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Abstract

Gram-negative bacteria are surrounded by two distmtembranes delimiting the periplasm.
The inner-membrane (or cytoplasmic membrane) ispos®d of a phospholipid bilayer
whereas the outer-membrane is asymmetric and cadpaidipopolysaccharides in the outer
leaflet and phospholipids in the inner leaflet. IBohembranes are spanned by numerous
membrane proteins. These are various and theirsgares representing about 30% of the
genome in living organisms. Although the first mearte protein structures were solved in
the 80s using X-ray crystallography, structuraladest still very limited. This dissertation

groups our contributions to this field in the l&st years and is divided in three parts.

A first chapter will describe our work on the stiwal characterization of proteins from the
KdgM family. This family of small porins has beeinst identified in Dickeya dadantii a
plant pathogen. It has been shown that membersatfdpecific porin family are able to
transport acidic (oligo)saccharides but the stmattand biochemical data remain scarce. We
undertook to study this family using X-ray crystaifaphy working in parallel on several
homologues. The chapter is divided in three p#ébtshe purification of theescherichia coli
NanC porin, a member of the KdgM family involved the uptake of sialic acid, its
crystallization and structure determination atA.8solution; (Il) the discussions concerning
the biological implications of the NanC structumattwas published in a research article as
well as additional discussions, and (lll) the sblhgoing work on the purification and

crystallization of KdgM using microseeding matroteening and surface entropy reduction.

In a second chapter, we will discuss a new crystah of OmpF, the general porin Bf coli.
OmpF is probably the best studied outer-membranergéporin as it is very abundant and
rather easy to purify. It has also been used asdehto study translocation of ions through
porins. Since it first structural determination, @Fnstructures have been determined in
several space groups. Here we report a new crgstal diffracting to 2.7 A resolution and
we discuss the presence of 32-symmetry relateceyommb like layers reoccurring in almost

all OmpF crystal forms and formed by identical cmbs.



The last chapter will discuss the purification aoystallization attempts of the inner-
membrane sucrose specific permease B@&om Salmonella typhimurium and of its
complex with a Fab antibody fragment. This proteaiongs to the phosphoenolpyruvate:
sugar phosphotransferase system (PTS) which isiiiiics in eubacteria, but is not found in
other organisms. The PTS belongs to the groupltreaison super-family of transporters and
is composed of proteins or domains allowing thecsijge uptake of a sugar and its
concomitant phosphorylation. Apart from topologydsés, no structural data is available on
the sugar translocation proteins of the PTS wheralhsother members have been
characterized. In order to increase the crystaitinaability of the IBC" permease, we used
monoclonal antibodies Fab fragments to enlargehtfaeophilic surface of the permease and
to rigidify its structure. Fab fragment productigourification and binding will be discussed

as well as crystallization trials of IB&-Fab complexes.
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Preamble: Membrane proteins

The cytoplasm of a cell is separated from the erthalar environment by a (or several)

lipidic membrane(s). The proteins located in thembene are playing an essential role in
cell life, as they assume critical functions sushtee uptake of the nutrients necessary for its
survival or the sensing of all types of signals sapfrom the environment. Because of these

critical functions, membrane proteins are also irtggd pharmaceutical drug targets.

Genes coding for membrane proteins are represeabogt 30% of the genome contents.
Today, more than 60000 structures of proteins aposited in the Protein Data Bank (PDB),
therefore, there should be about 20000 membranteiprstructures in this depository.
However, the reality is very different. Comparedtie vast majority of soluble proteins,
membrane proteins are more difficult to expressadlabilise and to crystallize. Furthermore,
there are often additional problems such as lovieprasolubility or stability. Therefore, on
membrane proteins structures are representingHassl% of the total structures known. The
difficulty to obtain their 3-dimensional structurend therefore to obtain fundamental
knowledge as well as their therapeutic potentiahk@s structural studies on membrane

proteins challenging but clinically relevant.

During this work, we focussed on Gram-negative dx@atthat are surrounded by two
membranes delimiting a cellular compartment capjedplasm. The outer-membrane is an
asymmetric selective barrier composed of a layghaspholipids on the periplasmic side and
a layer of lipopolysaccharide turned to the extitatas environment. The inner-membrane (or
cytoplasmic membrane) is composed of a phosphobpayer (Figure 1). Both membranes
are spanned by many proteins allowing signalling passage of nutrients or waste molecules.
The outer-membrane is a semi-permeable barrierll $madecules with a typical size of less
than 600 Da can diffuse throu@hbarrel proteins called porins that can be speoifioot for
one particular molecule or class of molecules. Biggutrients (such as vitamin B12) can also
cross the outer-membramnga bigger protein channels but are not diffusing lire@s this

process is energy dependent. The inner-membranach more impermeable as no wide



open water filled channels exist. To allow tranatamn, flexibility is required and likely
obtained thank to them-helical folds. In the inner-membrane, proteins iam®lved in other

cellular processes such as signal transductionengg formation.
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Figure 1: Schematic representation of a Gram-negate bacterium membrane organisation

In this thesis, results concerning inner- and eatembrane proteins will be presented in
three main parts: (I) the KdgM family of specifiorms including the crystal structure of
NanC, a member of that family responsible for tpgake of sialic acid irfEscherichia cali,

(1) the crystal structure of OmpF, a general pariik. coli in a new space group and, finally,
(1) the expression, purification and crystallimat trials of enzyme IB&, a sugar specific

permease fronsalmonella typhimurium, with and without the help of antibody Fab fragnsen
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Outer-membrane pore forming proteins: functional clssification

Gram-negative bacteria are surrounded by two memeralelimiting the periplasm. The

outer-membrane is an asymmetric bilayer and is Ijn@stmposed of phospholipids on the
periplasmic leaflet and of lipipolysaccharides ()LP& the outer leaflet. This efficient

protection barrier is spanned by numerous outerdonane proteins. Amongst the variety of
functions, pore forming proteins called porins, allewing uptake of nutrients and removal
of waste or toxic molecules (Nikaido & Vaara, 198B6) Gram-negative bacteria, proteins
involved in nutrient translocation can be classifie three distinct categories (Delcour, 2003;
Nikaido, 2003).

The so-called general (or non-specific) porins,stitute the majority of expressed proteins
present in the outer-membrane. Proteins from tlei described category are responsible for
the translocation of small (less than 600 Da ofeuolar weight) solutes through the outer-
membrane with very little selectivity (Nikaido, 28)0 The flux of molecules through a non-
specific pore forming protein is driven by the centration gradient between the extracellular
environment and the periplasm and is directly propoal to the concentration difference
between these two compartments. The well studiegpfOfrom Escherichia coli belongs to
this subcategory (see Chapter II).

The members of the second category, called spepditns or outer-membrane substrate
specific channels, differ from the general porinthgir ability to bind a given solutéa a
saturable binding site (Schirmer, 1998). The presef this binding site confers to channels
a higher efficiency in translocating molecules dbwa extracellular concentration compared
to general porins. As specific porins have a bigdiite with a given affinity, an analogy with
enzymes has been proposed and therefore the tratexosolute is also sometimes called the
substrate of the specific porin (Schirmer, 1998)e K values range from millimolar (for the
maltose specific porin frork. coli (Benz et al, 1987)) to sub-micromolar (for the gptwate

specific porin OprP fronPseudomonas aeruginosa (Moraes et al, 2007)).

Finally, the third category, called outer-membraeeeptors, comprises proteins able to
translocate larger substrates (600 to 1500 Da) asiciderophores or vitamine B12 (Ferguson
& Deisenhofer, 2002). In contrast with other poritfee members of this outer-membrane

protein family are not forming continuous open atela as they are occluded by a so-called



“plug” domain. In addition, these proteins requarergy provided by the inner-membrane

TonB complex in order to transport their subst{8i@aun & Endriss, 2007).

Outer-membrane pore forming proteins: structural classification

During the last 20 years, 3-dimensional structuiesn outer-membrane pore forming
proteins (OMPs) belonging to all the functionalegpiries have been obtained. OMPs can

therefore also be classified according to theurcdtires and oligomeric states (Schulz, 2002).

A first structural subfamily comprises OMPs belarggto the non-specific and specific porins
categories. Proteins belonging to this family atii water-filled hollowf3-barrels, composed
of 16 to 18 strands and are assembled in veryestaiohers (Fig. 1.1). Another common
feature of this family is the presence of a loofdiftg back into the pore about half way
between the periplasm and the extracellular velgtiblhis loop is also called constriction
loop, as it significantly diminishes the pore radidThis subfamily comprises porins from
Rhodobacter capsulatus (Weiss et al, 1991Rhodobacter blasticus (Kreusch & Schulz, 1994),
Paracoccus denitrificans (Hirsch et al, 1997), th&. coli general porins OmpF, PhoE and
OmpC (Basle et al, 2006; Cowan et al, 1992) as waglthe general porins OmpK36 of
Klebsiella blasticus (Dutzler et al, 1999) and Omp32 Gbmamonas acidovorans (Zeth et al,
2000). Other structures of specific outer-membrahannels such as the maltose specific
porin LamB fromE. coli (Schirmer et al, 1995) or the sucrose specifianp&crY from
Salmonella typhimurium (Forst et al, 1998) were also determined andrigglo that structural
subfamily. More recently, three additional specpmrins ofP. aeruginosa: OprP (Moraes et
al, 2007), OprD (Biswas et al, 2007), OpdK (Biswetsal, 2008) were also structurally

characterized.

In the last years, several other outer-membraneangiaproteins have been structurally
characterized that clearly belong to a new stratsubfamily. This second structural group is
defined by smaller proteins forming monomeric 12 4estrande@-barrels (Fig. 1.1). In this
case, no loop is responsible for the channel ciatisti. This subfamily regroups the putative
oligosaccharide specific OmpG (Subbarao & van dengB2006; Yildiz et al, 2006), the
nucleoside specific Tsx frorg. coli (Ye & van den Berg, 2004) and three specific porin



involved in the uptake of hydrophobic compoundsdlF&rom E. coli (van den Berg et al,
2004), TodX fromPseudomonas putida and TbhuX fromRalstonia pickettii (Hearn et al, 2008).

Figure 1.1: Outer-membrane B-barrel channel proteins

Cartoon representation of the three structural lsgbes of outer-membrane channel proteins: Omps, th
trimeric, 16-stranded general porin frdincoli (green) (Cowan et al, 1992), the small monomesx protein
from E. coli (magenta) (Ye & van den Berg, 2004), and FpvA &t22nded TonB dependent transducer flam
aeruginosa (cyan) (Wirth et al, 2007). In this representatithe extra-cellular side is at the top and théptesm

is at the bottom of the figure.

Finally, a third structural group can be definedluding the TonB dependent receptors and
transducers such as FhuA frden coli (Ferguson et al, 1998; Locher et al, 1998) or FpvA
from P. aeruginosa (Cobessi et al, 2005). These proteins form hu@esttanded3-barrel
occluded by a so-called “plug” domain (Fig. I.1pn%e proteins, then called “transducers”
belonging to this structural group are also actag) signal transducer for sensing of
extracellular molecules. This subgroup is carryiag additional domain allowing the
transduction of the signal to inner-membrane lat@®teins (Brillet et al, 2007; Wirth et al,
2007).

