a readout continuously because the
labelled casein is internally quenched and only cleavage releases
fluorescently active peptides. In any case, the proteolytic activity
is used for report. A strict proteolysis assay (as above) can ensure
correct interpretation but no FtsH mutant should interfere with

proteolysis.

Testing the unfolding capability requires a folded protein.
Casein however has no tight tertiary structure and is often used as
‘universal’ protease substrate because of that. This third type of

assay was originally sought after only as an alternative to the
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translocation assay but is in fact different because of unfolding as
demonstrated in this thesis. A continuous assay can utilise GFP, a
well-folded protein which loses its fluorescence due to unfolding
(and degradation). GFP has been used for ClpXP (Nager et al.,
2011), but FtsH is a weak unfoldase for soluble proteins, hence the
very stable GFP cannot be processed (Christophe Herman et al.,
2003). However, circular permutation of GFP yielded a good
substrate for Lon a similarly weak unfoldase and thus may be
processable by FtsH as well (Wohlever et al., 2013). Circular
permutation reorders the termini of a protein. GFP is an eleven
stranded B-barrel and the termini are of course in front of the first
and behind the eleventh B-strand. However, in 6GFP they are
behind 6 and in front of 7. As Wohlever et al. demonstrated, this
destabilises the [3-barrel enough so that Lon can process it. Further
destabilising modifications are known (Perez-Jimenez et al., 2006;
Wohlever et al., 2013).

AAA* protease activities are usually measured in presence of an
ATP regeneration system using creatine phosphate and creatine
phosphokinase (Nager et al., 2011; Wohlever et al., 2013). During
my master’s thesis, I could show that the regeneration system
enhances activity and that FtsH is probably ADP inhibited.
Moreover, with 32 mM creatine phosphate, FtsH has up to 40 mM

ATP available, increasing the assay time.

Last but not least, ATP hydrolysis was determined by a
derivative of the GgpS activity assay. This means ADP production
was coupled to NADH oxidation via pyruvate kinase and lactate
dehydrogenase. Interestingly, pyruvate kinase essentially regen-
erates ATP. Hence, the regeneration system could be changed to
pyruvate kinase and enables, so far in theory, the simultaneous
readout of translocation/unfolding and hydrolysis.

4.6.3 Determine the full-length structure of FtsH via cryo-electron
microscopy

The spiral staircase was back in 2015/2016 not more than a
faint hypothesis and a full-length high resolution structure of FtsH

i.e. with membrane and periplasmic part was not available—as it is
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not by now. I tried to crystallise it briefly during my master’s thesis
but we are not equipped properly for membrane protein
crystallisation. Hence, we started a collaboration with Elmar
Behrmann, at the time independent group leader at Caesar, Bonn.
The goal was and is still to resolve the full-length structure of
Aquifex aeolicus FtsH (hereafter FtsHaar1) at ‘atomic resolution’ via
cryo-electron microscopy (cryo-EM). A. aeolicus is a hyperthermo-
philic bacterium living at up to 95 °C (Deckert et al., 1998).
Proteins of such bacteria are more stable and believed to be better
crystallisable (Deller et al., 2016). This hopefully holds true for
cryo-EM.

4.6.4 Rethink FtsH solubilisation or reconstitution

Cryo-EM requires the protein frozen in thin ice films on a holey
carbon grid. The formation of these films is heavily influenced by
the presence of surface-active agents. They can either help or
prevent successful preparations. FtsH has always been solubilised
with n-dodecyl-B-p-maltopyranoside (DDM), a micelle forming
detergent. This restricts freezing options because micelles are only
stable if the detergent concentration is high enough, thus heavily
influencing surface tension. They have an additional drawback: A
micelle has usually a relatively small radius, the formed sphere has
therefore a very high curvature. It can distort the structure of
protein. On the other hand, the small size helps to solubilise only
the protein or tightly bound complexes. Another problem with
detergents is the usual lack of natural lipids in the micelle and
hence the incapability to analyse lipid:protein interactions. Differ-
ent alternatives were therefore tested.

DDM is an uncharged maltose head group with an unbranched
aliphatic tail often used for membrane protein preparation (Bloch
et al.,, 2020). CHAPS is a detergent as DDM, but zwitterionic in
nature and successfully used by our collaboration partners for
other proteins. Styrene-maleic acid copolymers (SMAs) solubilise
proteins and preserve the natural lipid environment. They are

stable after formation and do not required constant supply of
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surface active molecules (DoOrr et al.,, 2016; S. C. Lee & Pollock,
2016).

The last class of solubilisation agents are composed of protein-
lipid discs. These so-called nanodiscs have been used for some time
(Bayburt & Sligar, 2010; Denisov & Sligar, 2017; Hagn et al., 2013).
They provide a flat natural-like lipid environment and the process
is therefore usually referred to as reconstitution. The hydrophobic
side of the discs is covered by two long helical amphipathic helices
derived from apolipoprotein A1. These membrane scaffolding pro-
teins (MSPs) shield the hydrophobic lipid surfaces from the
solution. The membrane patch sizes depends on the length of the
used MSPs and the correct size is critical. If the nanodisc is too
small, reconstitution will fail, and if it is too big, the target protein
might move in the discs leading to heterogeneous particles
abolishing single particle cryo-EM. However, a new invention can
help (Frauenfeld et al., 2016). Saposin A lipoprotein discs are also
stable flat membrane complexes, but the disc surrounding MSPs
are replaced by small rather globular proteins. The disc diameter
only depends on the actual concentrations of saposin A, lipids and
the target protein. Successful reconstitution is therefore only a
matter of titration, in theory.
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5 FTSH — PUBLISHED ARTICLE

Secondary structure numbering in the paper was based on the
secondary structures found in the models. The numbering was
change to better fit the general AAA* annotation. The article under
the title ‘Conformational flexibility of pore loop-1 gives insights into
substrate translocation by the AAA+ protease FtsH’ was published
in the Journal of Structural Biology (Uthoff & Baumann, 2018).

5.1 Results

5.1.1 Two new trigonal crystal forms of soluble FtsHaa

The previously reported crystals of A. aeolicus FtsH were grown
using an N-terminally truncated (142-634) quadruple mutant
(I250M, F360L, K552R, E627G). The mutations were unintention-
ally introduced by PCR (Vostrukhina et al., 2015). In order to avoid
a possible bias by these unintentional mutations and circumvent
the assumed crystal artefacts, the crystals described here were
grown using an even further N- and C-terminally truncated
construct (only positions 151-608) without those mutations. The
C-terminus of A. aeolicus FtsH has an unusual length compared
with other species, and only E. coli has a similarly long but not
conserved C-terminus. It is reported to be cleaved autocatalytically
(Yoshinori Akiyama, 1999) but its purpose is unknown. Similar to
the quadruple mutant, the new construct is in solution monomeric
and thus virtually inactive in ATPase and protease assays.

The truncation led to easily reproducible crystals in space group
R32 in presence of 60 % Tacsimate at neutral pH without removal
of the N-terminal His-tag. Twinned crystals in space group P312
appeared only upon partial removal of the His-tag. Both crystal
forms contain fully ADP-bound FtsH hexamers. Hereafter, the

crystals and models are named after their space group.

Data reduction was carried out with XDS (Kabsch, 2010) and
molecular replacement with Phaser (Adams et al., 2010), using
each individual chain or each domain from the quadruple mutant
as search model for the P312 crystal form, and later on the P312

model for the dataset in space group R32. The here presented model
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P312

Side view Top vie'.;v Side view Top view
Figure 48: Packing analysis of the two crystals with space groups R32 and P312.

Highlighted (more saturated colours) are the asymmetric units with four (R32)
or two (P312) monomers, respectively. The darker colours represent the
protease disks, the brighter ones the AAA* rings.

in space group R32 is based on two merged datasets. The
subsequent refinement and building cycles were done in Phenix
(Adams et al., 2010). Refine (Adams et al., 2010) and Coot (Emsley
et al., 2010). All data collection and refinement statistics are listed
in Table 13.

The R32 model comprises four monomers in the asymmetric
unit and was refined to a Rwork/Rree Of 0.216/0.257 at a resolution
of 2.9 A. The four monomers belong to two independent hexamers
that are generated by the crystallographic threefold symmetry
(Figure 48). The two hexamers stack on top of each other with their
AAA* rings (head-to-head interaction). Two of these dodecamers
form an assembly of a 24mer generated by the crystallographic
twofold axis and therefore stack via their protease rings (back-to-
back interaction). The 24mer assembly is repeated in the c-direc-
tion after a gap of some 70 A. Lateral stacks are shifted up- or
downwards by 1/3 or 2/3 of the height of a stack along the c axes,
respectively. This leads to different crystal contacts between each

monomer and its surrounding symmetry mates (Figure 49).

The P312 model is in many aspects very similar to the R32
model. It was refined to a Rwork/Rsree Of 0.235/0.264 at a resolution
of 3.3 A. However, the crystals were twinned with a twin operator
of -h,-k,l1 and a twin fraction of approximately 0.43. With only two
molecules in the asymmetric unit, just one hexamer is generated
by the threefold crystallographic symmetry (Figure 48). These
hexamers stack infinitely by head-to-head and back-to-back

interactions along the ¢ axis and are arranged in layers in the plane
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Figure 49: Analysis of buried surface of the two new structures in the crystals
with space groups R32 and P312.

The hexamers and their environment truncated to 14 A around the hexamer
were first calculated in Pymol and then parsed to arealMol from the CCP4
package (B. Lee & Richards, 1971; Schrodinger, 2010; Winn et al., 2011). A) Grey:
Ribbon representation of the corresponding hexamer; Rainbow coloured
spheres: Atoms, which are buried by crystal contacts, colour and radius are
proportional to third root of the buried surface area. Owing to low electron
density, residues 230-234 were not built in the open conformation of the P312
model. B) All buried atoms from all four hexamers superimposed in different
perspectives. Crystal contacts differ in general in the number of atoms on top
of the AAA" ring, their distribution and along the helical domains of the AAA*
modules near the hinge regions. In 4ww0 the contacts are stronger and shifted
to the ‘left’ (side view).

of the a and b axes. Therefore, crystal contacts differ between both
trigonal crystals.

We have already earlier observed this formation of dodecamers
(head-to-head as well as back-to-back) in the crystal structures of
the quadruple mutant and of FtsH from T. maritima but concluded
that they have no biological significance. In order to compare our
structures with the previously published A. aeolicus quadruple
mutant, we calculated the surface of the hexamers that is buried
by crystal lattice contacts using arealMol from the CCP4 package
(Lee and Richards, 1971, Figure 49). Our two new trigonal crystal
structures show different crystal contacts and have at least 40 %
less buried surface area compared to the previous orthorhombic
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crystal form of the quadruple mutant, indicating lesser packing
constraints and thus representing more likely the biologically
important picture.

5.1.2 The angle between AAA* and protease module classifies the open and

the closed conformation

The protease ring of each hexamer in both space groups adopts
an almost perfect sixfold symmetry, as observed in all other FtsH
structures. The AAA* ring, however, adopts threefold symmetry
and the major difference between the individual monomers in the
asymmetric unit is the intermodule angle in the hinge region
between AAA* and protease modules (Figure 50B). Two classes of
conformations can be defined, an open conformation with a larger
angle between both modules and a closed conformation with a
smaller one. As listed in Table 5 in the supplemental material, the
intermodule angle between open and closed conformation ranges
between 19° and 23°. All rigid body transformations exhibit a high
closure, meaning with almost no twisting component (calculated

using DynDom Server, Hayward and Berendsen, 1998).

We also analysed the conformations in the twofold symmetric,
but also fully ADP bound A. aeolicus and T. maritima structures
(Bieniossek et al., 2006; Vostrukhina et al., 2015). The results are
also listed in Table 5 in the supplemental material. Both structures
have two subunits with similar intermodule angles as in our new
crystal forms; however, there are also subunits with an even
smaller angle. In total, the angle varies by 35° across all structures
in all space groups, and all the models have in common that
adjacent subunits always adopt different conformations. An addi-
tional translational component further differentiates the previous
A. aeolicus quadruple mutant structure from both new ones. We
concluded that stronger and differently positioned crystal contacts
around the AAA* rings led to the distorted symmetry.

A short comparison with the sixfold symmetric apo-structure of
T. maritima revealed each of its monomers adopting an open-like
conformation, however, a rotation by around 30° of the AAA* and

protease rings against each other has occurred additionally.
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Protease ring
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Figure 50: Annotated monomer and hexamer of the crystallised FtsHaar
construct (residues 151-608).

A) Monomer with highlighted features and rainbow colouring (blue to red, chain
A from R32). The edge B strand that binds the substrate is disordered. B) R32-
Hexamer in clipped side view (coloured as the monomer). C) Top view on the
R32-hexamer coloured according to conformational state (closed: green, open:
blue) and features coloured as in (A). The pore loops of the subunits in closed
conformations are very close to each other with their pore loops sealing the
pore.

Interestingly, this is also visible in the cryo-electron microscopy
structure of YME1. In general, if compared with the conformers of
YME1, our closed and open subunits resemble the very closed ADP-
bound and the apo or the most open ATP conformation, respec-
tively. Whether a ring rotation is completely artifical or an
additional feature remains open. Similar ring rotations are already
known with lower extent (7°) from HslUV, but also of similar size
(20°) from p97 (J. Wang et al., 2001; Yeung et al., 2014). p97 is a
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Table 5: DynDom Server Analysis (Hayward & Berendsen, 1998).

The letter after the underscore represents the analysed chains. Closed
conformations are present in chains A and C, open conformations in chains B
and D in the new structures in space groups R32 and P312. Residue nhumbering
is according to FtsH from A. aeolicus. The hinge regions is the intermodule linker
(all values are based on this hinge), further hinge regions are at/around the
active site switch and a small part of the protease module at the C-terminus
where A. aeolicus FtsH has a stabilizing disulphide bond (C588-C606).
Rotation  Trans-

Conformers Angle lation Closure Hinge Regions

Inter-
module

R32A:R32B 21.3° -08A 911%  395-407 438-439  441-442
R32.C:R32.D 19.3° -06A  993%  393-394 439-442  460-461

Active Site Switch C-terminus

R32A:R32.C No dynamics were found
R32B:R32D No dynamics were found
R32A:P312ZA 6.7° 00A 93.0%  391-407

R32.B: P312 A 15.4° -06A  879%  394-407 438-439  445-462
R32.A:P3I12.B 28.3° 02A  989%  395-407
P3I12.A:P3I12.B 225° -01A  943%  394-413  438-440  442-461
R32A: 4WMOA 19.5° -08A  940%  393-407 438-439  442-459
R32.A. 4WM0B 21.0° -65A  788%  396-407

R32A:4mM0.C No dynamics were found

R32 B: 40 A No dynamics were found

R32 B: 40 B 34.3° -05A  767%  405-406

R32B: 4mM0.C 30.0° -16A 979%  405-408 438-461
R32.A:2CEA A No dynamics were found

R32A:2CFA_B 13.2° -03A  782%  394-407 584-585
R32A:2CEA_C 219° 21A 642%  394-406

R32A:2CFA_D No dynamics were found

R32A:2CFA_E No dynamics were found

R32A:2CEA_F 25.2° 7R 422%  406-407

R32.B:2CFA_A No dynamics were found

R32.B:2CFA_B 17.4° -16A 995%  391-392 440-459 55?;;_2892
R32B:2CFA_C 46.6° 03A 851%  409-409 442-458
R32B:2CEA_D 20.0° -13A 99.1% 391-392 55%3_2893

cytoplasmic AAA protein from yeast and shares about 40 % identity
with the AAA* module from FtsH.

5.1.3 The intersubunit signalling network differs between post-hydrolysis
and nucleotide exchange interfaces

The threefold symmetric FtsH hexamer with alternating open

and closed conformations of the monomers has two types of inter-

faces between adjacent AAA* modules. We name them ‘post-
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hydrolysis interface’ and ‘nucleotide exchange interface’ according
to our model of ATP hydrolysis; with the post-hydrolysis interface
presenting the ADP-bound state after ATP-hydrolysis and ejection
of the inorganic phosphate ion, and the exchange interface
presenting the state before ADP is leaving and being replaced by
ATP (Figure 50C, Figure 51). Both interfaces are mainly charac-
terised by the two a-helices a0.1 and a7 (Phei80-Leu183 and
Ala373-Ala377, respectively), as well as by pairs of interacting
arginine and aspartate residues (Arg261, 303, 316, and Asp257,
287, 305; Figure 51). Some of the latter have been previously
implied to take part in intersubunit communication (Augustin et
al., 2009). An annotated alignment of the FtsH proteins from the
species discussed here can be found in the supplementary material
(Figure 46).

In the following, the subscripts Op (open) and Cl (closed) will
indicate the conformation to which the residue belongs. Figure 51
depicts the interfaces and Figure 52 the same scene with
corresponding electron density.

In the post-hydrolysis interface, the intrasubunit ion pairs of
Arg3160p:Asp287op, Arg261ici:Asp257c;, Arg303ci:Asp305c are
separated by around 20 A and the main interaction between both
AAA* modules is mediated by the two a-helices: a0.10p and a7q at
the outer rim of the ring (Figure 51). This interaction is mainly
hydrophobic in nature: Phe180op, Leu1830p as well as Ala373a,
Leu374c, Ala377c, in addition the hydrogen bonds between
Lys1790p and the peptide bond oxygen of Arg378c (at the top of
a7c), as well as the salt bridge between the sidechains of Arg378ca
and Glu172op. The only other interaction between both AAA*
modules that is not at the outer rim of the ring is an ionic bond
between Arg3130p and Glu255¢, the latter being part of the Walker
B motif. The position of the sidechain of Arg313o0p is not well
defined, but at the currently modelled position the guanidinium
group is around 13 A apart from the centre of the B-phosphate of
ADPci. At the same time, Arg3160p is better resolved and with 15 A
in similar distance to the -phosphate of ADPci. We assume this

arrangement of Walker B Glu255c, arginine finger Arg313o0p and
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Figure 51: The post-hydrolysis and nucleotide exchange interfaces in the
threefold symmetric FtsH hexamer (R32).

Top row: Overview of the two interfaces. Blue: open conformation, green: closed
conformation, orange: intersubunit signalling network magenta: Phel80—
Leul183 (a0.1) and Ala373—Ala377 (a7), black: hinge region, orange sticks: ADP.
Bottom row: Detailed view of the intersubunit signalling network. Colour as
above. Nucleotide exchange interface: Pairs of aspartates and arginines
(Asp257c/Arg261c, Asp2870,/R3160,, Asp305¢/Arg303c) interact with each other.
There is only an interaction between arginine finger Arg313o, and Walker B
Glu255¢ in the vicinity of the ADP phosphate groups. Post hydrolysis interface:
The aforementioned ionic pairs take part in an extensive intersubunit interaction
network, including Arg313.

Arg3160p and nucleotide after hydrolysis of the ATP, hence the

name post-hydrolysis interface.

In the nucleotide exchange interface, on the other hand, the
guanidinium group of Arg313c is about 19 A away from ADPop and
in addition, Pro197o0p, and Asn302op block the passage between
both. The electron density is again low around this Arg313ci, but
the final map shows weak electron density indicating interactions
with Asp3050p (sensor 1, Figure 52). Arg316¢ is 17 A away from the
B-phosphate of ADPop, and is now forming a salt bridge with
Asp287c1. This aspartate is further interacting with Arg261o0p and
Arg3030p, which are both interacting with Asp2570p. This hydrogen
bond network is located within the inner part of the AAA* ring and
replaces the a0.10p—0a7c interaction framework established in the
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Post-hydrolysis interface Nucleotide exchange interface

Figure 52: The post-hydrolysis and nucleotide exchange interfaces in the
threefold symmetric FtsH hexamer (R32) with feature enhanced map at 1o
RMSD.

outer part of the post hydrolysis interface. The helices are now
around 14 A apart from each other and thereby opening the outer
part of the cleft between both monomers increasing the solvent
accessibility of the bound nucleotide, hence the name: nucleotide
exchange interface.

5.1.4 Conformational changes critically alter the position of Phe228 in the
pore loop

The so-called pore-1 loop with the highly conserved FVG motif
is located between the helices aP (AAA insertion into AAA* fold)
and a2 (Figure 53A) and is responsible for substrate binding and
translocation. Our new structures resolve for the first time two
different conformations of this loop and show critical differences
linked to substrate translocation and release. However, the loop of
the open conformer is more flexible in the crystal of space group
P312, thus the loop was only partially built and lacks the residues

230-234.

In the closed conformation, Phe228 points into the pore and
seals it, together with Val229 and both of their symmetry equiva-
lents (Figure 50). The C-terminal helix a2 starts at Gly230 and
Arg235 interacts with the peptide bond carbonyl oxygen of Asp223.
Helix aP comprises the amino acids between Ser220 and Phe224.
The described conformation of the pore loop is expected if the pore
motif interacts with a substrate and is already known from
previous structures (Bieniossek et al., 2006) and visible in both of

our structures.
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G230
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(pruned) 4

Figure 53: The different conformations of pore-1 loop in the crystals of space
group R32.

The substrate interacting pore motif consist of the three amino acids ?2FVGZ?
and lies between helices aP and a2. A) The pore loop adopts a compact fold in
the open conformation (blue), Phe228 undergoes a m-m interaction with Phe224
and aP is extended by one turn. At the same time, a2 is shortened similarly and
Arg235 saturates the carbonyl oxygen of Phe224 which is in the current
conformation no longer part of a helix. B) Conformational changes go in hand
with a shift of helix a3 by 8°-9°. Helix a3 with Asp287 is part of the ISS and its
Gln281 has displaced the N-terminal end of helix a2 in the open conformation.
The compact pore loop form is stabilised via a polar crystal contact (Val231-
Thr242). Sky blue: Pore loop of an NCS-related closed conformer.

On the other hand, in the open conformation, major changes can
be observed (Figure 53A): aP is extended by residues Phe224 to
Val229 in a-helical conformation, while helix a2 is simultaneously
shortened and starting now with Arg235 instead of Gly230. More-
over, the sidechain of Arg235 is no longer interacting with the
carbonyl oxygen of Asp223, since it now takes part in the newly
formed a-helical part. In the current model of space group R32, the
sidechain is not properly resolved but weak unexplained density
suggests a position centrally over the pore loop, where it would be
able to interact with the peptide bond oxygens of Gly230 and
Ala233 of the loop. Thus, Arg235 acts maybe as kind of a switch by
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saturating the carbonyl oxygens of Asp223 or Ala233 if they are not
part of an a-helix. This part (residues 230-234) of the polypeptide
chain is disordered in space group P312.

Aside of Arg235, the most important change in this confor-
mation is the newly formed n-m interaction between Phe228 and
Phe224, a sidechain conserved across all FtsH orthologues. Phe228
can engage in this interaction because it is part of the newly formed
helix and the phenyl ring is now pointing away from the pore. This
way the pore motif adopts a more compact form compared to the
more extended one in the closed conformation.

These changes are most likely induced by disrupting the
intersubunit signalling network (ISS) with the adjacent closed
subunit during the upwards movement while changing to the ADP
bound opened state (Figure 51, post hydrolysis interface). Asp287
is moved by 2.1 A, leading to a shift of helix a3 by around 8.5°
(Figure 53B). Subsequently, Gln281 is positioned further towards
helix a2 thus displacing its N-terminal end and inducing most likely

the compact pore loop conformation.

A polar crystal contact (Val231 with sidechain of Thr242 of
another hexamer) stabilises the compact pore loop conformation.
Nevertheless, our structure links the ISS with the conformational
change in the pore loop required for the upwards movement of the
current subunit. Otherwise, the pore loop would push the substrate

out of the pore again.

5.2 Conclusion

The general finding of this study is supported by experiments
from Augustin et al. (2009) on the FtsH homologue m-AAA in yeast.
This protease is a heterohexamer of two FtsH-like paralogs most
likely arranged in an alternate sequence. Analysing a model based
on published FtsH structures (Bieniossek et al., 2006; Suno et al.,
2006), they reported several residues as important in intersubunit
signalling and they could prove that hydrolysis in one subunit
depends on the adjacent one.
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Our structures give a more detailed view on these residues in
an overall structural perspective. Arg313/316 (Arg447/450 in
AFG3, Arg435/438 in YME1) are either stimulating the ATP
hydrolysis or take part together with Walker B Asp257 in the ISS.
This enables ATP hydrolysis only in closed subunits with a
neighbouring (more) opened one. This is in general in agreement
with the recently published Yme1 model (Puchades et al., 2017).
There, owing to just 5°-10° difference of the intermodule angle, the
adjacent ATP loaded subunits show primarily an interaction of the
phenylalanines 342, 344, 378 and 411. They correspond to residues
216, a not conserved one, 252 and 289 in A. aeolicus FtsH. In Yme1,
these phenylalanine sidechains do not interact in the ADP-bound
subunits, as they do not in our FtsHaatr structures. As described,
Asp287 (Asp409 in YME1) on a3 bound to Arg261/303 of the
adjacent subunit is important in our model for pore loop
conformation and thus substrate interaction. Puchades et al. (2017)
identify the interaction of the phenylalanine quartet (with F290 C-
terminal of a3 in A. aeolicus) as crucial but do not report or discuss
any conformational change of the pore loop. They only highlight
that depending on the intermodule angle the pore loop is further
away or close enough for substrate interaction.

We believe that the inactive or compact pore loop should also
be induced in Ymez1 if the phenylalanine quartet does not interact
with each other. An analysis of the deposited map and coordinates
reveals, that one of the final five deposited structures, all based on
the same map, show an inward folded pore-tyrosine (Phe228 in
FtsH) in the corresponding subunit. However, the map is poorly
resolved in this area and the significance of the coordinates is
questionable (Figure 54).

A clear difference between Yme1 and all other here discussed
proteins are the highly conserved arginines 261 and 303. They seem
to be crucial in our A. aeolicus structures and are present or
conservatively substituted in virtually all of the other homologues
but have no counterpart in Yme1. Arg303 is universally present in
e.g. the FtsH-like yeast m-AAA protease subunits AFG3 and YTA12
as well as the human homologue paraplegin (SPG7) and the
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Figure 54: YME1 pore loop of the open conformation (EMDB: 7023).

All five models from the ensemble refinement are shown. The green one has a
similar fold to our compact/inactive pore loop, i.e. Tyr354 folds inwards and
interacts with F350 (thick sticks). However, the EM map is very poor, the volume
is contoured at 0.04 in contrast to 0.08 as recommended by the authors.

functionally unrelated yeast proteins CDC48 and Pex1. This residue
is replaced by a phenylalanine in Yme1. Similarly, Arg261 is
conserved or conservatively replaced by lysine in most other
homologues but it is changed to a glycine in Yme1l. Yme1 appears
therefore as an exception and its interfaces are obviously different
in this regard. The unique character of Ymes1 is also corroborated
by the observation that it is the only FtsH homologue with a topol-
ogy where AAA* and protease domain face the exterior.

Figure 55 depicts a simplified ATPase cycle based on a threefold
symmetric hexamer. It gives an overview over the here discussed
structural features with the focus on the two observed intersubunit
interfaces, whose general structure also occurs in the asymmetric
YME1 cryo-electron microscopy model. Our structures show the
closed conformation directly after ATP hydrolyses and the subunits
in open conformation prior to nucleotide exchange. Upon ex-
change, the pore motif of the open conformer intercalates between
the sidechains of the substrate, as reported by Puchades et al.
(2017). Thereafter, the subunit switches to the closed ATP bound

Matthias Uthoff, University of Cologne 138


https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-7023

Conclusion 5.2

~ . .
.@‘5/ . Nucleotide exchange in blue
& 7 ~, Blue switches to closed conformation
&y e
%&Q / " The blue pare Loop folds into

\  the extended form and
\ translocates the substrate

/

/
y @ ATP
P & aoP
~ B Arg-Finger and ISS ATP hydrolysis

ATP hydrolysis™ -
Y in blue

in green

\

- Compact pore loop
-@ Extended pore loop

Upwards movement of
blue pore loop in compact form
without substrate ejection

Nucleotide exchange in green
Blue switches back te open conformation

Figure 55: Very simplified overview of the ATPase cycle based on a threefold
symmetric FtsH.