The KdgM family



Recently, a new outer-membrane protein family,ecathe KdgM family, has been identified
(Blot et al, 2002). Members of this family have 8tertest sequence amongst the described
outer-membrane channels with an average matureipri@ngth of about 220 amino-acids.
The first member of the family has been identifisddhe plant pathogeBickeya dadantii
(formerly called Erwinia chrysanthemi) but the protein family (Pfam accession number:
PF06178) comprises about 300 other members todagser proteins are regrouped in a
family based on the assumption that structurallanity can be expected due to conserved
profiles in their sequences. KdgM homologues aesgmt in 56, mostly Enterobacteriaceae,
species including plant and human pathogens sualoasthogenic or food poisoniikg coli,
Salmonella typhimurium, Yersinia pestis, Yersinia enterocolitica and Vibrio, Shigella and
Pseudomonas species. In most cases two and up to four homagequences are present in

the genome indicating a functional advantage fes¢hbacteria to maintain several paralogues.

D. dadantii pathogenicity

D. dadantii is a plant pathogen responsible for the so-calleftl rot disease (Hugouvieux-
Cotte-Pattat et al, 1996) causing huge economasdlih agricultural plants. The plant cell
wall is, amongst others, composed of pectin, amelyofa-1-4-linked galacturonate residues,
some of which can be either methyl- or acetyl-&ser D. dadantii is able to colonize
wounded plants. During the course of infectibn,dadantii is massively secreting a pool of
plant cell wall degrading enzymes, mostly pectisag@ the Out system (Condemine et al,
1992; Pugsley, 1993), a type |l secretion pathvizryeésen & Nouwen, 2008). More than 25
enzymes are involved in the pectin degradationcatabolism (see Fig. 1.2). Several of these
enzymes have redundant functions but are syntheesiader various environmental contexts
or have different locations (secreted, membranaclh#id, periplasmic or cytoplasmic)
(Condemine et al, 1992; Pugsley, 1993). The exjmessf these numerous enzymes with
slight functional and/or regulation differences @aats for the ability ofD. dadantii to
completely degrade the plant cell wall pectin padynminto small oligogalactoronates
molecules, leading to the soft rot disease. Olitgyaronate (GAn), the pectin degradation
product, is composed of heterogeneous oligomergatdcturonides ranging mostly from
dimers (GAZ2) to tetramers (GA4) but also some lompains.

10
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Figure 1.2: Schematic representation of the enzymesnvolved in pectin degradation of pectin and

catabolism of galacturonic acid inD. dadantii (Blot et al, 2002).

GAnN can be used as nutrient By dadantii which possesses all enzymes requiered for its
uptake and catabolism. Amongst these enzymes, iBelXeriplasmic exo-pectate lysase able
to cleave GAn (B4) into shorter galacturonates (Shevchik et al, 9b%9 The GAn
degradation products can then enter the cytopdanifogMNAB and TogT (Hugouvieux-
Cotte-Pattat & Reverchon, 2001), two inner-membraaasporters. The first is an ATP-
binding cassette transporter belonging to the dgrb@te uptake transporter-1 family
whereas the second belongs to the glycoside-peetbs&ixuronide transporter symporter
family. In the cytoplasm PelW pectate-lyase is dbleleave GA4 and GA3, whilst GA2 is
preferentially processed by Ogl an oligogalactuteygase (Shevchik et al, 1999a). The final
products of GAn degradation are galacturonate aket®& 4-desoxyuronate which are further

degraded to pyruvate and 3-phosphoglyceraldehydesdl two molecules finally enter the

11



general cellular metabolism in order to producergyéor the bacterial cell (Shevchik et al,
1999b). All the proteins involved in pectin degraia as well as GAn entry in the cell and
catabolism have been identified including protegsponsible for the translocation of GAn at

the outer-membrane level.

KdgM and KdgN

The translocation of GAn across the outer-membiEne. dadantii is mediated by KdgM
and KdgN, two recently discovered porins belongmdhe KdgM family (Blot et al, 2002;
Condemine & Ghazi, 2007). KdgM is a 25kDa outer-rheane protein that has been
identified as being a specific channel for galamtic acids. ThekdgM gene is part of the
pel W-togMNAB-kdgM-paeX operon, surrounded by genes involved in pectin kgptand
degradation (Blot et al, 2002). The regulationkd§M is complex. The expression of the
whole operon is controled by KdgR, a protein retyoatp most of the genes involved in
pectinolysis and by a cyclic AMP receptor proteBR{) activator (Reverchon et al, 1997).
An additional strong internal promoter located ront of thekdgM gene allows selective
regulation of the two last genes in the operon g3 a protein involved in the regulation of
several virulence factors iD. dadantii (Rouanet et al, 2004). KdgM is strongly expressed

together with the pectinases when pectin is prasdhe environment.

It has been shown that KdgM is essential for thadport of pectin degradation products, and
in particular longer GAn (r& 3). For smaller GAn molecules, the KdgM functicancbe
taken over by the general porinsibfdadantii. As its function can be partially complemented
by general porins, KdgM is important but not esséribr D. dadantii during the course of
plant infection. The transport ability of KdgM hakeen studiedin vitro using
electrophysiology experiments in lipidic bilayeesulting in the characterization of its porin
activity. The pore of KdgM shows a conductance 50 S at a positive potential and is
slightly selective for anions. To confirmn-vitro, the translocation of GAn (= 3),
experiments were realized with addition of trigalacnate (GA3) to the bath of the
electrophysiology experiment (Blot et al, 2002)isTWwas resulting in typical records of a fast
blocker molecule during the experiment indicatingttGA3 is translocated by KdgM but that
the translocation occurs so quickly that the sirglannel recording is not able to distinctly
resolve them. At 100 mV membrane potential,;20K34 mM could be estimated for GAS.
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The genome oD. dadantii is also encoding for KdgN, a close homologue ofjd The
reason of this redundancy is not clear yet; howawéral data comparing KdgM and KdgN
suggest differences in the regulation of thesepwmteins depending which medium is used to
grow the bacteria (Condemine & Ghazi, 2007). Thisimilar to what has been observed in
the regulation of OmpF and OmpC kn coli but it is the first time that it is observed for
specific porins (Batchelor et al, 2005). KdgN prdasea weak selectivity for anions and a
conductance in the range of 450-500 pS. Howevemn éin vivo experiments are showing a
GAZ3 translocation capacity, no blockage was obskemehe electrophysiology experiments
upon addition of GA3 up to 60 mM, in contrast wttdlgM (Condemine & Ghazi, 2007).

NanC

In E. coli, a homologue to KdgM has been identified and ddlanC. NanC is involved iN-
acetyl neuraminic acid (Neu5Ac), the most commaticsacid uptake as it is essential for the
survival of E. coli cells deficient in the general porins OmpF and Gnwhen grown on
minimum medium containing Neu5Ac as sole carborr@@(Condemine et al, 2005). Sialic
acids is a family of nine-carbon sugar acids mgstgsent in the glycoconjugates found at the
surface of higher vertebrate cells (Angata & Va@(02). These acidic sugars are usually
involved in cell-cell or cell-protein interactiomas well as they can act as signalling molecules
in the case of inflammation. Sialic acid is alsocantral molecule in host-pathogen
interactions as some, mostly pathogenic, bactedaable to utilize sialic acids in, at least,
three distinct ways. Some bacteria, suclt.aoli K1, are able to coat their cell surface with
sialic acid molecules in order to mimic the hodt aad to escape the immune system (Vimr
et al, 2004). Some other bacteria can use sialit gained from the host organism as a
valuable carbon and nitrogen rich nutrient (Seeeal, 2007; Vimr et al, 2004). Finally, it has
been recently suggested that sialic acid playsngpoitant role in signalling. During the
course of inflammation, sialic acids are heavilleased by host cells. This release has been
shown to be sensed by some bacteria allowing tterastape the host immune system
(Sohanpal et al, 2004; Sohanpal et al, 2007).

Similarly to what had been done with KdgM, electrggiology experiments on NanC

inserted in lipid bilayer were done in order toedetine its pore properties. Between low
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positive and low negative potential, the NanC clehn® open whereas at high positive or
negative voltages, the channel is closing. Sinyilaol KdgM, NanC has a conductance of
450 pS at a positive potential and is weakly salector anions (Condemine et al, 2005).
However, lipidic bilayer experiments could not domf the Neu5Ac translocation activity as
no channel fast-blocage could be observed whemgdtle putative substrate up to 50 mM.
Unsuccessful tests had also been done using cdlagsid a polymer molecule composed of
very long chains of Neu5Ac.

The presence of NanC is not required to allow fhiake of NeuSAc when general porins are
expressed irk. coli and the Neu5Ac concentration is high enough. Onahe periplasm,
Neu5ac can be transported by NanT, a protein belgrig the major facilitator superfamily
and will be metabolised into 6-phosphorylated Nbgcglucosamine (GIcNAc-6P) by the
NanA, NanE and NanK proteins (Plumbridge & Vimr999 Vimr & Troy, 1985). Further
GIcNAc-6P catabolism by NagA and NagB are leadingrtictose-6P that can enter the
general cell metabolism. All these proteins belem@ne operon whereas NanC is part of a

separated 3 genes operoar(c-yjhT-yjhS).

As for KdgM and KdgN, the regulation of NanC is qaex and its promoter is forming one
of the longest non coding zones (1.4 kb) of Eheoli genome (Fig 1.3). Thaeanc operon is
regulated by NanR, a DNA binding transcriptionaulator also involved in the regulation of
sialic acid metabolism (operorana-nant-nane-nank) (Kalivoda et al, 2003) and by NagC, a
protein involved in the expression regulation ofzynes of theN-acetylglucosamine
catabolism pathway, including NagA and NagB (Conitenet al, 2005). When Neu5Ac is
present, it binds to NanR and thereby allows despon of the NanC operon. The same
mechanism occurs when GIcNAc-6P, the Neu5Ac degiadaroduct, binds to NagC. NanC
is co-regulated with the FimB recombinase, a protevolved in the off-to-on switching of
type 1 fimbriation inE. coli (Sohanpal et al, 2004). However, expressions mBFand NanC
are regulated in opposite ways. While the expressfaNanC is activated by the presence of

Neu5Ac and GIcNACc-6P in the cell, the expressioRiaiB is repressed.
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NeubAc

NanC operon

fimB ' nanc > yihT > yfhS

GIcNAc-6P

Figure 1.3: NanC gene organisation and regulation.
The genes belonging to the NanC operon are colargellow. When NanR or NagC is bound, the expassif
the NanC operon is repressed whereas fimB trargmrifs activated. When Neu5Ac or its degradatioodpct

GIcNACc-6P is present, the NanC operon is activathdreas the fimB expression is repressed.

The two additional genes composing tiac operon are involved in sialic acid catabolism.
yjhT encodes for a recently characterized periplasmiatem called NanM that has been
shown to be a sialic acid mutarotase (Severi €@8). This enzyme is able to catalyze the
mutarotation of the Neu5Aa-anomer (present in glycoconjugate) into flranomer that is
present in solution and able to be transportedhbyiner-membrane sialic acid transporter
NanT. This reaction is spontaneous in solutiondmaurs at a very slow rate. NanM allows a
significant increase the reaction velocity. Thetgio encoded by thghS gene has been
recently characterized as being a 9-O-acetyl Nyhwairaminic acid esterase and has been
renamed NanS (Steenbergen et al, 2009). Thesdsresigigest that the operon containing the

nanc gene is involved in the uptake and catabolismitefr@ative sialic acid molecules.

Structural data on the KdgM family

Structural knowledge on members of the KdgM fansliimited. From cross-linking data and

lipid bilayer experiments on KdgM, KdgN and Nan€Cwas suggested that proteins of that
family are monomeric porins such as OmpG or Ts»t(Bt al, 2002; Condemine et al, 2005;
Condemine & Ghazi, 2007). In a study based on cysigecific labelling experiments, a 14-

strandedB-barrel topology was proposed for KdgM, similarty ®mpG (Blot et al, 2002).
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Later, a study comparing electron microscopy ptaeacmaps of 2D-crystals of KdgM and
KdgN from D. dadantii and NanC fronE. coli with maps from other porins suggested that
the three members of the KdgM family are presenginglar -barrel structures with an oval
shape in the membrane plane (Signorell et al, 20045 was in accordance with sequence
based transmembrarfestrands predictions. That study also gave confionathat these
proteins are monomeric. However, the secondaryctstrel analysis concluded to a 12-

strandedB3-barrel pore contradicting the cystein labellingestments (Signorell et al, 2007).

Goal and achievements of this project

The KdgM family is the first described that allotte uptake of oligomers of acidic sugars.
This ability to facilitate diffusion of rather bigolecules contrasts with the short length of the
polypeptide chain of these proteins that is sugugsa probable small pore. However,
structural data about this family is clearly lagkinThe aim of this project was to obtain
structural data of a member of the KdgM family irder to understand the mechanisms
essential for the substrate translocation in tiels family of specific porins. To achieve this,
the work was carried out in parallel on three hargolus proteins of the family: KdgM,
KdgN from D. dadantii and NanC fronk. coli. The following research reports will describe
in a first part, the purification, crystallizatiand structure determination of NanC followed
by a second part presenting the biological implicet of the NanC structure we published
(Wirth et al, 2009) as well as further additionahaments and discussions. A third part will
shortly summarize the results obtained by Romameéelduring his Master practical under
my and Dr. Caroline Peneffs’ supervision and thgaimg attempts to solve the structure of
KdgM.
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Chapter I.1.

Solving the structure of NanC porin using membrane

incorporated and inclusion bodies refolded protein

Christophe Wirth, Guy Condemine, Tilman Schirmer an d Caroline M. Peneff.
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[.1.1. Material and Methods

1.1.1.1. Expression, refolding, and purification ofNanC produced in inclusion bodies

In order to obtain large amounts of pure NanC pmotihe first production protocol took
advantage of the previously set up methods (Conuerai al, 2005). NanC was expressed
without secretion signal sequence leading to itualation in inclusion bodies. The cells
were broken using a French press and the incldmidres were harvested and dissolved using
6M urea. NanC was then slowly refolded by overnijhtysis against 10mM Tris, 0.5% SDS.
The refolded sample was then purified using a pegp@ SDS-PAGE followed by a
preparative Tris-Tricine PAGE. Finally a size exsthn chromatography was performed in
order to remove aggregated material as well ahémge the buffer to the desired detergent

for crystallization.

Later the refolding and purification protocols wenedified by Dr. Caroline Peneff. Inclusion
bodies were solubilized in 20mM Tris pH 8.0, 8Maiand refolding was performed by drop-
wise fast dilution into a 10mM Tris pH 8.0, 5% Nelbxyl-N,N-dimethylamine-N-oxide
(LDAO) solution at room-temperature and under canistmixing An ultracentrifugation (30
min at 200000) was performed subsequently in order to removeeprcaggregates. The
supernatant was loaded on an anion exchange clography column equilibrated with
10mM Tris pH 8.0, 0.05% LDAO and the elution wasrieal out using a 0 to 1M NaCl
gradient. Fraction containing NanC were concerdradéed further purified using size
exclusion chromatography in 10mM Tris pH 8.0, 150MIEICI, 0.14% foscholinel2. Prior to
crystallization, the salt was removed by overnigjhtysis.

1.1.1.2. Expression of NanC in the membrane, extréion and purification

In order to express NanC in the membrane, primgrs3\5’-ggtccctagcgattattcctge-3’ and
yjh-4 5’-cgaccttgcgataattcacccg-3’ were used to ldgnp DNA fragment extending 1 kb
upstream and downstream of thenC coding sequence. The amplified fragment was cloned
into plasmid pGEM-T (Promega). A Ncol-Acc65I fragmevas cut from this plasmid and
inserted into the same sites of plasmid pKSM717nd&avannakul et al, 1994). The insert
was then shortened by a Ncol-Agel deletion to gilasmid pKSMNan@1. This plasmid
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was introduced into strain BL21(DE3)omp8/pLys ¢fpT hsdSs gal decm AlamB ompF::TnS
AompA AompC (DE3)) (Prilipov et al, 1998). Transformants wgmwn in LB medium at
30°C. When OD reached 1.0, IPTG was added at hdorentration of 1mM and cells were
grown overnight. Bacteria were collected by ceagd#tion at 600§ for 10 min, resuspended
in 10mM Tris-HCI pH 8.0, 1mM EDTA, treated with mmase (Merck) and disrupted using
a French press. Unbroken cells were eliminatedemyrifugation at 600§ for 20 minutes and
the membrane fraction was collected by centrifuogaéit 100004 for 1h.

Total membrane pellets were resuspended in 50mlgl g 8.0. Addition of 1% lauroyl-
sarcosine and 1 min vortexing allowed specific Bitization of the inner-membrane. The
outer-membrane was pelleted by ultracentrifuga{ib@000@ for 1h) and the solubilized
inner-membrane proteins discarded with the supanhaffThe outer-membrane pellet was
resuspended in 50mM Tris pH 8.0. Addition of 0.5étytpolyoxyethylene (OPOE) allowed
solubilization of the outer-membrane proteins. Afitkracentrifugation (1000@dfor 30 min),
the remaining pellet was again resuspended in 50m&pH 8.0. This procedure was done
several times while increasing slowly the OPOE ent@tion until all the NanC protein was
solubilised according to SDS-PAGE.

NanC was purified using anion exchange chromatdyréldonoQ, GE Healthcare) in 20mM
Tris pH 8.0, 0.6% OPOE and eluted with a 0 to 1IMCNgradient. The fractions were
analysed on SDS-PAGE and the ones containing Naa@ wollected, diluted 10 times in
25mM acetate pH 5.0, 0.6% OPOE and then loaded catian exchange chromatography
column (MonoS, GE Healthcare). Bound proteins veduéed using a 0 to 1 M NaCl gradient.
Prior to crystallization, a size exclusion chrongaphy (Superdex 200, GE Healthcare) was

performed, allowing to estimate the monodispersitgt to exchange the buffer and detergent.

1.1.1.3. NanC crystallization

All crystallization screens were done at room terapge using the sitting drop vapour
diffusion method. Initial screens were done usihg sparse-matrix sampling approach
(Jancarik & Kim, 1991) with commercial screens. Ty@cal reservoir volume was 80ul and
drops were prepared mixing 0.5ul reservoir solutiatth 0.5ul of protein solution at various
protein concentrations and in different detergeBtszeral crystallization conditions yielding
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crystalline objects were identified. The best wepéimised in 24-well plates with a reservoir
volume of 500ul and drops made by mixing 0.5ul @rotsolution with 0.5ul reservoir

solutions.

For heavy atom derivatization, both soaking andrystallization methods were tested. For
each heavy atom used (Pt, Hg, Au, Sm, Eu), sewerabounds having various reactivities,
were tested. In the co-crystallization experimetits,protein was mixed with the heavy atom
solution (ranging from 1 to 10mM) several hoursdoefthe set up of the drops whereas in the
soaking experiments, in solutions containing 0.10MOmM heavy atoms for various times

(20 min to 24h) were used.

[.1.1.4. Data collection

Prior data collection, crystals were quickly soaketb stabilizing solution containing
cryoprotectant (15-20% glycerol or 15-20% ethylagtgcol) when necessary, mounted in
cryoloops and flash-frozen in liquid nitrogen. Xtmdiffraction data collection was performed
at 100K on beamline X06SA at the Swiss Light Soy&kS, Villigen, Switzerland) using a
MARCCD for the native crystals and a PILATUS 6Metdbr for the heavy atoms derivitized

crystals.

[.1.1.5. Structure solution

The diffraction data were processed using MOSFLMs(le & Powell, 2007) or XDS
(Kabsch, 1993) and scaled with SCALA (Evans, 206&avy atom sites were found using
SHELXD (Schneider & Sheldrick, 2002) and refinedhwEHARP (Bricogne et al, 2003).
Initial phases were calculated using SHARP. Sol@itening was performed using the
program SOLOMON (Abrahams & Leslie, 1996). To irage the phase quality, multi-crystal
density averaging was applied using DMmulti (CowgaMain, 1993). The model was built
using COOT (Emsley & Cowtan, 2004) and REFMAC (Wienhal, 2003) in interactive
refinement. The model quality was assessed usingRRDBITY (Davis et al, 2007).
Crystal contact analysis was realized using theARI&ver of the EBI (Krissinel & Henrick,

2007). Models were visualized and figures were dgieg Pymol (www.pymol.org).
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[.1.2. Results and Discussion

NanC was expressed and purified in two ways. Tist tbook advantage of the existingnc
construct that had been cloned by Dr. Guy Condemiitleout signal peptide resulting in
NanC expression in inclusion bodies. Two differexfolding methods (using SDS or LDAO
as detergent) and purification protocols (prepeeatiSDS PAGE or ion exchange
chromatography) were used. In a second approachCNwas expressed with its signal
peptide resulting in a mature protein secretedh® a@uter-membrane. This protein was
purified directly from the membrane using ion exap@a chromatography methods.

1.1.2.1. Purification, crystallization and diffraction data analysis of NanC refolded from
inclusion bodies in SDS.

NanC production from inclusion bodies was basedaoprotocol set up initially for its
characterization (Condemine et al, 2005). It alldvyeoducing large amounts of pure NanC
protein. However, the several steps of purificat(oefolding using SDS as a detergent,
preparative SDS-PAGE) were considered being tocsshhatompared to conventional
purification methods. In the final gel filtrationhlomatography step, the detergent was
exchanged and the monodispercity of the NanC pesk aecked. Several detergents were
tested such as octylglucoside (OG), N-dodecyl-NifNedhylamine-N-oxide (LDAO),
octyltetraoxyethylene, octylpentaoxyethylene, fadcte 12 (Fosl2) and foscholine 8.
Samples with OG, LDAO and Fos12 were leading to adsperse gel filtration peaks (data

not shown). The corresponding size was confirmirag NanC is in a monomeric state.

Several crystallization screens were done usingMKdgthese three detergents and crystals
could rapidly been obtained from a 0.14% Fos12 sauepd at a protein concentration of 20-
22mg/ml. Well shaped crystals could be obtainea @ondition containing 0.1M MES pH 6.5
(or HEPES pH 7.5) and 40-45% PEG 400. During thystaflization optimization process,
two different crystal morphologies were observele Tirst crystals were very long rods of
sometimes more than 100x100x800um whereas the decgstals were fine rhombohedric
plates of about 10x200x300um (Fig. 1.1.1).
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The rod type crystals were easy to handle wheteagplate type crystals were very fragile
and often breaking during fishing with the cryolodfowever, several datasets could be
recorder from both crystal types. Typical diffractiimages are shown in Fig. 1.1.2. The best
observed resolution was to about 3.4 A but, unfately, the diffraction was strongly
anisotropic (Fig. 1.1.2).

Figure I.1.1: NanC crystals have two different shags.
(left) Rod shaped NanC crystals and (right) rhondalsll plates of NanC.