In order to advance thorough the ATPase cycle while starting with our crystal
structure, the ADP in the open conformations (blue) are exchanged against ATP.
Note: Regardless of the conformational state, the colour remains the same
during the cycle, thus in the right column the blue subunits are in closed state.
Post hydrolysis interface: between green and blue subunits, anti-clockwise
manner, nucleotide exchange interface: blue/green. All colours are the same as
in Figure 51.
state pulling simultaneously the substrate into the proteolytic
chamber. Subsequently, Arg313op/3160p of the adjacent confor-
mation stimulates the ATP hydrolysis yielding the here presented
closed ADP bound state. While changing back to the open ADP
bound state, the ISS is disrupted and thus induces the compact pore
loop conformation retracting Phe228 from the substrate. This way

the substrate is not pushed out of the pore again.
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6 FTSH — RESULTS AND DISCUSSION

6.1 Purification strategies for FtsH and GFP

6.1.1 Expression and purification of A. aeolicus full-length FtsH was
improved

In the beginning, a 121 expression yielded enough bacterial
pellets for up to two usual purifications. However, cryo-EM and the
characterisation of mutants require a lot of fresh protein. Improv-
ing expression and purification was therefore advantageous.

At first, the LB medium was replaced with TB medium and
additional phosphate buffer, magnesium chloride and antifoam B.
TB medium has 0.4 % glycerol and more than twice as much
tryptone and yeast extract compared to LB medium. Antifoam B
reduces foam formation on top of the cultures thus increasing
oxygen exchange. Mg?* is believed to limit reproduction if oxygen
supply is assured. Moreover, medium volume was reduced from 11
to 0.5 1 per flask to increase aeration and the old medium of the
pre-cultures was exchange against fresh one before inoculation.
B-lactamase can accumulated in that old medium thus reducing the
selective pressure for expression vector containing bacteria.
Eventually, expression overnight was induced with 1 mM IPTG and
an additional dosage of ampicillin and antifoam B at around an
ODsoo Of 2.0. After induction, flasks were cultivated at 30 °C as fast
as possible and only covered with sponge-like plugs. The given
reasons for the changes can be considered anecdotally and have not
been further researched. The most critical changes are probably
the late induction and the reduced temperature for expression as
changing those parameters reduced the growth. Interruption of the
shaking of culture is probably catastrophically, as perceived during
several expressions (also with GgpS). As such, all interruptions
were reduced to the minimum with minimal length. With half of
the volume per incubator, almost three times more bacterial pellets
were harvested (136 g per 6 1). During this expression, a cell
density of 12.8 (ODsoo) was achieved and protein quality was not
affected as evaluated by SEC and negative stain EM.
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Figure 56: Expression and purification of full-length FisH from A. aeolicus.

SDS-PAGE gels are either TCE (expression) or coomassie stained. Proteins in
the western blot for the expression were labelled with a-penta-His-HRP.
Solubilisation sample ‘BC’ is the product of membrane preparation with DDM
before removal of non-solubilised proteins via centrifugation. Size: 71.75 kDa,
runs at 66 kDa.

The first purification step is the isolation of the membrane
fraction via low and high-speed centrifugation with 20,000 g and
256,000 g respectively. The precipitated membranes are taken up
in TBS and are solubilised in TBS with 100 g/1 n-Dodecyl 3-D-malto-
pyranoside (DDM). Roughly 20 % of the bacterial pellet are later
isolated membranes. The supernatant after high-speed centrifu-
gation often showed a visible gradient with a small viscous phase
above the membrane pellet. The visible gradient matches a
protein/FtsH gradient as determined by SDS-PAGE (Figure 56) and
could be reduced by addition of 600 mM sodium chloride. However,
this much salt often decreased solubility of the bacterial pellet
hampering lysis and should be modified for better handling in the

future.

A further improvement was the adjustment of the ratio of
affinity tag chromatography bed volume and prepared membranes.
It was evaluated that the binding capacity of Ni-NTA is less than
1 mg FtsHaa per 1ml resin. However, this is a rough and safe
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estimation since the protein was first quantified after size
exclusion. Finally, 20 ml of membranes per 6 ml Ni-NTA can yield
around 2.0 mg of FtsHaa after size exclusion (0.4 mg/ml pro-
tein/resin). The old protocol recommended five times more protein
with the same amount of resin.

Combined, both improvements increased the yield from around
0.4 mg/1 to more than 5 mg/1l (final wtaarL per culture) or 4.8 mg
per incubator to 30 mg per incubator. The mutants behaved
similar.

6.1.2 Expression and purification of £ coli full-length FtsH has to be
improved

The purification of full-length FtsH from E. coli for activity
assays at room temperature has to be improved. Bacteria of
C41(DE3) and C43(DE3) accumulated wtgcr. while BL21(DE3)
bacteria grew but did not express. The expression is usually char-
acterised by a double band at/below 66 kDa in SDS-PAGE gels
(Figure 57A). Only the lower one appears after induction. Blots
indicated the upper band to be a random protein overlapping with
the inducible His-tagged FtsH. The protein was mostly insoluble
and levels apparently decrease after 2-3h of expression.
Solubilisation in DDM led to aggregates as depicted in the size

exclusion profile (Figure 57C).

6.1.3 Expression and purification of cpGFP variants was satisfactory

p6GFP-ssrA was heterologously expressed for 4 h at 37 °C in
either BL21(DE3) Star and C+RIPL or C43(DE3). Both BL21 strains
produced greenish pellets indicating successful expression,
however, C+RIPL also expressed another undesired protein (not
shown) and was not used for later expressions. After lysis using a
CF Cell Disruptor (Constant Systems), the His-tagged proteins were
isolated via Ni-NTA affinity chromatography. A gradient was
initially applied to estimated best imidazole washing concentra-
tions of about 25 mM (Figure 58). The final purification step was a
size exclusion chromatography with a Superdex 75. A representa-

tive SDS-PAGE analyses of the purification is depicted in Figure
59B.
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Figure 57: Expression and first purification of full-length FtsH from E. coli.

A) SDS-PAGE gel TCE stained and western blot with a-penta-His-HRP of
expression in C41 and C43 bacteria. Inset: Zoom to show which band produces
luminance i.e. has a His-tag. B) SDS-PAGE gel Coomassie (membrane
preparation) or TCE stained (subsequent steps). C) Size exclusion profile of
affinity chromatography eluate of purification in B). No eluate sample was loaded

into the gel. Size: 71.77 kDa, runs above 66 kDa.

Besides psGFP-ssrA, also the non-permutated template of the

superfolder GFP (sfGFP-ssrA) and further destabilised mutants

were purified. However, purification of these mutants was not as

simple. The size exclusion profiles indicated contaminations, and

low yields hint for successful destabilisation but reduced expres-

sion yield (Figure 58). Nonetheless, the proteins should be useable

for initial FtsH activity testing.
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Figure 58: Purification of GFP variants.

The Coomassie stained SDS-PAGE gel depicts samples from ,sGFP-ssrA but a
different purification as the size exclusion profile. These are grouped according
to the used column and were normalised to their maximum value each. As such,
the peak of «GFP and mutant E138P-A8 were in fact only half and one sixth as
high as their counter parts. Size: 30.85 kDa, runs below 35 kDa.

6.2 Mutants F224A and F228A cannot translocate casein

All assays show a lag time of around 30 min, most likely
because the employed FtsH is from A. aeolicus, a hyperthermophile
bacterium, but the assays were carried out at 37 °C without pre-
heating. Two tests demonstrated temperature dependent activity
between 20-60 °C. Thus, the 384-well plate warms up and activity
increases slowly during the beginning of the assay; visible as initial
lag phase. The assays were started by adding one volume of protein
to one volume of reaction mixture. Pre-incubation of the plate with
protein and addition of warmed reaction mixture reduced that lag
phase only partially. In addition, the new lag phase was not
consistent probably because of different cool down times while
adding the reaction mixture; Different number of samples,
replicates and proteins varied the time for pipetting. Hence, all
ingredients were simply pre-incubated in the climate controlled

laboratory, mixed and directly measured.

Matthias Uthoff, University of Cologne 144



Mutants F224A and F228A cannot translocate casein 6.2

The full-length FtsH is expected to be predominantly hexa-
meric. All molar concentrations represent the amount of hexamers
and all derived variables described accordingly the hexamer.

6.2.1 Mutants F224A and F228A have transient ATP hydrolysis activity
The pyruvate kinase-lactate dehydrogenase ATP hydrolysis

assay as developed for GgpS was successfully modified for FtsH
(Figure 59A). Wild type k., was estimated based on two biological
replicates with either 1.19 s or 1.68 s at 37 °C. One time measure-
ments indicate lower k.;;s of 0.47 s'* and 0.72 s for the mutants
F224AparL and F228Aaa r1 respectively. The true hydrolysis rate of
the mutants could be higher because only 0.3 mM ATP were
consumed, whereas the assay is designed for five times as much.
As such, the lag phase overlaps with the early stopping. This could
indicate that the active site is actually fully functional (as it has
not been altered) but blocked after some cycles of hydrolysis. This
further implies a strict connection between ATP site and pore loop,

as proposed in our publication (section 5.1.4).

6.2.2 Mutants F224A and F228A cannot not translocate
The translocation capability of FtsH is analysed by a

fluorophore labelled casein. Casein has no stable fold and requires
no unfolding. The fluorophore is quenched in the uncleaved
substrate but can fluoresce after processing. The development of
the assay was complicated due to a few pitfalls. First, the afore-
mentioned lag phase which could not be shortened as expected by
pre-incubation at assay temperature. Second, the internal quench-
ing is loosened due to the DDM for full-length FtsH solubilisation.
This increased the background by a factor of two, compared to
DDM-free samples (not shown) and of course reduced the range of
possible fluorescence increase. Third, saturation was achieved
quickly, thus interfering with the lag phase, although controls with
trypsin indicated much more fluorescence gain is possible. Increas-
ing the substrate concentration while decreasing the concentration
of wtaa,rL initially helped but was not sufficient. Using eventually
six times as much substrate as recommended by the manufacturer

and decreasing the concentration of wtaar. by around 20 times
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Figure 59: Activity assays for A. aeolicus full-length FtsH variants.

A) ATP hydrolysis tested via pyruvate kinase and lactated dehydrogenase
coupling, translocation via fluorophore labelled casein and unfolding via GFP.
The latter two utilise the creatine phosphokinase ATP regeneration system.
k.q:s (hydrolysis) and velocities (translocation) are estimated based on linear
regressions as indicated for the steepest slopes of at least 30 min (hydrolysis)
or 15 min (translocation) length. Great reduction in the GFP unfolding assay is
expected but did not occur. ATP depletion range is estimated based on
lowest/highest ATP hydrolysis k., and with or without lag phase. B) SDS-PAGE
gel stained with TCE of the proteins used in the unfolding assay. FtsH samples
smear at higher denaturation temperatures. Hence, all samples have to be
denatured at 42 °C. This leads to two GFP bands. C) SDS-PAGE gel stained with
TCE of phenantroline inhibited unfolding-assay samples after incubation over-
night. Colour key indicates proteins as derived from B). A complete active
sample (first lane) shows a slightly truncated GFP (lower band).

yielded stable signals for k., estimations. However, the best
Wtaa,rL concentration has not been titrated yet.

The mutants F224AaarL and F228Aaa L have been preliminarily
assayed (Figure 59A) and are found to be completely inactive. This
result is not totally unexpected, considering their problems with
ATP hydrolysis (just 1/5 is hydrolysed, then they stop completely).
However, no translocation at all indicates further problems with in

both mutants. Pruning one of them prevents their interaction with
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each other in any case. According to my model, this interaction is
required for proper pore loop retractions and subunit upwards
movement without a substrate push back or clash (section 5.1.4).

6.3 The GFP unfolding assay is not useable with FtsHaarL
Probing the unfolding capabilities of FtsH requires a folded

protein substrate. This is also closer to in vivo conditions since real
FtsH substrates can be both, folded and undamaged. Moreover, it
was planned as an alternative for the translocation assay, due to
its initial problems. GFP has been used as proteolysis substrate
before, but FtsH is a weak unfoldase and cannot unfold GFP
(Christophe Herman et al., 2003). Hence the psGFP-ssrA developed
in the lab of Robert Sauer was tested. Degradation of GFP should
decrease fluorescence since the fluorophore is degraded or at least

solvent exposed. The latter has a quenching effect.

My results are similar to the reported results about FtsH’s weak
unfoldase activity by Herman et al. (Figure 59A). The fluorescence
increases first and is followed by a steady decrease below initial
values. SDS-PAGE gels indicate the truncation of GFP (Figure 59C).
The fluorescence maximum is wtaa . concentration dependent and
happens before ATP is depleted. Hence, wtaari. most likely recog-
nises the ssrA tag and degrades it. Most of the GFP however is too
stable and cannot be unfolded. ATP consumption and thus translo-
cation/unfolding attempts stabilise the wtaa,r.:GFP complex transi-
ently. This probably further shields the fluorogenic group from the
solvent, enhancing fluorescence. The complexes dissociates at
latest after all ATP is consumed or earlier due to random
dissociation. The missing degraded part leads probably to stronger
quenching by the solvent, thus decreasing the fluorescence slightly

compared to initial values.

p6GFP-ssrA was further destabilised with the mutant E138P to
proline and deletion of the last eight amino acids before the ssrA
tag according to Perez-Jimenez et al., 2006; Wohlever et al., 2013.
However, this did not change anything. The GFP-unfolding assay is
not usable with FtsH from A. aeolicus at 37 °C.
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6.4 Crystallisation of F224A, F228A and Q281A

Similar to the assays, mutants F224Aaatr and F228Aaatr but also
Q281Aaatr were crystallised in the known conditions. Crystallising
the mutants led to smaller and worse crystals of which Q281Aaatr
diffracted best in comparison (Table 13). No (processable)
crystals/datasets were obtained from F228Aaatr. The pore loop
expected to be in the extended conformation of F224Aaatris always
disordered. This was also observed in a second but worse dataset
of this protein. Besides this, no structural changes became
apparent. However, none of the mutations should induce or
prevent a certain fold. Pruning the sidechains to alanine only
removes constraints and allows for more flexibility as

demonstrated by the bad quality of crystals or their absence.

New initial screens led to the discovery of slightly different
crystallisation conditions (Morpheus G6, Molecular Dimensions). A
fine screen yielded promising crystals in carboxylic acids (25 mM
of each: sodium format, ammonium acetate, disodium citrate,
K/Na-tartrate) and 18 % ethylene glycol and 9 % polyethylene
glycol 8,000 in presence of 0.1 M Na-HEPES/MOPS pH 7.25. Being
more cubic in shape, the crystals were different from the usual
ellipsoid from. Indexing yielded a slightly thicker but lower cell of
a=b=208A and ¢ = 280 A compared to the normal one of a =
b =198 A and c = 328 A. However, resolution was always worse
than 7 A, hence no structure could be derived.

The results do not disagree with the proposed model. The amino
acids in question only stabilise or induce the compact
(F224/F228A) and extended (Q281A) conformations. Both forms
are found nonetheless, probably because of the crystallographic
environment (Figure 53B) and because the mutation do not actively

prevent these conformations.

6.5 New solubilisation/reconstitution strategies? — No

DDM alternatives!

DDM is a detergenent commonly used for membrane protein

purification (Bloch et al., 2020) and has been used successfully for
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Figure 60: Solubilisation test with full-length FtsH from A. aeolicus.

100 uM samples were solubilised (according to established DDM protocol) and
subsequently centrifuged to pellet all non-solubilised proteins. The controls are
treated as the samples but the positive control was not centrifuged. The negative
control contains a lot of FtsH. Samples were only centrifuged at 20,000 g for
20 min leading to incomplete removal of not solubilised proteins. The SDS-PAGE
gel is TCE stained. The plots compare size exclusion chromatograms after
different CHAPS solubilisation with a DDM standard. ‘80/30 mM CHAPS' indicates
solubilisation in 80 mM CHAPS and later buffer supplementation with 30 mM
CHAPS. Critical micelles concentration of CHAPS is 6-10 mM according to the
datasheet from the supplier Sigma Aldrich.

cryo-EM (Deng et al., 2018; Iadanza et al., 2016; Parey et al., 2018).
Initial tests showed a strong preference to the carbon of the grid
itself, depleting the holes. Higher concentrations of DDM also
hamper ice film formation in the holes and the high curvature of
detergent micelles could distort the protein. Hence, alternative
solubilisation methods were analysed.

6.5.1 SMA and CHAPS cannot replace DDM as solubilisation agent

Maleic acid-olefin copolymer (Sokalan CP 9) and CHAPS were
tested as DDM solubilisation alternative. All these three agents can
solubilise wtaa,rr. but Sokalan CP 9 is less effective (Figure 60) and
CHAPS concentrations have to be carefully chosen as purifications
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Figure 61: Solubilisation tests with full-length FtsH from £. coli.

Samples were solubilised (according to established DDM protocol) and
subsequently centrifuged to pellet all nhon-solubilised proteins. The controls are
treated as the samples but the positive control was not centrifuged and the
untreated control was diluted from stock membranes directly before loading
buffer addition. Samples were centrifuged equivalent to the usual purifications
by centrifugation at approximately 190,000 g for 9 min. All SDS-PAGE gels are
TCE stained.

demonstrates. Too much CHAPS tears the wtaa r. hexamer apart and
too less, close to the critical micelle concentration, facilitates
aggregation. Initial solubilisation with 40 mM and later supple-
mentation with 14 mM CHAPS is seemingly a local optimum but
still leads to aggregation and an assumed monomer shoulder
(green profile). Less aggregates and no monomers are visible if
solubilised according to the default protocol with 10 g/1 DDM
initially and later supplementation of about twice the critical
micelle concentration. The translocation assay shows accordingly
a smaller activity (Figure 62A). Consequently, zwitterionc deter-
gents are often considered as harsh in contrast to non-charged ones
as DDM (Bloch et al., 2020). Neither Sokalan CP 9 nor CHAPS were

further used.

Since full-length FtsH from E. coli has been purified for the first
time in the lab, testing alternatives to DDM was obvious (Figure
61). In addition to CHAPS, DDM and Sokalan CP 9 also the styrene
maleic anhydride copolymer Xiran was tested. As previously
described, wtecr. runs at the position of a different similar sized
protein but the western blot clearly indicates almost no
solubilisation with Xiran and Sokalan CP 9 and 20 mM CHAPS.
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Figure 62: Translocation assays with differently solubilised/reconstituted wtaaf..

A) CHAPS (40/14 mM, main peak) and Saposin as technical triplicates and B)
Nanodiscs with biological duplicates for DDM and two different HPLC fractions
of Nanodiscs. Assays have been performed before a standardised assay was
established. Hence, due to different detector gains, substrate and protein
concentration amongst others, velocities are not comparable between A), B) and
Figure 59A. Assay properties per plot are of course identical, however, stoi-
chiometry of the saposin disc is unknown. Protein concentration was estimated
by BCA assay and a ratio of one hexamer to five saposins was assumed and. In
addition, the ratio of FtsH containing and empty particles is unknown but the
former should dominate strongly according to EM images.

Subsequent purifications with higher CHAPS concentrations have
not been performed yet.

6.5.2 Nanodiscs and saposin

Protocols for nanodiscs and saposin discs were developed in
Elmar Behrmanns group by Gayathri Jeyasankar and subsequently
tested in negative stain or cryo-EM preparations. In addition, both
were tested once in the translocation assay (Figure 62). Folch I
fraction of bovine brain extract was used with saposin A and
phosphatidylcholine POPC with MSP1D1 nanodisc protein.

According to the assays, saposin or nanodiscs reconstituted
Wtaa,rL are approximately ten times less active. The quantification
for saposin particles is less accurate, as the assay protocol was an
early version and the stoichiometry of FtsH hexamers to saposin
could only be assumed. However, the estimated stoichiometry of
1:5 (from cryo-EM) corresponds to a protein mass ratio of

430.5 : 59.5 kDa, hence a saposin more or less has no tenfold
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Figure 63: FtsHa.r in saposin A discs with Folch | fraction of bovine brain extract.

A) 2D classes in no particular order. B) Selected 2D classes. FtsH is not in the
centre of the lipid disc and the disc itself has varying sizes.

impact. In addition, both activities can be underestimated since
empty particles were not completely separated (empty nanodisc:
49.7 kDa), however, at most 10 % of the lipid discs should be
empty, thus not explaining the strongly reduced activity.

The reconstitution with saposin A was initially perceived as a
good solution due to early negative stain images, but a dataset with
9,000 particles revealed the lipid belt to be of no constant diameter
(Figure 63). Moreover, the FtsH hexamer was not in central
position. Both phenomena increase heterogeneity and thus raise
the number of required particles. In addition, it was unclear if this
heterogeneity could be filtered correctly by the classification
programs. The development of the correct protocol for nanodisc
formation and freezing took longer than anticipated. Eventually,
FtsH in DDM was preferred, especially after the results described

in the next section.
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Figure 64: 100 kDa molecular weight cut-off ultrafiltration membranes do not
concentrate DDM.

DDM concentration was with 0.18 g/l close to the desired 0.20 g/l before
centrifugation. The 40x concentrate (0.17 g/l) and the flow-through (0.15 g/l)
contain both a similar amount afterwards. Given values are averages of the
individually plotted duplicates.

6.5.3 DDM is not concentrated while concentrating the protein

A usual step during the purification is the concentration of the
protein using an ultrafiltration membrane with a molecular weight
cut-off of 100 kDa. All co-workers with membrane protein expe-
rience were afraid that the 74 kDa DDM micelles (Strop & Brunger,
2005) concentrate during this step as well. This would lead to 20-
40 times as much DDM as actually aimed for, and hence severely
aggravating grid preparation. Excess DDM could be removed by
incubation with Biobeads SM-2 also used for hydrophobic inter-
action chromatographies and DDM removal during reconstitution
in nanodiscs. Since not all DDM had to be removed, its concen-
trations had to be evaluated using an assay with phenol and
sulphuric acid. The addition of those compounds leads to the
formation of phenol derivatives with absorption maxima between
400 nm and 500 nm (Urbani & Warne, 2005).

Long story short, while establishing the assay I tested the flow-
through of a typical concentration run. DDM is not concentrated in
a 100 kDa molecular weight cut-off ultrafiltration device as also
reported by Strop and Brunger and thus DDM does not have to be
removed at all (Figure 64).
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A

Figure 65: First cryo-EM datasets of wia,r. with DDM.

Initial 2D classes of A) the very first dataset collected at the ESRF and B) of the
second collection session. The latter are crispier but still do not show any
secondary structural features except from, the most abundant first class on the
upper left. C) Two selected 2D classes of wta,r in saposin A discs demonstrate
the size difference of the lipid belt and the eccentric position of FisH.

6.6 The first cryo-EM models of FtsHa,r at 6-7 A

resolution

While several negative stain and cryo-EM datasets were
collected, most suffered from certain pathologies. Initially FtsH in
DDM preferred to stick to the carbon of the grid thus depleting the
ice film. Graphene oxide helped getting better particle distribution
but data collection at the ESRF, Grenoble, France yielded due to
still low density only 6,832 particles from 1,824 micrographs. 2D
classes including 5,651 particles (Figure 65A) were used to calcu-
late a 23 A model. After applying a second time at the ESRF, confor-
mational heterogeneity became apparent as 2D classes did not
improve (Figure 65B) although more than 16 times more particles

were picked automatically via neuronal networks in crYOLO
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Figure 66: First dataset with ADP of wta.r. in DDM on continues amorphous
carbon supply.

A) Lower half of a representative micrograph with continuous amorphous
carbon support. B) Initial 2D classes of 1,206,508 particles, note the lack of
top/bottom views. Population size decreases from left to right and top to bottom.
C) Ab initio 3D model with enforced C6 symmetry of a subset of 458,940 particles.
Cylinder length and redness represent frequency of views of that direction. D)
3D multi-body refinement revels two major types of movements of cytosolic and
membrane parts against each other (gradient red to blue). An individual
refinement of both multi-body refinement models enhances resolution to 6-7 A

(grey).
(Wagner et al., 2019). Subsequent 3D classifications with ab initio
and in silico models did not helped either.

Conformational heterogeneity could be reduced by incubation
with ADP beforehand and vitrifying on continuous amorphous
carbon (Figure 66A). Using a newly trained neural network based
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Figure 67: Cryo-EM model of FtsH. Sixfold symmetric periplasmic domain of
E. coli (4v0b, Scharfenberg et al., 2015) and the threefold symmetric cytoplasmic
part from A. aeolicus (6gcn, Uthoff & Baumann, 2018).

The second transmembrane helix and the linker between membrane and
cytoplasmic part of each subunit is indicated by a long tube. A) Black dust: Cé
symmetric Cryo-EM map, opacity scales linearly with map density. B) Cut
through the middle of the hexamer. Black faces are the clipped map, map
contour is depicted in transparent grey. A cavity with lower coulomb potential
becomes visible in the membrane part. Spaces of low potential are also found
in the protease ring. C) Views on the different parts of the hexamer. Black faces
are again the clipped map.

on 16 micrographs in crYOLO yielded 1,206,508 particles from the
8,312 micrographs of the dataset collected at the Titan Krios
(Thermo Scientific) at Caesar in Bonn (Figure 66B). An ab inito 3D
model with C6 symmetry was composed of 458,940 particles
(Figure 66C) and 3D classification further focused on 188,553
particles. An auto-refinement with enforced C6 symmetry yielded
eventually an 8 A model similar to refinements with C3 and C1
symmetry. However, clear distinction is not possible as the

resolution is yet too low. Moreover, the dataset has still less
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Figure 68: New preliminary dataset with ADP of wta.r in DDM without support.

A) Upper half of representative micrograph. B) Initial 2D classes with side and
top/bottom views. Population size decreases from left to right and top to
bottom.

top/bottom than side views (Figure 66C). Nevertheless, a 3D
multibody refinement of the C6 symmetric model improved the
resolution to 6-7 A and revealed two different modes of motion
(Figure 66D). Most prominently is a rotation around the symmetry
axis, the whole cytosolic region rotates against the mem-
brane/periplasmic region. Of lesser prominence is a swing-
ing/bowing motion in which the distance between both regions

decreases on one side and increases on the other (Figure 66D).

The C6 symmetric map with C6 symmetric periplasmic domain
from E. coli (Scharfenberg et al., 2015) and the C3 symmetric
cytoplasmic part from A. aeolicus (Uthoff & Baumann, 2018) is
depicted in Figure 67. The orientation was chosen based on the
small and round shape of the assumed membrane/micellar part.
The detergent molecules further away from the protein are usually
less ordered. This can potentially also explain the cavity inside the
micelle. The transmembrane helices of each subunit are apparently
not in contact with each other as indicated by the connecting
potential between AAA* ring and membrane part (Figure 67C,
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middle). A lower coulomb potential can also be observed in the
protease ring (Figure 67B and left in C). The reasoning behind this
is so far unclear but the phenomenon is present in all other prelimi-
nary low resolution cryo-EM models. The fitted periplasmic
domains are in the flat and not the crown-like conformation. Figure
43 in the introduction is based on this fitting here and gives the
height of each part.

The here presented model is a huge step towards a full-length
model of FtsH using cryo-EM. However, the resolution has to be
increased. New grids without any support layer were vitrified
using a microdispenser (SPT labtech, Figure 68A). This reduced
preferential orientation as demonstrated by 2D classes of a small
preliminary dataset collected using a Talos Arctica (Thermo
Scientific) at the Max Plank Institute of Molecular Physiology in
Dortmund (Figure 68B). A bigger collection (Titan Krios (Thermo
Scientific) at MPI) of this grid is currently combined with the one
described before.
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7 FTSH — SUMMARY AND CONCLUSION

7.1 The assays are partially established

The ATP hydrolysis assay was easily adapted from GgpS
yielding very promising results. The translocation/protease assay
with fluorophore labelled casein is in a useable state as well.
However, the allowed FtsH concentration range should be deter-
mined by a simple titration with the wild type before further assays
are done. The GFP unfolding assay on the other hand does not work,
so far. The GFP is after destabilisation via circular permutation,
proline insertion in 7 and removal of amino acids which seal one
end of the barrel and thereby stabilising it, still no functional
substrate. A similar assay was used for AFG3L2 but with a
differently destabilised GFP (Puchades et al., 2019). The linker
between the two last B-strands was cleaved by thrombin before the
assay. This does not harm the GFP but the last -strand is less likely
to insert back into the [-barrel once it is extracted. This enables
the complete degradation of that B-strand and loss of fluorescence
of the remaining GFP.