Figure 1.1.2: Diffraction pattern from two types of NanC Crysta
Diffraction pattern of (a) the rod and (b) the rHmhedral crystal type showing the anisotropy irhkazses (red

oval) and the resolution limit (arrow).
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The processing of the diffraction data was donaguMMOSFLM (Leslie & Powell, 2007) and
XDS (Kabsch, 1993). In the case of the rod shapedtals, the indexing led to an
unambiguous trigonal or hexagonal space group isaluSelf rotation function showed a
clear peak ak=60° as well as at=180° suggesting respectively a 6-fold axis andl@d-axes.
From the systematic extinctions (reflection coruditfor 00l : I=3n) a & or & screw axis was
concluded. This would suggest that the space godupe rod shaped crystals is;RB or
P&22 with huge cell dimensions. For the plate shapgsitals, the indexing was easier as the
C2 space group was the only suggested with a lmalpe

Table 1.1.3: Crystallographic data of the NanC crysals obtained from protein refolded
in SDS

Rod shaped crystals Plate shaped crystals
Space group RB2 / P22 C2
Cell parameters (A) a=b=278,¢c=129 a=247,b=71,¢c=198,= 126
Resolution (A) 100 — 8.0 (8.43-8.0)) 75-6.0 (6:&0) | 75— 7.0 (7.38 — 7.0)
Rimerge 12.1 (48.3) 10.2 (25.2) 8.9 (27.3)
/(1) 10.0 (3.6) 10.7 (3.1) 12.8 (3.7)
Completeness 99.4 (99.8) 90.4 (64.4) 95.9 (98.2)

Values in brackets are for the high resolution Istfethe data.

For both crystal types, data reduction with SCALEEvd&ns, 2006) led to reasonable overall
statistics when the resolution was lowered in otdekeep the Rerge Values in the higher
resolution shells acceptable (table 1.1.3).

The precise number of molecules per asymmetric eoutd not be clearly estimated using
Matthews coefficient calculation (Matthews, 196B)e hexagonal crystals probably contains
between 9 and 15 molecules par asymmetric unit Bétween 2.00 ADa and 3.33 ADa)

as well as the C2 crystals (Vm comprised betwe86 &%/Da and 3.27 ADa for 15 and 9
monomers respectively). The data collected fronmitohedral plates were used in molecular
replacement trials using several available modtsit was unclear if NanC had a 12 or 14
stranded barrel, models having both numbers ohdsravere used. OmpG (Subbarao & van
den Berg, 2006; Yildiz et al, 2006), Tsx (Ye & vden Berg, 2004), NalP (Oomen et al,
2004), FadL (van den Berg et al, 2004) structurespgective PDB codes: 2IWV, 1TLY,
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1UYN and 1T1L) were used as a search model. Ak sidains were removed excepp C
atoms in order to obtain poly-alanine models. Td@p$ and turns were also removed in order
to keep only thep-barrel scaffold for the molecular replacement ntedéMolecular
replacement was tried using different programsrmrte could find a solution. This is most
likely due to the low resolution and the severesatnopy of the collected data or because the
search models were too different from the NanCcstre.

The tendency of NanC refolded in SDS to form lowotation diffracting crystals could
eventually be explained by several problems ingiegein production and purification. The
crystals were diffracting with strong anisotropyigthcould be due to the intrinsic structure
of the membrane protein that has hydrophilic afeapable of strong and specific crystal
contacts) along the pore axis direction and hasrdpjubbic areas (forming strong but
unspecific crystal contacts) along the two otheesaxRefolded NanC could also be badly
folded when using SDS as a detergent. It mightefioee be necessary to add a purification
step in order to discriminate properly from badéfotded NanC. This can be achieved by
comparing chromatograms of refolded and membramiigzli NanC. The SDS might also
interfere with a normal protein crystallization pess as it is strongly negatively charged and
is likely to be carried over the different purifizn steps as it could bind to the numerous
positive residues present in NanC. If a SDS motaibinding by its charged moiety to the
charged residues of the protein, the hydrophobis ¢d SDS could impair the formation of
tight crystal contacts. To avoid these potentiadbpgms the expression and purification
protocols were modified.

1.1.2.2. Expression, solubilisation and purificatioo of the membrane targeted and LDAO
refolded NanC

Expression was done using full length protein idoig the signal peptide to address NanC to
the membrane and was yielding about 0.5 mg of pwo&in per litre of culture. The use of
BL21(DE3)omp8/pLys strains (Prilipov et al, 1998 an expression system considerably
diminished the number of contaminants, as the magpoins are not expressed in thiscoli

strain.
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The membrane solubilisation protocol was designadhsas to optimize the specific
extraction of NanC and thereby avoid many contantgdn a first stepN-lauroyl sarcosine
was added. In these conditions, the detergentablarto insert into the outer-membrane due
to the presence of LPS whereas it can solubilise itiner-membrane and therefore
specifically extract the inner-membrane proteiret thill be removed from the sample by an
ultracentrifugation step. The subsequent stepwiseaion of the outer-membrane proteins
using OPOE allowed the fractionation of membranaeins in function of their anchoring
strength into the membrane. The first OPOE extwactemoved loosely inserted proteins.
NanC was mainly extracted in the 1, 2 and 3% OP®pssand has already a high purity level
as controlled on an SDS-PAGE (Fig. 1.1.4) as theeabe of major porins avoids the presence

of these contaminants.

4  OPOE (%)

Figure I.1.4: SDS-PAGE of the NanC extracted sampge

MW stands for molecular weight marker in kDa, L®dsresponding to the 1% N-lauroyl sarcosine faagtD.5,

1, 2, 3 and 4 refer to the concentration of OPOfhefmarked fractions.

Nevertheless, further purification was requiredotatain a high amount of crystallization
grade protein. NanC was expressed without affitaty and therefore the purification was
realized using ion exchange chromatography. Theaetetd samples were diluted to obtain a
protein sample at about 20 mM Tris pH 8.0 and O@P®E and loaded on an anion exchange
chromatography column. The elution with a 0 to 1MQM gradient led to several peaks.
NanC eluted at a salt concentration of about 35D#M NacCl, together with a contaminant
having a very similar molecular weight whereas sather unidentified contaminants were

eluting at lower NaCl concentration (Fig. 1.1.5).
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Figure 1.1.5: Anion exchange chromatogram and corrgponding SDS-PAGE.
Anion exchange chromatography using NanC extratted the membrane. The blue trace represents the UV
absorption in mAU, the green curve is the NaCl gmadand the brown curve corresponds to the medsure

conductivity. Red bars represent contaminants hagéellow bar represents NanC containing proteintions.

After analysis on SDS-PAGE, NanC containing fratsiovere pooled, diluted in 25mM
acetate pH 5.5 and 0.6% OPOE, and subjected toncatichange chromatography. Here
NanC eluted at about 150 mM NaCl whereas the miueracontaminant, that had a similar
size than NanC, binds stronger to the columns siaduiked only later, at about 250mM NacCl
(Fig. 1.1.6).
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Figure 1.1.6: Cation exchange chromatogram and coesponding SDS-PAGE.
Cation exchange chromatography of NanC contairemgpdes allowing separation of the main contamin@hné
blue trace represents the UV-absorption in mAU,gleen is the NaCl gradient and the brown is thasuesd

conductivity. Red bars represent contaminants hagellow bar represents NanC containing proteintions.

After these ion exchange chromatography steps, Naupdre enough to allow crystallization
experiments. However, to obtain monodispersity imiation of the sample and to exchange
the detergent to the desired one used for cryzasltin, the fractions containing NanC were
concentrated and submitted to size exclusion chimgnaphy (Fig. 1.1.7). In LDAO, NanC
eluted as a monodisperse peak at a mass corresgotmdiabout 60 kDa according to the
retention time on the size exclusion chromatograftys is consistent with the molecular

weight of NanC added to the mass of a detergerelhaic
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Figure 1.1.7 Size exclusion chromatogram of NanC ahcorresponding SDS-PAGE.
Chromatogram realised in 0.05% LDAO as detergehé Blue trace corresponds to UV-absorption. Red bar

represent contaminants and the yellow bar repre$¢amC containing protein fractions.

In parallel, refolding of NanC from inclusion bodiavas realized using LDAO by Dr.
Caroline Peneff as described in the material anthodepart. One challenge when working
with refolded protein is to be able to discriminbtgween well and badly refolded protein in
order to use, for subsequent crystallization, gmigtein in its native fold. Knowing the
elution profile of the membrane extracted NanC onaaion exchange chromatography
column, we decided to use this method in ordeetoave badly refolded protein. Except not
well refolded NanC, no significant other contaminams present and therefore, no further
purification was required. However, a gel filtrationromatography was also done in order to
exchange the detergent and to estimate the morevdigpof the NanC sample. Although the
initial amount of protein was higher than for thembrane extracted NanC, the final yield
was smaller in this case as a lot of protein wagefolded properly.
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In both, inclusion body refolded and membrane esg®d, cases the protein eluted during gel
filtration was analysed using protein identificatimass spectrometry in order to control that
it was NanC (realized by Dr. Paul Jend, BiozentrBasel).

Prior crystallization, NanC was concentrated ugingicon filtering devices. Interestingly the
membrane purified NanC could be concentrated inOkD5cut-off Amicon whereas the
refolded NanC, when in the same detergent, wasdfaurthe flow through when using this
type of material. This is suggesting that the ddl NanC has a smaller molecular weight
than NanC purified from the membrane and thereby tthe latter one might be associated to
LPS molecules. This was assessed using a silveredte&5DS-PAGE revealing that the
membrane purified NanC sample is containing an tehdil, low-molecular weight, band
whereas the refolded sample does not (Fig. I.IT8s additional band can’t be protein as it
was not stained on the Coomasie gels. Howevemutdccorrespond to LPS that can be
stained on silver gels. Although this is specificlfPS, further assessing using for instance
mass spectrometry is required.

MWW 1B MB

—_——

70—
50 e
ST

25 ——qupealld <« NanC
o & - LPS

Figure 1.1.8: Silver stained gels of NanC samplesupified from the membrane and

refolded from inclusion bodies.
The presence of LPS is confirmed in the membramiigni sample. MW stands for molecular weigh marer

kDa), IB for inclusion bodies refolded NanC samgtal MB for the membrane purified NanC protein.
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1.1.2.3. Crystallization

Membrane extracted NanC

Initial crystallization trials were realized usitige sparce matrix methodagcarik& Kim, 1997).

As the protein concentration and the detergent weresidered as being critical parameters
for crystallization, several protein concentrati@sswell as detergents were tried out during
this initial screening. A first set of screens vdase at 5 mg/ml protein concentration. These
were leading to some needle shaped crystals irwac@nditions when using LDAO as a
detergent. These crystals were not looking suitadblee tested in diffraction experiments as
they were clustered and very fine. Seeing that LD#&3 yielding crystals it was decided to
continue using this detergent. Further screens weadized using a 10 mg/ml protein
concentration in 10 mM Tris pH 8.0, 150 mM NaCl &n@5 % LDAO. This gave crystals in
several conditions from the Classic Lite screera¢@n). The most promising was forming
little hexagonal columns in 100 mM acetate pH 4.®,% isopropanol and 200 mM CacCl
(Fig. 1.1.9) These crystals were easily reprodecilbind improved in conditions with
precipitant concentrations ranging from 100 to 200 CaC} and 3 to 10 % isopropanol;
also the crystal shape was often different. In maases, the crystals grown in this condition
were shaped as half-disks (Fig. 1.1.9). These alys$tad a typical size of about 50 x 50 x 50
pm and were easily reproducible from one purifmatbatch to the next.

Figure 1.1.9: Pictures of NanC crystals.