All assays show a lag phase of about 30 min. This certainly
comes from not pre-incubating the assay components. A reliable
pre-incubation method (except from heating the whole room) had
not been found as the small volumes in the 384-well plates cooled
down rather quickly. A. aeolicus is a hyperthermophilic bacterium
and thus adapted to temperatures as high as 95 °C (Deckert et al.,
1998). Its FtsH has thus a reduced activity at lower temperatures
and more than room temperature is needed. Another hypothesis
partially explaining the lag phase could be a loss of the ‘spiral
staircase’ order. The crystal structures all show some sort of
symmetry which is apparently not the active yet a possible
assembly. Addition of ATP might slowly start the ordering but
requires some hydrolysis steps before full activity and translo-

cation is possible.

Matthias Uthoff, University of Cologne 159



Implication on the proposed model of the new results 7.2

7.2 Implication on the proposed model of the new results

We proposed a model for substrate translocation in our
publication (section 5.2, Uthoff & Baumann, 2018). It is based on a
threefold symmetric hexamer which is probably not the correct
state. However, as already discussed there, the key points in our
model about pore loop conformations and inter-subunit signalling
remain valid.

The here reported results do not contradict the model.
F224Aaar. and F228Aaa 1. exert no translocation of a loosely folded
casein and further analysis revealed a problem with the ATP
hydrolysis. The latter is seemingly possible for a short period of
time with at least 30 % and 50 % activity for F224Aaar. and
F228AaarL respectively. However, hydrolysis stops around con-
sumption of 1/5 of the available NADH reporter. This links both
amino acids directly to ATP hydrolysis as proposed. Initial
hydrolysis could be explained by the requirement of correctly
ordering the subunits after purification in absence of fresh ATP.
Hydrolysis happens at a reduced rate under this conditions thereby
potentially also explaining to some degree the lag phase. Translo-
cation however, is not possible by an unordered stage. Once the
order is established the mutated pore loops cannot reliable fold
into the compact form and hinder translocation and hydrolysis as

proposed.

The crystal structures reveal unfortunately now new insights
other than that crystal growth is more difficult. The substituted
amino acids only induce or stabilise the compact pore conformation
but the new introduced residues do no actively prevent it. Hence,
crystals probably grow worse than with the wild type protein but
the same conformations can still appear. New crystals with a
differing cell but same space group apparently have a different
fold, however in the worst case the indexing is already wrong due
to very low resolution. Interesting experiments for better
characterisation would the substitution of the F224 and F228 by
charged amino acids. Opposite charged residues might retain

activity while similar charges could actively abolish remodelling
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and thus the activity. A less severe change would be the
substitution of just one of the phenylalanines. Such mutations with
structural analysis have never been done before.

7.3 Structure determination of FtsHaar via cryo-EM is

going on

Membrane proteins are always more complicated than water-
soluble polypeptides. Reconstitution in saposin or nanodiscs was
technically successful, however, the activity was severely reduced
at 37 °C. Moreover, saposin particles were of no equal diameter
and nanodisc were apparently harder to vitrify than FtsHaar. in
DDM. ADP helped eventually to reduce conformational hetero-
geneity while ATP has not been used yet. The benefit of ADP can be
explained by the hypothesis of an unordered hexamer due to the
absence of ATP during purification and reordering upon nucleotide
interaction. If this is true, ATP could potentially be more potent,
but likewise increase heterogeneity if too much ATP is hydrolysed
and not replaced.

The current dataset with initially more than 1.2 million
particles and eventually 188,553 for an 8 A model indicate that
heterogeneity is still present. This could be a feature, as the
movements observed after 3D multi-body refinement are expected
and at least one was also observed in a different detergent
(Carvalho et al., 2020). The first mode is a rotation of the cytosolic
against the membrane part, most likely enabled by the unordered
linker between them. The second movement is probably helping to
recognise and unfold substrates. First of all it enlarges the space
between membrane and cytosolic part on one side of the hexamer.
The substrate has to travel through this space and the larger it is,
the easier it might be to thread it through initially. This defor-
mation could also absorb forces during unfolding as the substrate
must be located besides the hexamer; the space above the hexamer
is limited by the membrane and the transmembrane part of FtsH.
As such, the substrate will pull with equal force on FtsH but
sideways. This could distort FtsH, but is of less concern if the

cytoplasmic part inclines. Secondly, this inclination also agrees
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with the assumption that FtsH is a potent membrane extractor
(Yang et al., 2018). The authors report about FtsH exceptional
membrane protein unfolding capabilities and explain it with the
same hypothesis that the substrate must be beside the trans-
membrane part of FtsH. As such, the polypeptide is not extracted
perpendicular from the membrane but in a sideways inclined
fashion. Coincidentally are most transmembrane helices not
perpendicular in the membrane but inclined by around 20° (Bowie,
1997). Hence the flexibility of the linker would allow FtsH to pull
with maximum force on the trans-membrane helices of a substrate
while minimising the friction of the substrate with the AAA* ring

and the membrane.

Currently another ADP dataset on support-free grids is
evaluated. It can be merged with the old one, thus increasing

particle count and hopefully yielding a higher resolution model.

7.4 Recent publications in the field

7.4.1 Carvalho et al.,, 2020

The most recent publication is by Carvalho et. al from Delft
University, a preprint was available three years earlier (Carvalho
et al., 2017, 2020). They ask for our FtsHaar. for biochemical
analysis and decided to solubilise in LMNG instead of DDM. They
claim it to be more active but do not present any evidence.
Moreover, their active particles include a big fraction of dodeca-
mers instead of proper hexamers, as visualised by a cryo-EM model
at 25 A. These dodecamers are distorted similar to the movements
observed in our models and they conclude that inclination is an
important feature. Thus, deleting all amino acids belonging to the
linker would prove its importance and the mutant is indeed
inactive. However, as they removed the linker, they also moved the
pore entry directly beneath the membrane. It is doubtful that any
substrate could enter at all because there is now space left for the
substrate. Hence they validate the importance of the linker and the

space it opens but not necessarily the flexibility in question.
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They also present a 6.6 A C6 symmetric and a 15.9 A model of a
subset of the particles without implying any symmetry. Their
results are in general agreement with ours and the 15.9 A is

potentially as asymmetric as Ymel i.e. has the spiral staircase.

7.4.2 Puchades et al., 2019

The C-terminus of FtsH is often predicted to be unstructured,
lacks conservation and is sometimes shorter or longer (Figure 46).
It was found to be autocatalytically cleaved in E. coli but with
unknown purpose (Yoshinori Akiyama, 1999). As the C-terminal
module is the protease, the terminus is expected to be far away
from the membrane. However, already my published structures
indicated that the C-terminus folds upwards but it was truncated
strongly and hence not further evaluated. The last visible residues
(up to position 779) in the new cryo-EM model are interacting with
a0 on top of the AAA module and the linker between the AAA and
protease module. The final 18 residues are neither visible nor do

they effect activity in contrast to the removal of positions 750-780.

Another interesting fact is the correlation of several disease
associated mutations with the ‘central protrusion’. This is a
subdomain on the bottom of the ‘AAA-barrel’ protruding into the
proteolytic chamber. The loops belonging to this protrusion are
often disordered in the crystal structures. They occupy the
proteolytic chamber to some degree and potentially help directing
the substrates to the proteolytic site.

The authors also describe a disease associated mutation of
Asn432. This asparagine is interacting with Arg416. These two
residues are equivalent with Asn280 and Arg261 or Arg263 in
A. aeolicus (Figure 46). According to my model of pore-1 loop
remodelling, GIn281 is actually inducing the compact conformation
by disturbing the C-terminus of a2. Arg261 is found in the
intersubunit signalling network while Arg263 is disordered.
Arg263 is effectively part of the pore-2 loop, a feature rich in
glycines interacting with the substrate in the author’s models.
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Site directed mutagenesis 8.1

8 METHODS

8.1 Site directed mutagenesis

Site directed mutagenesis primers were bought from Eurofins
and PCR was performed as generalised in Table 6. 9 ul products
were treated with 0.2 pl Dpnl in 1 y CutSmart buffer (NEB) for 2 h
at 37 °C and subsequently transformed in 50 pl chemical compe-
tent E. coli DH5a cells, which were thawed and incubated on ice
with 10 pl ligated vectors for 20 min. The bacteria were heat
shocked at 42 °C for 2 min and incubated for 2 min on ice as well
as 1 h at 37 °C with additional 300 pl SOC medium (20 g/1 tryptone,
5 g/l yeast extract, 0.58 g/1 NaCl, 10 mM MgCl,, 10 mM MgSOy,,
2.5 mM KCIl, 20 mM glucose). They were streaked out on LB agar
(10 g/l tryptone, 2.5 g/1 yeast extract, 10 g/1 NacCl, 17.5 g/1 agar)
containing the appropriate antibiotic (1,000x stock) and incubated
o/n at 37 °C. On the next day, 5 ml cultures in LB medium (10 g/1
tryptone, 5 g/l yeast extract, 10 g/1 NaCl) with antibiotics were
inoculated and incubated o/n at 37 °C. Plasmids were isolated
using the Gene Elute Plasmid Miniprep kit from Sigma Aldrich.
They were eluted in 55 pl 10 mM Tris pH 8.5 and sequenced by
GATC with primers T7 and pET-RP.

Table 6: PCR protocol for site directed mutagenesis and thermal cycler program.

Reagent Final concentration Volume
10 uM primers 1.0 uM 25 pl each
dNIP (each 10 mM) 0.2mM 0.5 ul
5x Q5 Buffer x 25 ul
2 Uil Q5 polymerase 0.04 U/l 0.5 pl
Template 0.5 pg/ul 71
H20 Ad 25 pl
Time Temperature
2.00 min 95°C
0.45 min 95°C
1.00 min 68°C 17x in total
3.5 min/kb 72°C
10.00 min 72°C
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8.2 Plasmids and their origins

pET22b-EcFL-FtsH-wt was synthesised by General Biosystems,
Inc. pCOLADuet-1_cp6-sfGFP-ssrA and pCOLADuet-1_sfGFP-ssrA
were kindly provided by Karl Schmitz from the Sauer lab. All other
used plasmids (GgpS: pET28a with N-terminal Strep-tag; FtsHaa,tr:
pET28a; FtsHaar.: pET22b) were cloned by myself or property of
the lab for over a decade.

8.3 Protein production

Bacteria with pET22b were incubated in presence of 100 pg/ml
ampicillin and bacteria with pET28a in presence of 50 pg/ml

kanamycin.

8.3.1 Transformation and pre-culture for Expression

50 pl chemical competent E. coli cells (GgpS: BL21(DE3),
FtsHaar.: C43(DE3), FtsHaat: BL21(DE3) CodonPlus RIPL, GFP:
BL21(DE3) Star), were thawed and incubated on ice for 20 min
with 50-100 ng vectors containing the desired gene. Afterwards,
the bacteria were heat shocked at 42 °C for 2 min and incubated
for another minute on ice. About 300 ul SOC medium was added and
the bacteria were further incubate between 15-60 min. Half the
volume was streaked out on LB agar (10 g/l tryptone, 2.5 g/1 yeast
extract, 10 g/l NaCl, 17.5 g/l agar) containing the appropriate

antibiotic and incubated at 37 °C.

Agar plates were stored in the fridge until evening and three
colonies were picked for each pre-culture. Roughly, 30-40 ml
LB medium (10 g/l tryptone, 5 g/1 yeast extract, 10 g/1 NaCl) per 11
expression culture were incubated in presence of the appropriate

antibiotic (1,000x stock). Cultures were incubated at 180 rpm at
37 °C.

8.3.2 Expression

The standard protocol was as the following: 1 1 LB medium with
appropriate antibiotic (1,000x stock) and 150 Wl Antifoam B in 21
baffled flasks were inoculated to an ODsoo 0Of 0.1 and incubated at
37 °C at 220 rpm. 1 mM (GgpS) or 0.5 mM (FtsHaa,tr) IPTG was used

for induction at around an ODsoo Of 0.7. GgpS was expressed at
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Table 7: Purification buffers for all proteins.

Buffer were filtrated and additionally degassed before size exclusion. AC: affinity
chromatography, AE anion exchange chromatography, SEC: size exclusion
chromatography, Strep.: Strep-Tactin column regeneration.

NaCl Buffer Addjtional

Protein Usage M M PH agents Elution agent [mM] Remarks
Lysis 600 20 Tris/HCL 15
g re'\gi;ber:;in 600 20  TrsHCL 75  10%glycerol a?g:‘::iu'sspae:ifgn
g ACwash 300 20  TrisHol 75 oeoweerol .y dazole
N (2l DDM is added right
T AC elution 300 20 Tris/HCL 75 0.2 g/t DDM 250 imidazole before use
SEC 150 20 HEPES/NaOH 7.9 0.2 g/t DDM
Lysis 600 20 Tris/HCL 7.5
Ac wash 150 20 Tris/HCL 75 30 imidazole
5 Ac elution 150 20 Tris/HCL 7.5 250 imidazole
§ Dialysis 40 20 Tris/HCL 75
< AX-low 20 Tris/HCL 7.5
AX-high 1000 20 Tris/HCL 7.5
SEC 150 20 HEPES/NaOH 7.9
Lysis 300 20 Tris/HCL 75
B: AC wash 150 20 Tris/HCL 75 25 imidazole
® AC elution 150 20 Tris/HCL 75 250 imidazole
SEC 150 20 HEPES/NaOH 7.9
Lysis 600 20 Tris/HCL 75
9 ACelution 150 20 HEPES/NaOH 7.6 2 Difjtt.r:o
& SECassay 150 30 HEPES/KOH 7.6
SECoysutissin 150 10 HEPES/NaOH 7.6 Or desired sodium
) Purge 150 100 Tris/HCL 8.0
g Wash 100 Tris/HCL Untitrated
Storage 150 100 Tris/HCL 8.0 1mM EDTA

37 °C for 3 h and FtsHaa,tr at 20 °C for around 20 h, GFP for 3-4. All

were incubated at 220 rpm.

Pre-cultures of the FtsHaar. were centrifuged for 10 min at
2,000 g and pellets resuspended in TB medium (20 g/l tryptone,
24 g/1 yeast extract, 4.6 ml/1 87 9% glycerol). TB medium with
phosphate buffer and 8 mM MgCl., 100 pg/ml ampicillin and 133 pl
Antifoam B were inoculated with resuspended pre-culture to an
ODsoo Of 0.1 and incubated for a bit more than 2 h at 37 °C and
260 rpm in 2 1 baffled flasks. Expression was induced with 1 mM
IPTG, additional 100 pg/ml ampicillin and 133 ul Antifoam B.
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All bacteria were harvested by centrifugation at 3,200 g, 4 °C
for 20 min. Lysis-1 buffer was used for resuspension and transfer
into 50 ml tubes, usually one falcon per culture. 1 1 FtsHaa L yielded
around 20 g pellet (GgpS 1.8 g, GFP 4.5 g) and was divided into 4—
5 g pellets for easier resuspension. FtsHaar. pellets were washed
again with lysis buffer and all pellets were stored at -80 °C.

8.3.3 Lysis

All steps were carried out at 4 °C or on ice.

All bacteria were lysed in 6 ml/g (FtsH) or 4 ml/g (GgpS, GFP)
lysis buffer but at least 20 ml with additional 10 pg/ml DNase I
(1,000x stock) using a cell disruptor at 2.5 kbar twice. Cell debris
was removed at 20,000 g for 20 min.

8.3.4 Purification (excluding full-length FtsH)

All steps were carried out at 4 °C or on ice for GFP and FtsHaa,tr
but at room temperature for GgpS.

0.5 ml (GFP) or 1 ml Ni-NTA (FtsHaa,tr) Ni-NTA resin per gram
bacterial pellet were equilibrated with lysis buffer and
subsequently washed and eluted with imidazole containing buffer.
Flow rate was set to 1-1.5 ml/min.

For GgpS, a small scale purification utilised 0.5 ml streptactin
resin in total while a large scale 2 ml. It was equilibrated with lysis
buffer and subsequently washed again before and eluting with
D-desthiobiotin containing buffer. Flow rate was set to 2 ml/min
for all steps except from elution with 1 ml/min.

1-2 ul of all 1 ml elution fractions were blotted in filter paper
and proteins visualised with coomassie brilliant blue as used for
SDS-PAGE gel staining. The paper was briefly washed in water and

destaining solution. Fractions were pooled accordingly.

FtsHaatr pools were dialysed overnight against 100x excess of
anion exchange loading buffer in a 3,500 kDa dialysis tubing
(Spectra/Por 3, Spectrumlabs). The dialysed protein was applied to
a HiTrap Q FF column (5 ml, GE) equilibrated with 4 % AX-high

against AX-low. The elution was carried out with a linear gradient
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over 10 CV to 25 % AX-high. 5 CV 100 % AX-high were used to
purge the column free of potentially stronger binding proteins.
Fractions were pooled according to chromatogram.

The proteins were concentrated (GgpS 100 kDa, FtsHaatr 30 kDa
and GFP 10 kDa molecular weight cut-off, Amicon) to a volume
depending on the size exclusion chromatography column, usually
100-150 u for a 24 ml column and 1-2 ml for a 120 ml column. The
proteins were always centrifuged after concentrating for 10 min at
21,000 g. Size exclusion chromatographies were performed with a
Superdex 200 10/300 Increase (GgpS), Superdex 200 16/60
(FtsHaar) Or Superdex 75 16/60 (GFP) and an AKTA Prime, Prime
plus or Purifier. Columns and AKTA were from GE. The flow rate
was set to 0.5 ml/min (GgpS) or 1ml/min (FtsHaatr, GFP).
Fractions were pooled according to chromatogram and concen-
trated. The proteins were always centrifuged after wards for
10 min at 21,000 g. Concentration of all FtsH proteins was
evaluated via BCA assay and for GgpS and GFP spectrophoto-
metrically via NanoDrop (Thermo Scientific) and theoretical

absorption coefficient.

8.3.5 Membrane preparation of full-length FtsH

All steps were carried out at 4 °C or on ice.

Supernatant after lysis were centrifuged at 257,000 g for 1h.
Membranes were resuspended in 3.54 ml/mg resuspension buffer
without glycerol using a 5 ml syringe with a blunt cannula. The
0.46 ml 87 % glycerol was added after resuspension and the
concentration was meausred via BCA assay. Membranes were
adjusted to 10 mg/ml protein with Lysis-2 and glycerol buffer and

stored at -80 °C in 10 ml or 20 ml aliquots.

8.3.6 Purification of full-length FtsH

All steps were carried out at 4 °C or on ice.

20 ml membranes were thawed in cold water and solubilised
with 10 g/1 DDM in SEC buffer (1,000x stock) while rotating 1 h.
Membranes were diluted with 20 ml wash buffer containing

20 mM imidazole and were subsequently centrifuged at 20,000 g
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for 30-60 min to remove non solubilised proteins. The supernatant
was applied to 6 ml wash buffer (10 mM imidazole) equilibrated
Ni-NTA resin, washed (60 mM imidazole) and subsequently eluted.
All affinity chromatography steps were carried out at 1 ml/min.
The protein was subsequently concentrated (100 kDa molecular
weight cut-off, Amicon) at 4,000 g in steps of less than 10 min to
around 15-20 mg/ml and subsequently centrifuged for 10 min at
21,000 ¢g. The protein was transferred to Gayathri Jeyasankar for
crypo-EM applications and usually purified via HPLC-SEC. For own
usage, the protein was applied to a Superose 6 10/300 size
exclusion chromatography at 0.5 ml/min, followed by concentra-
tion as desired. Concentration were estimated by BCA assay and a
rough guidance was that the raw absorption at 280 nm equals BCA
estimate.

8.3.7 BCA-assay

Bicinchoninic acid (BCA) assay was performed as described by
the manufacturer (Pierce BCA Protein Assay Kit, Thermo
Scientific). Protein and working reagent (10 pl and 200 pl) were
incubated in 1.5 ml reaction tubes at 60 °C for 30 min, pipetted into
a 96-well microtiter plate (flat bottom and transparent, Brand
(781602)) and read with a BioTek Synergy HT at 562 nm. A
20 mg/ml concentrated BSA (Sigma Aldrich) standard was diluted
to 0.4 mg/ml and used for start point for a calibration series in
0.04 mg/ml increments. Calibration standards were always
normalised to the effective concentration of the 0.4 mg/ml
standard as estimated with a NanoDrop (Thermo Scientific) in BSA
mode.

8.3.8 SDS-PAGE

0.6 ml *OD600 culture were centrifuged at 21,000 g for 5 min
and the pellet was frozen. After thawing lysis was done by
sonication in 200 pl lysis buffer for 16 s in total with 2 s 30 %
pulses and 4 s pauses. The 1.5 ml reaction tube was always kept in
ice with surrounding water for better heat dissipation. 40 ul
samples were taken before and after 10 min centrifugation at
21,000 g at 4 °C.
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Table 8: SDS-PAGE gel composition.

Reagent Stacking gel Separationgel ~ Separation gel

10 % 2%
Water 417 ml 3.50 ml
LGB! 2.50 ml 2.50 ml
Stacking gel solution* 40 ml
30 % acrylamiq’e with 05_’% 333 ml 4,00 ml
bisacrylamide
22 2-trichlorethanol 50 ul 50 pl
TEMED 8l 10 10l
10 % ammonium persulphate 20 pl 50 ul 50 pl

t:182 g/l Tris pH 8.8, 4 g/l SDS; *: 7 ml 30 % acrylamid/0.8 % bisacrylamid, 30 ul
2 % bromphenolblue, 2.5 ml water, 12.5 ml 60.5 g/l Tris pH 6.8, 4 g/l SDS

All purification samples were usually diluted 1/10 with
appropriate buffer before further diluting 1/5 with loading buffer
(0,71 mg/ml sodium dodecyl sulphate, 10 mM Tris pH 6.8, 13,3 %
glycerol, 126 mM B-mercaptoethanol and some bromphenolblue).
The dilution was adjusted so usually 10 pl (3 pg purified protein)
samples were loaded into gel slots. The samples were incubated for
5 min at 95 °C or 10 min at 42 °C (full-length FtsH) and briefly
centrifuged. The Pierce Unstained Protein MW Marker was used as
standard. SDS polyacrylamide gel electrophoresis (SDS-PAGE) gels
were prepared as described in Table 8. Each gel part was allowed
to polymerise for at least 15 min. The gels were stored at 4 °C and
run at 30-40 mA per gel in 3.02 g/1 Tris, 14.4 g/1 glycine (pH 8.3)
and 0.5 g/1 SDS for 40-65 min. Afterwards, the gels were stained
in 2.5 g/l Coomassie Brilliant Blue R 250, 30 % ethanol, 10 %
ethanoic acid and heated for 1 min in a microwave oven. After 20-
30 min, the gels were destained in 30 % ethanol and 10 % ethanoic
acid and images were eventually taken by using a ChemiDoc XRS+
from Bio-Rad. Due to the addition of 2,2,2-trichlorethanol images
after activation with UV light could be taken directly before

staining in coomassie.

8.3.9 Western blot
SDS-PAGE gels were blotted via wet-blot method. The gel-

methanol activated PVDF membrane combo was sandwiched
between around 4 mm filter papers and transferred at 400 mA,
100 V for 1 h at 4 °C in 3.09 g/1 boric acid and 10 % methanol. The
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membrane was blocked afterwards with 5 % skim-milk powder in
TBST (150 mM NacCl, 20 mM Tris/HCI pH 7.5, 0.05 % Tween-20)
for 1 h at room temperature. For His-tag detection, 1/2,000 a-penta
His HRP (Miltenyi Biotec) in 5 % skim-milk powder TBST was used.
Strep-tag was labelled with Streptavidin conjugated horseradish
peroxidase (IBA) after washing with TBST thrice for 5 min. The
labelling compound was washed away with TBST thrice for 5 min
and detection was carried out by addition of 10 ml 100 mM
Tris/HCI pH 8.8 with 25 yl 90 mm p-coumaric acid (in DMSO), 50
250 mM luminol (in DMSO) and 60 pl 30 % hydrogen peroxide in a
ChemiDoc XRS+ from Bio-Rad.

8.4 Assays

8.4.1 GgpS — NHS-Cy5 labelling

GgpS was labelled with the Sulfo-Cyanin 5 NHS-Ester kit from
Lumiprobe. 4.2 nmol lyophilised coupling reagent were added with
1.05 nmol tetramers (4:1 ratio). The protein was concen-
trated/diluted to around 30 uM in SECassay buffer. The pH was
adjusted to pH 8.30 as recommended by the manufacturer with
0.1 mM NaOH. A usual final reaction volume was 70-100 ul and had
to be incubated overnight at 23 °C. 3 h were not enough. Unbound
fluorophore was removed as advised with SECassay buffer.

8.4.2 GgpS - Two-K; model for interaction and activity fit

A biphasic mode for interaction and activity can be explained
by different responses of the three possible states of GgpS: (i)
empty, (ii) one chloride site occupied, (iii) both sites occupied.
Therefore, a model explaining the observed responses must
accommodate how much of each state is present simultaneously in
this three-state equilibrium. I developed a simple model based on
the law of mass action assuming each degree of occupation
coincides with only one state/conformation and transition only
occurs obligatory upon binding or release. This model comes
naturally with one dissociation constant (K;) per transition or one
per binding site. Since both binding sites are equal in the fully
chloride bound crystal structure, I would expect K; =K, .
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However, the asymmetry of the W110P mutant may not imply this
directly but gives a basis for an interaction of both sites and hence,
the first binding event might influence the second site and thereby
increases or decreases its affinity. This is the definition of a
cooperative binding mode and would yield K, # K;,. Therefore,
this model is not restricted to a cooperative or non-cooperative
binding.

The K;s are defined in (3) and (4), with [A7] and [GgpS,] as the
actual free anion and GgpS tetramer concentrations. The index x
further defines whether total GgpS or empty, half and fully

occupied by anions is meant.

[A7] * [Ggpsempty]

K =
“ [GgpShair] (3)
[A7] % [GgpShair]
K, =
2 [GapSsun) (4)

The total concentration of GgpS tetramers equals the sum of

empty, half and fully occupied tetramers:

[Ggpstotal] = [Ggpsempty] + [Ggpshalf] + [Ggpsfull] (5)

Thus, the fraction of empty tetramers is defined as:

[GgPSempey] _ [GgPSempty]
[GgpStOtal] [Ggpsempty] + [Ggpshalf] + [Ggpsfull]

(6)

Eventually, the total concentration of the anion [47,] is the sum
of free and bound anions:

[A=o] =[A7]+ [GgPShalf] + 2 x [Ggpsfull] = [A7] + [A7 pounal (7)

However, since 8 nM or 12 nM concentrations of tetramers have
been used, [A7] can only be as small as twice that amount below

[A7]. The lowest amount of added anions is 400 uM - four orders
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of magnitudes more. Therefore, we assume the concentrations of
free anions to be identical to the total concentration (8) and

conclude (9).

[A_bound] 3 [A_] and [A_bound] =0 (8)
[A7] = [A7] (9)

Transforming and inserting equation (3) for the concentration of
half-occupied and equations (3) and (4) for the concentration of
fully occupied GgpS yields equation (10).

[G.gpsempty] _ [Ggpsempty]
[Ggpstotal] [A_] * [Ggpsempty] [A_]Z * [Ggp'sempty] (10)
[GgPSempey] + K4, + K4, *Kq,

Taking into account (9) and further simplifying, gives the
fraction of empty over total GgpS tetramers in a biphasic two K,

dependent manner.