(Ieft) Crystals obtained when refolding NanC in LDAO fgiag a typical size of 58 50 x 50 pm.(middle and
right) Crystals produced with NanC purified from the meame. The hexagonal crystgfsiddie) have a size of
about 50x 50x 50 um and the half-disKsight) have a diameter of about 100 um and a thickne36 @afm.
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Inclusion bodies refolded NanC

For the refolded NanC, crystals were obtained upnatein at a concentration of 15 mg/ml in
10 mM Tris pH 8.0, 0.14 % Fos12. Here no screemiag required because the protein was
crystallizing in similar conditions than NanC rafetl using SDS (see paragraph: 1.1.2.1).
However, the reservoir solution allowing these talgsto grow was slightly different with a
higher PEG400 concentration (100 mM Hepes pH 72% PEG 400). These crystals had a
diamond shape and had an approximate size of &0e®@0x50 um (Fig. 1.1.9) and were very
difficult to reproduce, as they could only beenvgnovhen using one given batch of refolded
protein. When decreasing the PEG400 concentratiith,the inclusion bodies refolded NanC,
it was also possible to obtain the same, rod otepthaped crystal form than previously
observed with protein refolded in SDS (Fig. 1.1.1).

Interestingly, it was impossible to obtain crystaish the membrane extracted protein using
the condition leading to the crystals obtained fra@folded NanC. Identically, refolded NanC

did not yield any crystals when put in conditionsre membrane extracted NanC did. This
indicates that the two samples were not exactlgtidal, although the chromatograms seemed
similar. Maybe the presence of LPS in the membeximcted sample played an important

role to form the hexagon shaped crystals observédtiaat protein.

1.1.2.4. Diffraction data collection on native progin crystals and processing

Prior freezing in liquid nitrogen, the crystals gro using membrane extracted NanC were
quickly soaked in 15 to 20 % ethylene glycol oraglsol solutions, whereas the crystals
grown from inclusion bodies don’t need any addiiocryoprotection as their condition was

containing sufficient PEG400 concentration.

X-ray diffraction experiments were done at the SO®e resolutions of the membrane
purified NanC crystals and the inclusion bodiesldgd NanC were going up to 2.0 A and
1.8 A respectively. Both crystal forms were presgnan isotropic diffraction pattern with

well defined spots.

Data sets were collected using 1s exposure anérliage. The crystals did not suffer from

radiation damage allowing complete data sets tocdiéected. Diffraction images were
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indexed using MOSFLM (Leslie & Powell, 2007) andiled with SCALA (Evans, 2006).
The good data quality allowed fast processing. @itystals grown from refolded NanC are
H3 whereas the ones grown from the membrane pdifiiietein belong to space group:Pa.
The data reduction statistics are satisfactorybfath crystal forms and are shown in table
1.1.10.

1.1.2.5. Heavy atom derivatization

Intensive molecular replacement trials were doneguthe two native data sets of NanC and
several 12 and 1#-stranded3-barrels such as OmpG (Subbarao & van den Bergs;200
Yildiz et al, 2006), Tsx (Ye & van den Berg, 2008alP (Oomen et al, 2004) or FadL (van
den Berg et al, 2004) in their full length modelimmodified models in which only th@-
barrel scaffold was used. Although these modebngty differ by their number of strands
and their shape, none of these molecular replacetnals was successful and experimental
phasing was necessary. Heavy atom derivatizatios p@ferred to seleno-methionine
methods because many crystals grown with membrangceed NanC were readily available.
Different heavy atom types as well as different poomds for each of them were used to
increase the chance of success. Different soakimgst ranging from 10 min to 24 h, were
also tried out as both quick and long soaks haweeor to successfully allow derivatization
(Boggon & Shapiro, 2000; Garman & Murray, 2003; SuRadaev, 2002; Sun et al, 2002).
NanC doesn’t contain cysteines, so mercury, thet pasular heavy atom, could not be used
efficiently. However, tests using ethyl-mercury weatone because of its ability to bind to
hydrophobic residues that are likely to be expoaedhe surface of NanC. In the co-
crystallization trials, the presence of heavy ateitiser impaired the growth of crystals or the
anomalous signal was too low when measured atythehsotron. Most soaking tests led to
cracks in the crystals. When tested at the SLSgetkeystals were diffracting to a much lower
resolution than the native ones and were also glyosuffering from radiation damage.
However, two useful data sets showing clear inc@gen of heavy atoms in the crystals
according to the x-ray absorption scan, could béeced. They were recorded from two
crystals soaked in stabilizing solution contain2@$6 ethylene glycol as cryoprotectant and
1mM K,PtCl, and 10mM SmGlduring 22h and 10 min respectively. Statisticsthmse data

sets can be found in table 1.1.10.
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The K:PtCl, and the SmGlderivatized crystals were used together with tigh-esolution
native data set in order to solve the phase prablzume to low-resolution of the heavy atom
data sets, the working resolution was at 4A. 4rfet 2 Sm sites were found using SHELX.
Initial phases could be calculated using MIRAS .eAfolvent flattening, the electron density
map was clearly showin@-strands forming a barrel but neither side chaimsaonnections

between the strands were visible.

In absence of non-crystallographic symmetry, dgnsibdification by NCS averaging was
impossible. A shape similarity was observed betwberNan(3-barrel form observed in the
experimental electron density obtained from theg2RP&rystal form and thp-barrel domain

of the NalP autotransporter (Oomen et al, 2004NaA° poly-alaning3-barrel model, from
which the loops and turns were removed, was fitbetthe electron density obtained from the
P6:22 crystal form in order to get a first rough modélthe NanCB-barrel. This modified
NalP model was used as molecular replacement modaider to find the position of the
NanC barrel in the H3 crystal form with Phaser ¢are of 6.02 and log-likelihood gain of
257). Knowing the position of the NanC moleculeghia H3 crystal form enabled the usage
of multi-crystal electron density averaging in arde increase the quality of the electron
density map. The multi-crystal averaging proceduas carried out using program DMMulti
(Cowtan & Main, 1993) and experimental phase infion for the P&2 crystal form as
well as calculated phase information from the H@stal form. The phases were extended
from 4.0 A resolution to 3.2 A in 250 averaging legc The multi-crystal averaging allowed a
remarkable increase of the electron density maptyg\gig. 1.1.11). After the averaging, side
chains were identifiable leading to an unambigupwesignment of the sequence in the

electron density.
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Figure 1.1.11: Electron density maps of the hexagai crystal form at several phasing
steps showing the increasing quality of the map.

Electron density map represented atd &ter (A) the MIRAS phasing and solvent flatten{dg0 A resolution),
(B) the multi-crystal electron density averaging8(® resolution) and (C) the final refinement st@p0 A

resolution). The structure model depicted is thalfmodel.

The NanC model was then built in both electron dgn®maps using COOT (Emsley &
Cowtan, 2004) and REFMAC (Murshudov et al, 199he Tinal R and Rfree values are
respectively 19.5 and 23.0 for the H3 crystals 48@® and 21.4 for the B& crystals (Fig.
1.2.10). Finally the quality of both NanC modelsrese€hecked using MOLPROBITY (Davis
et al, 2007) and deposited in the PDB with entBésIQ and 2WJR for the hexagonal and
rhombohedric crystal forms respectively. 2WJQ shtb@é% and 0.5% of the residues in the
most favourable and outlier regions of the Ramagtamplot. No residues were showing bad
rotamers. For 2WJR, 97% and 0.5% of the residuesmathe most favourable and outlier

regions of the Ramachandran plot, but only 1 res{@6%) has a bad rotamer.

NanC is folded as a hollo@-barrel composed of 12 anti-parallel strands. Ltygps are
connecting the3-strands on the extracellular side whereas sharistlink them on the
periplasmic side. NanC has an approximate heigB8oh and its cross section is ellipsoidal
(20 x 26 A). The structure and its biological ingplions will be further discussed in section
1.2, and in Wirth et al, 2009, also attached ts thesis.
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1.1.2.6. Crystal contact analysis

The crystal contacts in the H3 and theZ26crystal forms have been analysed using the PISA
web served of the EBI (Krissinel & Henrick, 2007).

H3 crystal form

In the H3 crystals, there is one NanC moleculdhendasymmetric unit. Its crystal contacts are
listed in table 1.1.12. Along the c axis, NanC nuooles are interacting head to tail, the
extracellular loops of one molecule being in contaith the periplasmic turns of the other
(Fig. 1.1.13). The extracellular loop in this corttgs almost entering the pore of the neighbour
protein forming a large and tight contact surfatable 1.1.12., interface 1). The repetition of
this contact along the c-axis creates continuolismae-like arrangements of NanC monomers.
Another, smaller interface (interface 3) allows temh between one NanC molecule and
another one located in the next row of the neighbgucolumn-like arrangement of NanC
monomers (Fig. 1.1.13). In the a-b-plane, NanC ks are forming very loose trimeric
arrangements located on the crystallographic 3-dald and interactingia the base of thg-
barrel in a V shape manner (Fig. 1.1.13). Thisriatee (Table 1.1.12., interface 2) is almost
exclusively composed of hydrophobic residues andhydrogen bound or salt bridges could
be detected.

Symmetry related Interface area

Interface Residues Symmetry operations residues (A?)

K111*, R114* Q115,
Q116***, D117, L118*,
S119*% G120* D121,

A2, S23, E24°, G25%,
W26*, Q27*, G29,
W30*, W31, A62, K64,

1 |M122, D125, K153, Y13, xy-213, 24113 | hee b7+, T70, R72*, 0527
D156, Y157, R°158, D95 H137, K214*
H162, K163, K164, A215 '
D200
W94, A96, T97, L100
, A96, T97, L100, 163, L65, D66, W69
2 |F102 v134, v136, y-1, X-y-1, Z 1 199 W4 W1 3153
102, V134 V71, L92, W94, W130
S140, D141°, Y175
Sk * ! ) .
3 |R192,R199™, N20L% | (v 173, -x-2/3, z+1/3 |H176% M177* T178%, 168.5

1202 P179

Table 1.1.12: List of residues involved in the H3 rystal interfaces.
® residues involved in a salt bridge. *, ** and **tesidues forming hydrogen bounds with
one, two and three residues respectively.
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Figure 1.1.13: H3 crystal packing

Interface numbers are referring to table 1.2.12) Packing in the a-b-plan showing very loose trisnére.
monomers A, B and C) along the 3-fold axis. In thian the contacts are mediated only by the hydrbjgh
interface. (B) Close up view of the hydrophobieatction zone within the loose NanC trimer (botto)this
representation, the opened trimer is also visif@®. Crystal contacts along the c axis presenting tihio
additional interfaces and in particular the langeiface (number 1) showing the loop of one monoahost

entering the pore of the other monomer.

P63522 crystal form

The crystal contact areas of the;®Bcrystal form are listed in Table 1.1.14. Thigstal form
contains one monomer per asymmetric unit. The §isking feature of the packing is that
NanC forms a tight trimeric arrangement locatechglthe 3-fold symmetry axis generated in
that hexagonal space group. This trimer, having detergent molecules between the
monomers, resembles to what could be expected iCNaould be a trimeric porin (Fig.
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1.1.15). Within the trimer, the crystal contacte anostly mediated by hydrophobic residues
(Table 1.1.14, interface 1) but hydrogen bounds as® present in order to allow that

assembly.

In the a-b-plan, NanC trimers are forming 32-synmneg¢lated arrangements resembling a
honeycomb with trimers oriented in opposite di@esi (Fig. 1.1.15). The crystal contacts
between the trimers within the 6-fold related adseas are mediated by two small interfaces
(4 and 5 in Table 1.1.14 and Fig. 1.1.15) located the 2-fold axis. Interestingly, such
honeycomb like assembly is also present in sewyatal structures of OmpF, the general
porin of E. coli (see also Chapter Il). Along the c axis, each Nan@ers is forming a tight
head-to-head contact with another trimer (Fig.1b)l. Each monomer of NanC forms a
contactvia its periplasmic loops with the loops of anothee docated on the top of it. This
crystal contact (interface 2 in table 1.1.14) inxed several residues from different loops
around the barrel. Each monomer also forms contithsanother monomer form the trimer
on the top of it (interface 2 in Fig. 1.1.15). Abbgether, NanC forms tight contacts with its
neighbours within the trimer and with another tninfierming hexameric assemblies (Fig.
.1.15).