[GapSempey] 1

[GgpStota] [A70] | _[A70]? (11)
1+ +
Kay ~ Kay * Ka,

Likewise, equations (12) and (13) represent the relative amount

of half and fully occupied GgpS tetramers.

[GgpShair] _ 1
[GapStota] | Kar_ [Ad] (12)
[A=] = Ka,
[GgpS ] _ 1
[GgpStotar] 14 Kq, *Kq, + Ka, (13)
[A=o]? ~ [A70]

The final dose-response model is the sum of each state

multiplied by the response factors a, b and c, respectively.
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[Ggpsempty] + b« [Ggpshalf] +ocx* [Ggpsfull] (14)

Response = a x
[Ggpstotal] [Ggpstotal] [Ggpstotal]

In contrast to chloride and bromide, binding of acetate and
sulphate exhibits only a monophasic response. A second binding
event may still be possible, but does not impede the K; estimation
with a simple one-K; model. Equivalent to the two-K; model, we
derive (17) as the dose-response approximation for acetate and
sulphate.

[Ggpsempty] _ 1

[Ggpstotal] 1+ [A_O] (15)
Kq

[GgpShair] _ 1

[GgpStotal] 1+ Ka (16)
[A~0]
GgpS GgpS

Response = a * [ gp empty] + b * [ gp half] (17)

[GgpStotall [GapStotall

8.4.3 GgpS - Activity

The concentration of all four salts were chosen based on equal
ionic strengths. Each replicate was the average of two
measurement of same protein batch and master mix. 40 pul total
volume were measured in 384-well pureGrade transparent PS
plates with F bottom (Fisher Scientific) in a Synergy H4 (BioTek)
plate reader at 23 °C. 20 ul master mix was added to each well and
the plate was shaken ‘fast’ for 10 s to allow spreading of the entire
bottom. The reaction was started by adding 20 ul 60 nM protein
(1 mM NacCl, 30 mM HEPES/KOH pH 7.6 ) using the dispenser of
the plate reader followed by 30 s ‘fast’ shaking for mixing. The
decreasing NADH concentration was measured for about 2 h at
320 nm with an extinction coefficient of 5.037 mM*cm™. Most
assay components were mixed in a pre-master mix which was then
split and further supplemented with a sodium salt, G3P and DNA.
Water was added instead of G3P for blank samples as well as DNA-
free samples. A complete measurement series included DNA-free

and DNA containing samples. Final assay concentration are listed
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Table 9: Ggp$S activity assay composition and final concentrations in the well.

Ingredient Concentration
Naz-NADH 1.8 mM
Nas-PEP 20 mM
Naz-ADP-glucose 40 mM
Li-G3P 40 mM
Mg-acetate 40 mM
Lactate dehydrogenase 320 U/ml
Pyruvate kinase 120 U/ml
Sheared herring sperm DNA 125 ug/ul
HEPES/KOHpH 7.6 300 mM
GgpS 300 nM
NaCl 05 mM

in Table 9 and estimated total ion concentrations in Figure 26.
HEPES was titrated with KOH to supply K* for pyruvate kinase
(Kachmar & Boyer, 1953). This enzyme requires Mg?* in addition
for higher activity (Baek & Nowak, 1982; Larsen et al., 1997).

Fits were carried out with nls.multstar package in R (Padfield
& Matheson, 2020; R Core Team, 2020).. Parameter were
constrained if applicable as follows:
_ {[0, Inf] if aceate or not normalised before averaging

1 if other anion and normalised before averaging
e b=c=K, =Ky =10,Inf]

8.4.4 GgpS - Fluorescence quenching

Samples were measured in a Monolith NT.115 (Nanotemper)
with standard capillaries similar to the manufacturer’s protocol. A
serial dilution (usually 2/3) of the ligand solution (sodium salt as
desired, 30 mM HEPES/KOH pH 7.6, 0.05 % Tween-20) was
pipetted to gain concentrations as desired. Eventually 3 parts of
ligand were mixed with 2 parts of target (20 nm Cy5 coupled
protein, 30 mM HEPES/KOH pH 7.6, o.5 mM NaCl). This
generalised protocol was used for the W110P mutant. Exact ratios
varied for the wild type slightly as the assay is not refined yet.

Fits were carried out with nls.multstar package in R (Padfield
& Matheson, 2020; R Core Team, 2020). All parameters were

constrained to [0, Inf].
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8.4.5 FtsH — ATP hydrolysis

Table 10: FtsH ATP hydrolysis activity assay composition and final
concentrations in the well.
Ingredient Concentration
Na-NADH 175 mM
Nas-PEP 400 mM
Nas-ATP 400 mM
MgCl, 400 mM
HEPES/NaOHpH7.9 | 2000 mM
NaCl| 15000 mM
Lactate dehydrogenase 1000 U/ml
Pyruvate kinase | 10.00  U/ml
FtsH hexamers | 200.00 nM
DDM 020 g/

Each protein was measured in technical triplicates with same
protein batch and master mix. 40 pl total volume were measured
in 384-well pureGrade transparent PS plates with F bottom (Fisher
Scientific) in a Synergy H4 (BioTek) plate reader at 37 °C for 3 h.
20 pl 0.2 pM protein was added to each well and the reaction was
started by addition of 20 pul master mix. The decreasing NADH
concentration was measured for about 2 h at 320 nm with an
extinction coefficient of 5.037 mM?cm™ and evaporation was
reduced by sealing with ‘Clear Heat Seal’ (4titude). Most assay
components were mixed in a pre-master mix which was then split
and further supplemented with ATP or water for blanks. Final

assay concentration are listed in Table 10.

8.4.6 FtsH - Bodipy TR-X casein translocation

Lyophilised Bodipy TR-X casein (EnzCheck, Thermo Fisher
Scientific) was solved in 200 pl 100 mM NaHCO; pH 8.3 for a
couple of hours and diluted with 800 pl volume so eventually the
substrate was in SEC buffer. Each protein was measured in
technical triplicates with same protein batch and master mix. 40 pl
total volume were measured in 384-well pureGrade black PS plates
with F bottom (Fisher Scientific) in a Synergy H4 (BioTek) plate
reader at 37 °C for 2 h. 20 pl 0.6 uM protein was added to each well
and the reaction was started by addition of 20 pl master mix.

Emission was measured at 617 nm with a 13.5 nm band pass filter
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Table 11: FtsH casein translocation assay composition and final concentrations
in the well.
Ingredient Concentration
Bodipy TR-X casein 150 pg/ml
Creatine phosphate 160 mM
Naz-ATP 40 mM
MgCl, 40 mM
HEPES/NaOH pH 7.9 200 mM
NaCl| 1500 mM
Creatine phosphokinase 200 U/ml
FtsHhexamers | 300.0 nM
DDM 02 g/

and a detector gain of 102 while the fluorophore was excited at
589 nm with a 9 nm band pass filter. Evaporation was reduced by
sealing with ‘Clear Heat Seal’ (4titude). Most assay components
were mixed in a pre-master mix which was then split and further
supplemented with ATP or water for blanks. Final assay
concentration are listed in Table 11.

8.4.7 FtsH — GFP unfolding

The GFP assay was derived from the Bodiy TR-X casein assay.
Instead of casein 1 uM destabilised GFP mutant utilised. The blank
sample was without FtsH. The GFP was excited at both possible
wavelengths of 430 nm or 488 nm and emission were detected at
512 nm. A bandpass filter of 9 nm was used everywhere. The
detector gain was set to around 90. No default protocol was
established because GFP was not degraded. FtsH concentrations
between 1 pM and 0.1 pM were analysed. Other assay components
were as in Table 11.

8.4.8 Estimation of DDM concentration

The DDM concentration was measured according to Urbani &
Warne, 2005. 50 u sample and 250 y 5 % phenol (w/v) in water
were transferred into a 2 ml polypropylene tube with tight lock.
600 p of 100 % sulphuric acid were added and the tube was closed
immediately as the exothermic reaction releases a lot of heat. The
absorbance was measured at 490 nm after the sampled cooled
down. The assay is valid for concentrations up to 0.4 g/1 and
potentially more.
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8.4.9 Dynamic light scattering

Dynamic light scattering was performed with a DynaPro
NanoStar from Wyatt Technology using 60 pl single-use ‘UVettes’
from Eppendorf at 25 °C. The protein was diluted to 0.5 mg/ml and
centrifuge for 5 min at 21,000 g. A refractive index of 1.33, a
viscosity of 0.906 cp and a globular protein was assumed. A
measurement consisted of ten acquisitions of 10 s length. Data
plotted are from cumulant analysis, but Inverse Laplace Transform
regularisation was checked for bi- or oligomodality.

8.5 Crystallography

8.5.1 Crystallisation
Final crystallisation conditions are listed in Table 12 and Table
13.

Sitting drop initial crystallisation screens with drop ratios of
protein:reservoir of 100:200 nl, 150:150 nl and 200:100 nl (50 ul
reservoir in SwissCi 96 well 3-drop plate) were set up using a
Mosquito (SPT Labtech). The protein was usually concentrated to
10 mg/ml. Used screen: JCSG-plus, Midas HT96, Morpheus, PACT
premier HT96, Proplex HT96, Stura Footprint Combination HT-96
(Molecular Dynamics), Index HT, Natrix, PEGIon HT, Salt RX
(Hampton Research), Wizard 1 and 2 (Rigaku Reagents) and Sigma
for Complexes (Sigma Aldrich). Finer grid screen were employed
around the initial hit by varying main precipitant and buffer pH in
drop ratios of 1:2 pl, 1.5:1.5 pl and 2:1 ul. 48-well MRC Maxi plates

(SwissCi) with 100 pul reservoir volume were used.

Sodium chloride in the SECcrystanisation buffer was changed to the
appropriate sodium salt for crystallisation of GgpS in sulphate,
acetate or bromide. For bromide each buffer during the whole
purification was changed. Some screens contained hydrochloric

acid titrated buffers and malonic acid was used instead.

GgpS crystals appeared within one day but usually as clusters.
They were harvested and used for microseeding using the Beads-
for-Seeds kit (Jena Bioscience) and eventually 0.25 y of 1073-1075

dilutions into so far empty drops. FtsH crystals grew sometimes
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within 20 min. The crystals used for the published dataset with
space group R32 were harvest one year after set up and incubation
at 4 °C. All subsequent experiment were started in the cold room.
The mutants were microseeded similarily to GgpS with mediocre
results.

All GgpS crystallisation conditions turned out to require further
cryo-protection. Increasing the precipitant concentration and
supplementation with polyethyleneglycol 400 failed due to rapid
phase separation. Most crystals were eventually cryo-protected in
a 50 % saturated sucrose solution made from reservoir solution or
reservoir solution of an adjacent condition. If sucrose was
undesired, Paratone N (wta and wtci,gzp), Paraffin (wtci,app), and
crystallisation buffer supplemented with 20 % glycerol (wtsog,cor)

were used.

Crystals were mounted using 18 mm Mounted CryoLoops
(Hampton Research) or Micro Loops (MiTeGen) in various sizes

models.

8.5.2 Data collection and processing

Datasets were collected at beamlines ID23-1 (ESRF, Grenoble,
France), P13 (PETRA, Hamburg, Germany), and PXI as well as PXIII
(SLS, Villigen, Switzerland). We thank all the staff involved of
beamline supervision, maintenance and organisation. Data were
indexed, integrated and scaled with XDS (Kabsch, 2010). Data
reduction strategy was guided by statistics from aimless (P. R.
Evans & Murshudov, 2013) and pointless (P. Evans, 2006) as
implemented in CCP4 (Winn et al.,, 2011), as well as xdsstat
(Diederichs, n.d.) and xdscci2 (Assmann et al., 2016). Datasets
were truncated so that the CCy; in their highest resolution shell
(CORRECT step in XDS) was close to 0.6 (GgpS) or I/o;1 close to 2
(FtsH). XSCALE was used to merge datasets and/or Friedel pairs.
Phaser (McCoy et al., 2007), phenix.refine (Afonine et al., 2012),
xtriage and feature enhanced maps (Afonine et al., 2015) from
Phenix (Adams et al., 2010) were used to further process and
evaluate the datasets. Models were build and modified manually in

Coot (Emsley et al., 2010). Visualisation was done using UCSF
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Chimera (Pettersen et al., 2004) with Polder maps from Phenix
(Liebschner et al., 2017) for ligands.

The first GgpS dataset was phased by molecular replacement
with coordinates from PDB entry 2wtx, a homologous GT20
glucosyltransferase with 31 % sequence identity (Errey et al.,
2010). The first FtsH was phased by molecular replacement with
coordinates from PDB entry 4wwo (Vostrukhina et al., 2015).
Subsequent datasets were phased by molecular replacement with
the best model to date, or by rigid body phasing with subsequent
randomisation of the coordinates by 0.2 A and setting all B factors
to the dataset’s Wilson B.
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9 SUPPLEMENTAL INFORMATION
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Figure 69: Annotated alignment of GgpS from Synechocytis sp. PCC6803,
PCCé6714; Synecococcus sp. PCC7002, WH8102 and TPS from E. coli.

Secondary structures are taken from chain A of wtgrsuc. ‘Az interface’ refers to
the interface between both monomers forming the chloride bridge. The region
around the chloride interactor Trp110 is part of that interface as well. ‘AB
interface’ refers to the interface between the dimer usually found in the
asymmetric unit.
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Figure 70: Deviations of the tetramers found in the crystals grown in presence
of sulphate from the two-bromide bound state.

All tetramers were aligned to chain A (always top left) from the wtg,suc model.
The RMSD of the mainchain atoms of each residue of each model from the
equivalent chain in the wtg.suc model is visualised, e.g. deviation between
Wtsossuc-C and wtgrsuc-A’. Grey circles identify the subunit. Only the wtsossuc (A,
B, C, D) tetramer is annotated. B1/2 is usually missing as most of the th-loop
except from a4 are. al is present everywhere. The dimer around one chloride
site consists of subunits AC, BD, and EF.
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Figure 71: Tension belt loop with 2mF,-DF. map of wtsoscoL.