Interface Residues Symmgtry Symmetry related molecules Interface
operation area (A?)
*
AL, V22, E24, W26, N28, N28*, W30, Y61, 163, K64,
W30, W31, A32, M34, V55,
L65, V71, P73, G74, M75,
1 V57, V59, T77, F79, S80, -y, X-y-1, z 86+ 89. V90 0 640.2
81+, N82, G83, T84, 86", P8s, Y89, V90, Y108,
Y86*, 1215 W110, A112, R114*, R124
S81, N82, Q116, S119, S81, N82, Q116, S119,
2 G120, H162, N197, G198*, -y, =X, -z+1/2 G120, H162, N197, G198*, 303.3
R199, D200*, N201 R199, D200*, N201
R114* Q116, D117, G120*, R114* Q116, D117, G120%,
3 D121* M122* S123* R124, | -x+y+1,y, -z+1/2 | D121*, M122*, S123*, 233.0
N155 R124, N155
4 Y16, Y175, M177, T178 -X, -X+Yy, -z+1 Y16, Y175, M177, T178 103.3
W94, T97, W146, L150, W94, T97, W146, L150,
5 |1165 XY, -y, -2+l l1eg 85.8

Table I1.1.14: List of residues involved in the P&2 crystal contacts.
* ** and *** is for residues forming one, two anitiree hydrogen bounds respectively.
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The interface allowing the trimer formation is larg40 A2) and is detected by PISA as being
a potential biologically relevant protein-proteiontact. However, numerous data, such as
electrophysiology and cross-linking (Blot et al,02) as well as electron microscopy
(Signorell et al, 2007) have shown that NanC is omeeric. The trimer is not observed in the
H3 crystals but the gel filtration elution profie both membrane extracted and inclusion
bodies refolded proteins are similar. Thereforecewe conclude that the trimer observed in the
P22 is not biologically relevant although it could & reminiscence of a trimeric ancestor of
NanC in a similar way than found in the generaldecific) classical trimeric porins such as
OmpF, OmpC, or LamB (Basle et al, 2006; Cowan ,€t@2; Schirmer et al, 1995)

T’: 4‘?’.’ R
Wp ,;1:5/’\‘5‘;
B R e
S RS

Figure 1.1.15: crystal packing in P22

(A) Representation in the a-b-plan. NanC molecwdes forming loose trimers related by the 3-foldsaxi
generated in the BB2 space group. These loose trimers are formingrhexc structures of trimers around the
6-fold axis of the space group. Interface numbegs@ferring to the number in Table 1.1.14. (B) €&} packing
along the c-axis. The NanC loose trimers are iotegr@ to form hexameric assemblies. (C) Close-up
representation of the interactions along the c.&dé&h monomer of NanC is interacting with two mmeos of

the neighbour trimer. Interface numbers are rafgrto the numbers in table 1.1.14.
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[.1.3. Conclusions

This chapter presented the purification of NanQgnoexpressed in inclusion bodies and in
membrane using ion exchange chromatography. Thes®cpls allowed obtaining high
amounts of pure protein and subsequent crystabizabf NanC. Two crystallization
conditions, leading to well diffracting crystalsguid be obtained when using NanC purified
from the membrane or from inclusion bodies aftéoldeng using LDAO. X-ray diffraction
data were collected at the SLS using crystals nbthfrom both conditions leading to native
data sets at 1.8 and 2 A for crystals obtained frefolded and membrane purified proteins
respectively. Using the numerous crystals availaBkvy atom derivatization was undertaken
and anomalous data sets could be measured ustnmguptaand samarium. Initial phases were
calculated using the MIRAS method and the two @erres and the native data sets. The
electron density quality has been strongly improthethks to multi-crystal density averaging
allowing to solve the structure of NanC and to gihe first high resolution structural
information about a member of the KdgM porin familyne crystals obtained here are formed
by two very different packing but in both caseséli&acellular loops of the porin are playing
a critical role for the formation of tight contacts the Pg22 crystal form, a symmetry related
trimer can be observed but all other data, as agthe second crystal packing confirms that
NanC is a monomeric protein vivo. The structure and its biological relevance aseussed

in section 1.2. and in Wirth et al. 2009.
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Chapter 1.2

[.2.1. Research article:

NanC crystal structure, a Model for outer-membrane
channels of the acidic sugar-specific KdgM porin fa mily

Christophe Wirth, Guy Condemine, Céline Boiteux, Si  mon Bernéche, Tilman
Schirmer and Caroline M. Peneff.

Note:

Christophe Wirth purified the protein from the memane, obtained the hexagonal crystal
form, processed the diffraction data, built andned the NanC structures. Caroline Peneff
designed the inclusion body purification protoaitained the rhombohedral crystal form and
phased the crystallographic data. Guy Condemineenthd molecular biology work and
expressed the protein. Céline Boiteux and Simonn&gre made the ligand binding
modelling. Tilman Schirmer helped for phase improeat by multi-crystal averaging and for
funding. The paper was mostly written by Caroliren&ff, with help from Christophe Wirth
and Tilman Schirmer. The figures were realized hystly Christophe Wirth with help of

Caroline Peneff.
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Sialic acids are acidic sugars present mostly on vertebrate cell surfaces,
which can be metabolized by bacteria and act as an inflammation signal. N-
Acetylneuraminic acid, the most abundant sialic acid, can enter into
Escherichia coli K12 through NanC, an N-acetylneuraminic acid-inducible
outer-membrane channel. With its 215 residues, NanC belongs to the family
of small monomeric KdgM-related porins. KdgM homologues are found in
gammaproteobacteria, including major plant and human pathogens, and
together they define a large family of putative acidic sugar/oligosaccharide
transporters, which are as yet poorly characterized. Here, we present the
first high-resolution structure of a KdgM family member. NanC folds into a
28-A-high, 12-stranded p-barrel, resembling the 3-domain of autotranspor-
ter NalP and defining an open pore with an average radius of 3.3 A. The
channel is lined by two strings of basic residues facing each other across the
pore, a feature that appears largely conserved within the KdgM family and
is likely to facilitate the diffusion of acidic oligosaccharides.

© 2009 Elsevier Ltd. All rights reserved.

Keywords: KdgM family; outer-membrane channel; sialic acid; crystal
structure

Introduction

maintaining its selective permeability. In bacterial
outer membranes, these proteins have been classified

Membranes constitute one of the most fundamen-
tal components of all living organisms, acting as
protective barriers separating the cell from its
environment and allowing it to carry out specific
functions. Proteins that fold into channels are
embedded in this lipid bilayer and are essential for

*Corresponding author. E-mail address:
caroline.peneff@unibas.ch.

Abbreviations used: OPOE, octylpolyoxyethylene;
GAn, oligogalacturonate; MIRAS, multiple isomorphous
replacement with anomalous scattering; LDAO,
lauryldimethylamine-N-oxide; Neu5Ac,
N-acetylneuraminic acid; IB-NanC, inclusion
body-targeted NanC; Mb-NanC, outer membrane-
targeted NanC.

into three distinct categories: the general /nonspecif-
ic porins, solute-specific channels (also referred to as
specific porins), and active transporters (for reviews,
see Refs. 1 and 2). Proteins from the first group,
exemplified by the well-characterized Escherichia coli
OmpF porin, facilitate nonspecifically the diffusion
of small solutes (molecular mass exclusion limit
below 600 Da). The flux of molecules through these
pores is driven by the concentration gradient, and
transport is more efficient when the solute concen-
tration difference between the extracellular and
periplasmic space is high. For nutrients with a low
external concentration, uptake occurs via specific
channels that contain saturable binding sites for
guided diffusion of molecules, or active transporters
such as TonB-dependent FhuA.? The first outer-
membrane passive transporters to be structurally

0022-2836/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
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characterized included nonspecific porins from
Rhodobacter capsulatus,4 Rhodobacter blasticus,” Para-
coccus denitrificans,® the E. coli general porins OmpF
and PhoE,” the osmoporin (OmpK36) of Klebsiella
pneumoniae,S and Comamonas acidovorans Omp32,9 as
well as the sucrose-specific Salmonella typhimurium
ScrY channel, " the maltose-specific LamB porin of E.
coli,'" and S. typhimurium.'> These proteins, most
commonly referred to as classical porins, all form
highly stable trimers with each subunit folded into a
hollow barrel composed of 16 or 18 transmembrane
B-strands. Recently, more structures have been
reported, including that of the Pseudomonas aerugi-
nosa specific channels OprD,"* OprK,'* and OprP;"
the E. coli outer-membrane proteins OmpC,'¢ Tsx
(nucleoside-specific),'” and OmpG (a putative oligo-
saccharide-specific channel);'®!° and proteins in-
volved in hydrophobic compound uptake: FadL
from E. coli,?® TodX from Pseudomonas putida, and
TbuX from Ralstonia pickettii*' Interestingly, the
latter five have defined a new structural group with
features different from those of the classical porin
family. In particular, these channels are monomeric
and form smaller barrels, typically composed of 12 or
14 p-strands. According to transmembrane p-strand
predictions, cysteine-labeling experiments, and ad-
ditional biochemical characterization, the family of
KdgM-related outer-membrane channels belongs to
this class of recently characterized porins.*

KdgM is a major, 25-kDa, monomeric outer-
membrane protein of Dickeya dadantii (formerly
Erwinia chrysanthemi), a pathogen responsible for
the soft rot disease that affects numerous plants of
agricultural importance and causes severe econom-
ical losses every year. During the course of infection,
oligogalacturonate (GAn) produced by the plant cell
wall degradation process can cross the outer
membrane via KdgM, which is essential and specific
for transport of the largest molecules (GAn, n>3)
that cannot pass through OmpF/OmpC. Inactiva-
tion of the KdgM gene impairs the virulence of the
bacteria.”® KdgM homologues have been identified
in other gammaproteobacteria. Together, they de-
fine a large family of more than 100 members
distributed in at least 50 species including major
human and plant pathogens such as Yersinia pestis,
Yersinia enterocolitica, S. typhimurium, Pseudomonas,
Vibrio, Shigella spp., and uropathogenic and food
poisoning strains of E. coli. These porins are the
smallest currently characterized, with an average
size for the mature protein of 220 amino acids.
Present knowledge about this channel family is
scarce and mostly relates to genomic information
such as analysis of genetic context, which often
corresponds to pathogenicity islands, and the
possible modes of gene expression regulation.”* In
Enterobacteriaceae, typically two and up to four
homologous sequences are found, underlying the
biological advantage for the bacteria to maintain
several paralogues. The reason for such redundancy
is not clear, but initial data on KdgN, a close
homologue of KdgM in D. dadantii, revealed
differences in their mode of regulation.”

NanC, a KdgM orthologue identified in Shigella
spp. and uncapsulated E. coli strains, has been
further characterized and shown to allow transloca-
tion of N-acetylneuraminic acid (Neu5Ac), the most
abundant of sialic acids.”® Sialic acid refers to a
family of nine-carbon, negatively charged sugar
molecules prominently found at the terminal
position of higher vertebrates’ cell surface glycocon-
jugates but also present in some, mostly pathogenic,
bacteria.”” NanC-expressing strains of E. coli can use
sialic acids as a carbon- and nitrogen-rich nutrient.*®
Recent studies also suggest a signaling role in
balancing the host-pathogen relationship.??-30
NeubAc strongly induces the expression of NanC,
which is required for bacterial growth on Neu5Ac as
the sole carbon source, in the absence of OmpF and
OmpC.* Electrophysiological experiments with
planar lipid bilayers showed that NanC forms
high-conductance channels (typically 450pS) exhi-
biting a weak selectivity for anions,?® similar to
the results obtained with KdgM and KdgN.*?
However, the presence of a saturable binding site
for NeuSAc could not be shown, as the presence of
up to 50 mM Neu5Ac did not affect ion conductivity,
while, in similar experiments, blockage of the
KdgM channel activity was observed when trigalac-
turonate was added.?® Structural information for the
KdgM family is limited to (i) a topology model of
KdgM based on cysteine-labeling experimental data,
which suggests a 14-stranded {3-barrel fold,?? and (ii)
a 7-A projection structure, obtained by 2D electron
crystallography, which confirmed the monomeric
p-barrel fold and estimated the dimensions of its
elliptical cross section to about 24 Ax17 A*!

In order to gain more insight into the structure
and function of the KdgM family, we have
determined the crystal structure of NanC at 1.8 A.
The protein folds into a barrel composed of 12-
antiparallel p-strands. Inspection of the pore lining
reveals the presence of aligned basic residues
defining two positively charged tracks likely to
assist solute translocation.

Results and Discussion

Overall structure

NanC was crystallized in two different crystal
forms (Table 1). Hexagonal crystals were obtained
using protein material extracted from the outer
membrane (the protein was expressed with its signal
sequence), whereas trigonal crystals were grown
from refolded material purified from inclusion
bodies (the signal sequence was removed). Both
forms contain one molecule in the asymmetric unit.
Heavy-atom derivatization of the hexagonal crystals
with K,PtCly and SmCl; led to initial multiple
isomorphous replacement with anomalous scatter-
ing (MIRAS) phase information. A preliminary
model could be fitted into the electron density
map and was subsequently used to solve the
structure of the trigonal crystal form by molecular
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Table 1. Data collection and refinement statistics

Hexagonal Trigonal
KyPtCly SmCly Native Native
Data collection®
Space group P6522 P6322 P6522 R3:H (H3)
Wavelength (A) . 1.0719 1.8353 1.0000 1.0000
Resolution limits (A)
Overall 50.0-4.0 50.0-3.5 50.0-2.0 45.0-1.8
Outer shell 42-40 3.6-3.5 2.1-2.0 1.9-1.8
Cell dimensions
a, b, c (A) 97.5,97.5,123.5 99.1,99.1, 122.1 96.8,96.8, 121.2 749,749,1264
«, B,y (°) 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120
meas 8.1 (12.4) 13.7 (23.5) 8.9 (41.0) 8.6 (31.5)
I/o(I) 21.5 (17.6) 10.7 (7.9) 19.2 (5.7) 12.5 (2.3)
Number of unique reflections 5183 (607) 7289 (553) 22,890 (3247) 24,521 (3603)
Multiplicity 6.9 (7.1) 3.7 (3.8) 9.9 (10.1) 3.3 (24)
Completeness (%) 92.9 (80.1) 85.8 (80.8) 98.6 (97.9) 99.9 (99.9)
MIRAS phasing power
Iso (acentric/ centric) 0.38/0.44 0.30/0.28
Ano (acentric) 0.528 0.299
Refinement statistics
Resolution range (A) 50.0-2.0 50.0-1.8
R/ Riree (%) 19.2/21.4 19.5/23.0
Total number of reﬂeoctionsb 21,713 (1178) 23,265 (1753)
rmsd bond lengths (A) 0.011 0.011
rmsd bond angles (°) 1.33 1.32
Total number of atoms (protein/detergent/solvent) 1714/136/138 1722/32/149

a Numbers in parentheses refer to values for the hlghest-resoluhon (outer) shell.
b Values in parentheses refer to the numbers of reflections used in the random set.

replacement. Multicrystal electron density averag-
ing between the two forms was then applied,
leading to an electron density map suitable for
final model building. The hexagonal and trigonal
crystal structures were refined independently to
final R/Rgee values of 19.2%/21.4% and 19.5%/
23.0%, respectively (see Table 1 for complete
statistics). The two models are very similar with an
average rmsd of 0.68 A for all C* atoms. The
complete amino acid sequence could be traced
except for a 10-residue segment (His43-Leu52)
located in the extracellular loop 2, an indication of
the structural flexibility of this part of the molecule.
An overview of the NanC structure and a schematic
topology model are shown in Fig. 1.

Although the NanC molecules form a trimer in the
hexagonal crystal (related by the crystallographic 3-
fold symmetry), the small number of interactions
between the monomers indicates a crystallization-
driven association. This is consistent with the
monomeric state of NanC observed in the trigonal
crystal and deduced, in solution, from gel-filtration
experiments (elution volumes for the membrane-
extracted and refolded NanC protein are similar) as
well as previously reported biochemical and bio-
physical data.232631 NanC folds into a hollow, 28-A-
high p-barrel, with ellipsoidal cross section of about
26 Ax20 A (Fig. 1b and c). The barrel is composed of
12 antiparallel p-strands and not 14 as has been
suggested for its homologue KdgM.* The average
angle between the -strands and the barrel axis is
45°, and the shear number is 14.%* The discrepancy
between the crystal structure of NanC and the
previously proposed topology model of KdgM is

explained mostly by the fact that KdgM Ser72 and
Asn100 were predicted to lie in an extracellular loop
by the cysteine-labeling experiments (cysteines at
positions 72 and 100 could be labeled using intact
cells). The structure, however, shows that the
equivalent residues in NanC are found on the
periplasmic side (turns T3 and T4). Since it is
unlikely that KdgM and NanC would fold very
differently, the reason for the misleading cysteine-
labeling result is not clear and shows that such
experimental data should be interpreted with
caution.

The structure of NanC displays a number of
structural features typical of outer-membrane chan-
nel proteins. In particular, the loops connecting the
B-strands are long on the extracellular side, with the
exception of L1 and L3, whereas short turns (T1-T5)
are found facing the periplasm. Two lines of
aromatic residues, separated by about 24 A and
also referred to as aromatic girdles, are encircling the
barrel, delimiting the hydrophobic outer surface of
NanC that would be embedded in the outer
membrane in vivo (Fig. 1b). No loop is occluding
the channel (Fig. 1c) in either of the two structures,
which have been determined at different pH (4.6
and 7.8). This, together with the different crystal
packing, argues against a pH-gating mechanism
such as that reported for OmpG.!?

The 12-stranded barrel structure and monomeric
assembly directly relate NanC to the recenth
determined structures of Tsx'” and OmpG.'®"
However, the OmpG barrel has 14 B-strands with
a wider and more circular geometry than NanC, and
the 12-stranded barrel of Tsx appears significantly

a7
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Fig. 2. NanC channel architecture. Stereo view of a NanC ribbon model, together with the molecular surface of the
pore generated in dot representation by the program HOLE.** Side chains constricting the channel at its center and all
aromatic residues lining the channel are shown as sticks and labeled. Residues with boxed labels are highly conserved

within the family.

more ellipsoidal. Unexpectedly, the closest structur-
al homologues of NanC are not found among
functionally related outer-membrane channels but
in the group of bacterial autotransporters. Superim-
position of the NanC structure onto that of the j-
domain of autotransporter NalP*® shows surprising
similarities with an overall rmsd of 1.74 A over all
C* atoms from transmembrane (3-strands.

Transmembrane channel

Pore shape and dimensions were analyzed using
the program HOLE.?* The NanC channel resembles
a hollow cylinder with an average radius of 3.3 A.
Maximal pore constriction occurs close to its center
(~13 A away from the periplasmic outlet, with a
minimum radius of 2.9 A) and results from the
presence of bulky side chains extending from the p-

strands (Fig. 2). Although the size of the NanC
channel at the most constricted region is similar to
that of OmpC (2.9 A) or PhoE (3.1 A), the tubular
pore geometry contrasts with the hourglass archi-
tecture observed in classical porins resulting from
the presence of a constriction loop. In that respect,
NanC pore structure is most related to that of OmpG
or Tsx.

The pore is lined predominantly with charged and
polar residues, a common feature of bacterial porins.
In NanC, a striking predominance of positive
charges is clearly visible with the regular arrange-
ment of basic amino acids facing each other across
the pore. On one side of the channel, five arginines
(Arg85, Argl07, Argl29, Argl05, and Arg72) and
four lysines (Lysll1l, Lys153, Lys91, and Lys64)
form a continuous electropositive surface (track 1),
which spans the entire channel from the extracellular

Fig. 1. NanC porin structure. Residues composing the transmembrane p-strands are shown in beige. Extracellular
loops (L1-L6) and periplasmic turns (T1-T6) are labeled and displayed in light and dark green, respectively. Blue residues
or broken lines correspond to the missing part of the structure. N and C designate the termini of the polypeptide chain. (a)
Topology diagram of NanC. The first p-strand is repeated to indicate interactions closing up the barrel. Circled residues
belong to loop regions and squared residues belong to 3-strands. Residues indicated in bold have their side chain pointing
towards the pore interior and those in italic have their side chain pointing towards the membrane bilayer. Residue
numbers correspond to the mature sequence. (b and c) Stereo cartoon representation of the p-barrel viewed from the
membrane (b) and from the cell exterior together with its molecular surface (c). Horizontal lines indicate the approximate
boundaries of the outer-membrane hydrophobic core and lipopolysaccharide (LPS) head groups. The side chains of
residues forming the aromatic girdles are shown as red sticks.

49



Crystal Structure of NanC

723

vestibule to the periplasmic outlet (Fig. 3a). On the
opposite side, four arginines and one lysine compose
a second conspicuous succession of positively
charged amino acids (track 2) connecting the
extracellular face to the narrowest point of the
channel constriction (Fig. 3b): Arg10 is found at the

(a)

-

L

Short axis

Extracellular side

exoplasmic tip of the p-barrel inside which Arg208,
Arg6, Argl9, and Lys21 side chains are stacked on
top of each other, defining an arc down one side of
the pore. Similarly aligned basic residues, also
referred to as basic “ladder” or “slide”, have been
described in OprI’,15 OprD,13 and Omp32,9 but to the

(b)

Fig. 3. Electrostatic properties. (a and b) Cut-open views of the channel are displayed with electrostatic potential
mapped onto the molecular surface of the pore. Behind the semitransparent surface, charged side chains are shown in
stick representation (carbon in light orange, nitrogen in blue, and oxygen in red). Boxed labels indicate basic residues from
track 1 (a) and track 2 (b). Acidic residues in interaction with the tracks are also labeled. (c) Stereo representation of NanC
porin viewed along the barrel axis from the cell exterior (for clarity, parts of the extracellular loops have been cut away).
Charged side chains (blue, positive; red, negative) extending towards the pore interior are arranged as in a quadrupole.
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best of our knowledge, this is the first time that two
separate electropositive tracks are observed.