The map is drawn at 10 RMSD up to 1.9 A around the wts.suc model (top). The map
for the three different chloride sites of the two tetramers found in the wtsoscoL
model are visualised. Map boundaries are 3.5 A away from the coordinates of
the aligned wtgrsuc, or WI10P¢ suc models. The expected position of a bound
sulphate molecule is indicated by a dashed magenta line. Some density can
belong to residues of the C-terminus of a3. This helix is drawn transparent as
reference. The map around the transparent part was hidden, visible electron
density is located behind the helix.
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Figure 72: Tension belt loop with 2mF,-DF. map of wtsossuc.

The map is drawn at 10 RMSD up to 1.9 A around the wts.suc model (top). The map
for the three different chloride sites of the two tetramers found in the wtsossuc
model are visualised. Map boundaries are 3.5 A away from the coordinates of
the aligned wtgrsuc, or W110P¢ suc models. The expected position of a bound
sulphate molecule is indicated by a dashed magenta line. Some density can
belong to residues of the C-terminus of a3. The helix is drawn transparent as
reference. The map around the transparent part was hidden, visible electron
density is located behind the helix.
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Figure 73: a3 and the active site loop around position 300 of wtsoscoL.

As Figure 21A,B. The dimer around one chloride site consists of subunits AC, BD,
and EF.
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Figure 74: a3 and the active site loop around position 300 of wtsossuc.

As Figure 21A,B. The dimer around one chloride site consists of subunits AC, BD,
and EF.
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Figure 75: The active site loops of wtsoscoL.

As Figure 21C,D. The dimer around one chloride site consists of subunits AC,
BD, and EF. Background perspective: The loop preceding al2 is often disordered
(straight thin tube on the left) or for example located at the bottom left in chain
C—a different conformation as in the reference wts:suc.
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Figure 76: The active site loops of wtsossuc.

As Figure 21C,D. The dimer around one chloride site consists of subunits AC, BD,
and EF. The loop preceding a12 is often disordered (i.e. straight thin tube). It is
in background perspective images found on the left in the background.
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Figure 77: SD-test for the samples from the fluorescence-quenching interaction
assay.

Samples were split and one half was directly measured (Figure 31), the other
half denatured by heat and additional SDS. Any effect here would be
independent of the tertiary structure of the protein. These samples are diluted
1/2. The grey areas indicate a deviation by 5 % from the median of a series.
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Figure 78: Herring sperm DNA used in the activity assay.

The DNA was solve in water and sonicated (2 s pulse, 4 s pause, 30 % amplitude,
in ice) into pieces with 250-750 bp length.
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Table 12: Statistics of datasets and their crystals of GgpS. All cell angles are in agreement with the hexagonal lattice: 90°, 90°, 120°.

Name Wia (7pan) Wic,aoe (7ptn) Wig,esp (7pta) Wig,sue (7pal) Wig,sucano (7pt0)
Protein 15 mg/ml R463C 10 mg/ml R463C 15 mg/ml R463C 10 mg/ml R463C 10 mg/ml R463C
SECurystatisation buffer variation NaCl, pH 8.0 NaCl, pH8.0 NaCl, pH 8.0 NaCl, pH 8.0 NaCl, pH 8.0
0.1 M Tris/HCl pH 8.5, 0.1 MTris/HCl pH 8.5, 0.1 M Tris/HCL pH 8.5, 0.1 M Tris/HCL pH 8.5, 0.1 M Tris/HCl pH 8.5,
Screen Condjtion 2 % Tacsimate pH 8.25, 2 % Tacsimate pH 8.00, 2 % Tacsimate pH 8.25, 2 % Tacsimate pH 7.50, 2 % Tacsimate pH 7.50,
14 % PEG 3350 18 % PEG 3350 14 % PEG 3350 24 % PEG 3350 24 % PEG 3350
Soaking None 10 mM G3P, 10 mM ADPG 6 mM G3P Cryo Condition Cryo Condition
Cryo Condition Paratone N Paraffin Paratone N 50 % sat. SUC in Reservoir 50 % saturated SUC
Beam line ESRF - 1D23-1, Pilatus 6M SLS - PXl, Eiger X 16M ESRF - 1D23-1, Pilatus 6M PETRA - P13, Pilatus 6M PETRA - P13, Pilatus 6M
Wavelength [4] 0.9724 1.7000 0.9724 0.9889 0.9889
Remarks None None None Merged Merged, Anisotropic
Space Group 1791P6522 1791P 6522 1791P6522 1791P6522 1791P6522
Cell Dimensions [4] 101.71101.71 344.32 102.30 102.30 349.39 101.68 101.68 336.91 103.68 103.68 364.85 103.68 103.68 364.85
Resolution 344.32-2.77 (2.93-2.77) 88.60-3.30 (3.50-3.30) 336.91-3.75 (3.98-3.75) 89.79-1.88 (1.93-1.88) 89.79-1.88 (1.93-1.88)
Completeness [%] 99.9 (99.5) 99.8 (99.0) 98.9 (93.1) 100.0 (100.0) 100.0 (100.0)
Multiplicity 18.94 (19.54) 10.63 (10.65) 13.36 (12.30) 22.02 (11.37) 11.75 (5.95)
Vol 20.02 (1.13) 18.14 (1.12) 9.77 (1.26) 19.18 (1.26) 14.08 (0.93)
Roveas [%] 8.7 (210.9) 7.4 (186.6) 16.3 (160.3) 9.3(181.1) 9.3(183.7)
cen2 4] 99.9 (61.0) 99.9 (57.1) 59.8 (99.8) 99.9 (60.3) 99.9 (42.5)
Wilson B[] 96.84 136.49 159.73 327 na
Ruorke / Riree 0.2602 / 0.2857 0.2309 / 0.2859 0.2441/0.2902 0.1802 /0.2038
Raman Favored / Outlier [%] 97.36 /0.00 96.68 /0.00 9712/0.22 97.76 / 0.10
Rotamer Outliers [%] 0.36 1.29 0.63 0.67 No model building and
Clashscore 1.69 251 4.07 1.85 refinement
Angle / Bond RMSD 0.611/0.003 0.635/0.003 0.987 / 0.004 0.802/0.004

Proteins /Anions / Ligands per ASU

2 GgpS / 20.5 Cl- / No ligand

2 GgpS / 2*0.5 Cl- / 2 ADP

2 GgpS/2*05 Cl- /2 G3P

2 GgpS/2*05 Cl- /7 SUC
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Continuation of Table 12

Name Wi suc (7pak) Wis, suc.ano (7pak) Wi, suowano Wi, suchighano
Protein 10 mg/ml wt 10 mg/ml wt 10 mg/ml wt 10 mg/ml wt
SECuystatisation bUffer variation NaBr, pH 8.5 NaBr, pH 8.5 NaBr, pH 8.5 NaBr, pH 8.5
0.1 M Tris/malonic acid pH 8.5, 0.1 M Tris/malonic acid pH 8.5, 0.1 M Tris/malonic acid pH 8.5, 0.1 M Tris/malonic acid pH 8.5,
Screen Condiition 2 % Tacsimate pH 7.6, 2 % Tacsimate pH 7.6, 2 % Tacsimate pH 7.6, 2 % Tacsimate pH 7.6,
19 % PEG 3350 19 % PEG 3350 19 % PEG 3350 19 % PEG 3350
Soaking Cryo Condition Cryo Condition Cryo Condition Cryo Condition
Cryo Condiition 50 % saturated SUC 50 % sat. SUC in Reservoir 50 % saturated SUC 50 % saturated SUC
Beam line, Detector PETRA - P13, Pilatus 6M PETRA - P13, Pilatus 6M SLS - PXIlI, Pilatus 2M-F SLS - PXIll, Pilatus 2M-F
Wavelength [4] 0.9763 0.9763 1.0000 0.9197
Remarks Merged Anomalous Anomalous Anomalous
Space Group 1791P6522 1791P 6522 1791P6522 1791P6522
Cell Dimensions [4] 103.68 103.68 363.27 103.61103.61 363.7 103.88 103.88 364.89 103.78 103.78 364.72
Resolution 89.79-1.80 (1.85-1.80) 90.93-2.13 (219-2.13) 51.94-2.30 (2.44-2.30) 51.89-2.13 (2.26-2.13)
Completeness [%] 100.0 (100.0) 99.7 (100.0) 99.9 (99.5) 99.9 (99.3)
Multiplicity 23.23 (19.85) 5.59 (5.73) 7.86 (7.24) 10.42 (10.12)
Vol 23.21(1.45) 19.93 (4.01) 13.13 (1.71) 14.31 (1.60)
Rneas [%] 8.3 (186.9) 5.4 (36.5) 14.4 (121.0) 15.9 (153.0)
Ccel2 %] 100.0 (69.3) 99.9 (93.7) 99.8 (61.4) 99.8 (61.6)
Wilson B [#] 3231 na 35.64 31.07
Ruork / Riree 0.1721 /01948 0.1733/0.2129 0.1713 / 0.2064
Raman Favored / Outlier [%] 96.98/0.20 96.78 / 0.00 9719/0.10
Rotamer Outliers [%] 122 o ) 0.44 0.34
No model building and refinement
Clashscore 1.77 1.66 1.42
Angle / Bond RMSD 0.798 /0.003 0.809 /0.006 0.722 / 0.004
Proteins /Anions / Ligands per ASU 2 GgpS/2*0.5Br- /7 SUC 2 GgpS/2*0.5Br /7 SUC 2 GgpS/20.5Br /7 SUC
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Continuation of Table 12

Name WIT0Pz, sue (7paim) WIT0P: suc 2 Wiso4601 Wisos.suc
Protein 10 mg/ml WI10P 10 mg/ml WITOP 10 mg/ml wt 10 mg/ml wt
SECcrystatiisation buffer variation NaCl, pH7.9 NaCl, pH7.9 Na2S04, pH7.6 Na2S04, pH7.6
Sereen Condtin | %) "/t(g\éae 250 0'16224 /K/ . b vt({vhéae 250 b °/t</PNEaG 250
Soaking Cryo Condition Cryo Condition Cryo Condition Cryo Condition
Cryo Condiition 50 % saturated SUC 50 % saturated SUC 20 % Glycerol in FS2.1 C3 50 % saturated SUC
Beam line |  PETRA - P13, Pilatus 6M PETRA - P13, Pilatus 6M PETRA - P13, Pilatus 6M PETRA - P13, Pilatus 6M
Wavelength [4] 1.0000 1.0000 0.9760 0.9760
Remarks None None Anisotropic Anisotropic
Space Group 1791P6522 1791P 6522 178|P6122 178|P6122
Cell Dimensions [4] 104.44 104.44 360.31 104.10104.10 358.91 154.98 154.98 591.53 156.76 156.76 601.94
Resolution 90.45-3.35 (3.55-3.35) 59.82-3.30 (3.50-3.30) 601.93-3,20 (3.39-3.20) 591.53-3.43 (3.64-3.43)
Completeness [%] 99.0 (98.8) 99.7 (99.1) 100.0 (99.9) 99.9 (99.7)
Multiplicity 4.98 (5.21) 7.23 (7.38) 16.23 (16.78) 29.7 (25.99)
Vol 7.88 (1.48) 1210 (1.48) 9.77 (0.58) 10.04 (1.32)
Rreas [%] 16.5 (108.0) 12.3 (120.3) 19.7 (311.8) 31.7 (185.5)
cel2 % 99.6 (61.6) 99.8 (61.5) 99.8 (61.1) 99.4 (59.3)
Wilson B [#] 99.75 12.42 109.72 109.39
Ruorke / Riree 0.2500 / 0.2631 0.2493 / 0.2752 0.2992 / 0.3213 0.3219 / 0.3397
Raman Favored / Outlier [%] 96.53/0.00 96.01 94.65 /0.44 96.26 /0.28
Rotamer Outliers [%] 1.81 0 5.68 2.84
Clashscore 192 1.93 3.99 3.66
Angle / Bond RMSD 0.665 / 0.004 0.667 /0.003 0.876 / 0.004 0.701/0.003
Proteins /Anions / Ligands per ASU | 2 GgpS/Noanion/3SUC 2 GgpS/Noanion/3SUC 6 GgpS /No anion /Noligand 6 GgpS / No anion / No ligand
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Table 13: Statistics of datasets and their crystals of FtsH. All cell angles are in agreement with the rhombohedral lattice: 90°, 90°, 120°.

Name Whazer (bgcn) F224A054r Q2814454
60 % Tacsimate pH 7.0, 1.2 M trisodium-citrate, 65 % Tacsimate pH 7.0,
Screen Condition | 0.1 M bis-tris-propane/HCL pH 7.0 0.1 MTris/HCL pH 8.5, 0.1 M bis-tris-propane/HCL pH 7.0
20°C 6°C 6°C
Beam line SLS - X06DA, Pilatus 2M-F SLS - X06DA, Pilatus 2M-F SLS - X06DA, Pilatus 2M-F
Wavelength [4] 1.0000 1.0000 1.0000
Remarks Merged No No
Space Group 155 | R32 155 | R32 155 | R32
Cell Dimensions [4] 197.55 197.55 323.92 197.99 197.99 328.46 198.66 196.66 324.37
Resolution 76.00-2.95 (3.03-2.95) 47.91-3.75 (3.98-3.75) 151-3.25 (3.45-3.25)
Completeness [%] 100.0 (99.8) 99.9 (99.9) 99.9 (99.4)
Multiplicity 20.6 (20.9) 10.2 (10.4) 10.2 (10.0)
Vo 2473 (1.92) 13.54 (2.00) 17.06 (2.16)
Rneas [%] 105 (186.9) 14.5 (124.4) 12.6 (117.8)
CCyp [%] 100.0 (71.6) 99.9 (69.6) 99.9 (74.3)
Wilson B [#] 88.71 131.70 9411
Ruork / Riree 0.213 /0.256 0.241/0.287 0./0.213 / 255
Raman Favored / Outlier [%] 95.52 /0.48 96.76 /013 95.07/0.30
Rotamer Outliers [%] 0.79 1.1 421
Clashscore 3.9 4.86 6.45
Angle / Bond RMSD 0.67/0.004 0.755 / 0.004 1.573/0.016
Proteins / Ligands per ASU 4 FtsH/ 4 ADP 4 FtsH/ 4 ADP 4 FtsH/ 4 ADP
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