Positive charges within the pore are partly com-
pensated by the presence of acidic residues. In
particular, Asp154, Asp132, and Asp148 participate
in direct electrostatic and H-bond interactions with
basic residues from track 1 and similar interactions
connect Glu204, Glul7, Asp188, Glu186, and Asp4 to
Argl10, Argl9, and Arg208 from track 2 (Fig. 3a and b).
Interestingly, the positioning of charged side chains,
in particular at the channel center, suggests an
electrostatic quadrupole (Fig. 3c), similar to that
observed in the OmpG pore.'® Again, this is different
to the general porins OmpF, OmpC, or PhoE in which
a dipolar arrangement of charged groups at the
constriction zone has been described, a feature likely
to facilitate the translocation of charged solutes while
preventing that of apolar molecules.®

Specific solute transport

The NanC structure is consistent with a role in
Neu5Ac transport, proposed on the basis of its
genetic context, transcriptional upregulation in the
presence of Neu5Ac, and complementation studies.*®
The channel appears large enough to accommodate
NeubAc, and the preponderance of basic residues
within the pore would facilitate transport of the
negatively charged Neu5Ac molecule, in agreement
with the reported anionic selectivity.”® To under-
stand the molecular mechanism of transport, we
have attempted to determine the structure of NanC in
complex with a monomer or homo-oligomer of
Neu5Ac. So far, our efforts have been unsuccessful,
possibly because of one or several of the following
reasons. The absence of high-affinity binding sites for
NeubAc, in particular under crystallization condi-
tions, may prevent formation of the complex. Since
trigonal crystals, growing at neutral pH, could not be
reproduced, cocrystallization was only performed in
the conditions of the hexagonal crystal form, that is,
at pH 4.6. Unfortunately, at this acidic pH value, the
Neu5Ac polymer is likely to be instable.** Soaking
experiments were performed in various pH condi-
tions and may have failed because of the non-
accessibility of the channel in the crystal. One way
to overcome the problem would be to subject NanC,
together with its ligand, to a new broad crystalliza-
tion screen for the identification of conditions
favoring the complex formation and stability.

Nevertheless, a detailed analysis of the pore
interior and comparison with structural and func-
tional data from related specific outer-membrane
channels can provide some indications as to the
mode of solute translocation. First, aromatic side
chains are often found in stacking interactions with
sugar rings, and their contribution to the binding
and transport of sugar molecules or related com-
pounds has been described in the case of LamB,””
ScrY,'? and Tsx."” In NanC, four aromatic amino
acids (Trp31, Tyr89, Tyr133, and Tyr184) are present
inside the pore, all located close to the most
constricted region (Fig. 2). In particular, aromatic

side chains at positions 89 and 184 are remarkably
well conserved among enterobacterial members of
the KdgM family, supporting a functional role for
these residues. Second, and most importantly, we
expect that the strong electropositive potential
inside the pore constitutes the major driving force
for translocation. The ligand carboxylate group
could successively bind to the aligned Arg and Lys
residues that pave the way from the extracellular
space to the narrowest point of the channel, in a
manner reminiscent to the proposed mechanism of
phosphate translocation via OprP."> The presence of
three lysines (at positions 98, 64, and 214) located at
the periplasmic end of the pore, together with
Arg72, may subsequently guide the solute towards
the exit (Fig. 3a and b). However, what is unique to
NanC is the presence of two electropositive tracks
and it is not immediately clear how both tracks
could participate in binding the Neu5Ac sole
carboxylate group. One possible explanation is that
the preferred ligand of NanC possesses several
negative charges. Since NanC is closely related to
GAn-specific KdgM, it is possible that, similarly,
NanC transports preferentially oligomers of sialic
acid. Computational simulations of the ligand
binding and translocation have been performed
using the program CHARMM.? The result shows
that oligosialic acid could indeed orient the carbox-
ylate groups of consecutive Neu5Ac units in
alternating directions, thus fully taking advantage
of the two tracks for guided diffusion through the
pore (Fig. 4).

Unfortunately, the effect of precise and appropri-
ate concentrations of oligomers of Neu5Ac on the
channel conductance of NanC has not been assayed.
Colominic acid, which is a mixture of homopoly-
mers of NeuSAc of different length, was tested in
electrophysiological experiments and did not affect
ion conductivity of the refolded NanC channel.*
The refolding process reported in this study was
performed in the presence of the negatively charged
detergent SDS, which may have modified the ligand
binding properties by interacting with the basic
residues. Some of the tested polymer molecules may
have been too large and the smaller ones not at a
concentration high enough to induce blockage of the
channel activity. In addition, the high salt concen-
tration used in these experiments (0.8 to 1 M KCl)
may not have been appropriate since it may have
shielded considerably electrostatic interactions. Fur-
ther investigation of the NanC channel conductivity
in optimized experimental conditions is needed to
clarify these points. Liposome swelling assays (i.e.,
the reconstitution of NanC into proteoliposomes
and the measurement of solute diffusion rates
derived from the osmotic swelling rates of the
liposomes when placed in the presence of test
solutes)® could also be performed to address this
issue, although the use of this method for studying
the diffusion of charged solutes has proven partic-
ularly difficult.*’

Intestinal mucosal surfaces that are colonized by
E. coli contain high levels of sialylated mucins, and
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Fig. 4. Ligand binding model. Stereo view of a NanC ribbon model, together with a trimer of Neu5Ac, in one possible
binding position suggested by computational simulations. The Neu5Ac trimer (white carbons) and basic residues from
the pore linings (beige carbons) are displayed as sticks and labeled. Gray broken lines indicate possible H-bonds and
green ones represent salt bridges between the sialic acid negatively charged carboxyl groups and residues from both track

1 and track 2.

monomers or oligomers of sialic acid can be made
available to E. coli by the action of host sialidases,
upregulated during the course of inflammation, or
sialidases secreted by other bacteria present in the
same niche. Moreover, in an environment where
nutrient content is relatively low and competition is
high, one would expect that the bacterium has
acquired all possible ways to maximize specific
nutrient uptake. However, in the absence of
identified intracellular E. coli enzymes with sialidase
activity, the reasons why the bacteria would have
acquired a specific channel for translocation of sialic
acid oligomers are unknown. nanC is the first gene
of a three-gene operon, nanC—yjhT—yjhS. The recent
characterization of YjhT/NanM,*' a sialic acid
mutarotase, shows that E. coli is capable of trans-
forming, in the periplasm, the end product of
polysialic acid degradation, that is, the a-anomer
of NeubAc, into the p-anomer that can be trans-
ported through the inner membrane via NanT. yjhS,
the last gene of the NanC operon, codes for a 35-kDa
periplasmic protein with unknown function. The
functional characterization of this protein should
shed more light on the specific role of NanC. In
particular, it would be interesting to test whether
YjhS could be the sialidase that cleaves oligosialic
acids that have entered through NanC.

The KdgM porin family

KdgM homologues are found in gammaproteo-
bacteria. Presently, 101 sequences distributed in
more than 50 species have been identifiedt (family
number: PF06178). The great majority of these
KdgM homologues are found in Enterobacteriales.

thttp://pfam janelia.org/site
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If we exclude two distantly related genes from
Pectobacterium carotovorum (formerly Erwinia caroto-
vora), phylogenic sequence analysis of these family
members reveals the existence of four main sub-
families: the KdgM, NanC, and OmpL subgroups
and a final set composed mainly of homologues
from Salmonella spp., which we have named SkrPs
for Salmonella KdgM-related porins (Fig. 5). Present
functional data are scarce but analysis of genetic
context and possible modes of transcriptional
regulation suggest a role in acidic sugar/oligosac-
charide transport.>** In many species, two closely
related sequences (typically sharing around 60%
sequence identity) from all subfamilies except that of
OmpL have been identified. These include the
following protein pairs: (i) D. dadantii KdgM and
KdgN; (i) NanC and a related homologue named
NanC2, both present in the pathogenic E. coli strains
CFT073 and O6; and (iii) two uncharacterized
homologues in Salmonella spp., named SkrP1 and
SkrP2, whose gene location suggests a role in the
transport of rhamnogalacturonate, a pectin degra-
dation product.** To pinpoint possible conserved
structural features within this family as well as to
investigate further the reason(s) for genetic redun-
dancy, we have used the structure of NanC to build
3D models of these homologues, using the web-
based SWISS-MODEL workspace.** We restricted
the analysis to the p-barrel domain that could be
modeled with a high level of confidence, and we
compared the number and location of charged (and
particularly basic) pore residues between NanC and
the modeled homologues.

First, comparison of the closely related homo-
logues within each protein pair shows that signifi-
cant differences are only observed between NanC
and NanC2, in which four Arg and one Lys have
been substituted to uncharged amino acids. Most of
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Skrp2 ST | ~
Skrpl ST

Fig. 5. Homology models of KdgM family members. The phylogenic tree of selected members of the KdgM family is
presented, together with the 3D homology models of the proteins with boxed labels. Dashed squares delimitate the NanC,
KdgM, OmpL, and SkrP subfamilies. Models are displayed in a top view with the extracellular loops cut away for clarity
and the side chains of basic residues lining the pore interior shown as blue sticks. EC, ECC, DD, YP, and ST stand for E.
coli, E. coli CFT073, D. dadantii, Y. pestis, and Salmonella typhi, respectively. The accession codes for the proteins are as
follows: NanC2_ECC, Q8CVR1; OmpL_EC, P76773; KdgM_DD, Q934G3; KdgN_DD, ABF-0015532 (https:/ /asap.ahabs.
wisc.edu/asap/logon.php); KdgM_YP, Q8ZF15; KdgN_YP, Q8ZA25; SkrP1_ST, POA1U9; SkrP2_ST, Q8Z7MO.

the remaining basic residues lining the modeled
NanC2 pore still cluster in two small groups facing
each other, but this feature does not appear as
prominent as in NanC. Electrostatic properties can
vary significantly depending on osmotic conditions.
This gene duplication might reflect the need for the
bacteria to adapt to different environments in a
manner reminiscent to what has been described for
OmpF/OmpC.** On the contrary, no significant
differences could be observed between the models
of SkrP1 and SkrP2 and between those of KdgM and
KdgN. This is consistent with previous studies
revealing no major functional differences but a
reciprocal gene expression regulation pattern,
which suggests an upregulation of KdgM during
the course of plant infection, whereas KdgN would
be used under saprophytic conditions.*

Second, and most importantly, we were particu-
larly interested to assess the level of conservation of
the basic residues forming the two positively

charged tracks. Our modeling studies suggest a
striking structural conservation of the two facing
strings of arginines and lysines inside the pores of
KdgM, KdgN, SkrP1, and SkrP2, with the exception
of the OmpL model that exhibits one main track.
Overall, about half of the relevant, positively
charged amino acids are conserved in sequence.
The four arginines Arg6, Argl05, Argl07, and
Arg208, located in the center of the pore, are
among the most conserved amino acids throughout
the entire family, which is not surprising since
conserved arginines at the constriction zone of
porins are assumed to play an important role in
the ion conductance and selectivity properties. Gl
To compensate for the residues not conserved in
sequence, the models suggest that arginines or
lysines arising from another part of the sequence
are likely to replace the missing basic residues and
complement the cluster to form two opposite tracks
resembling those observed in the structure of NanC
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(Fig. 6). Such conservation supports a functional role
for these residues in NanC and related porins and is
consistent with the proposed common role for these
KdgM family members in the transport of acidic
oligosaccharides. For KdgM and several other
homologues, the translocated solutes most probably
result from pectin degradation occurring during the
course of plant infection.?* Thus, the structure of

NanC, by revealing the architecture of KdgM family
members, complements the extensive structural
analyses performed on proteins from enterobacterial
pectin degradation pathways.*’ It also provides
valuable information for further characterization as
well as for the design of KdgM channel activity
inhibitors that could be used to fight D. dadantii
plant infections.
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OMPL_EC STD...LSGELDNNDTYEIGTYWNEKITDKFSYTFEPHYFMRVNDFN SSNGKDHHWE
BIL6 P2L6 B12
—] 6 > >
20(_)
NanC_EC DRQGVYNGRD S
KdgM_YP PG....SKVTD 0
KdgN_YP SG....SKNTD| K
KdgM DD SG....SETTD 0
KdgN_DD EGP...SKTTD 0
Skrpl_ ST SV....NSNSD G
Skrp2_ST AV....RNNTD 0
NanC2_ECC DKQGVYKGKD L
OMPL_EC DRNVEP..Y.H K

Fig. 6. Sequence alignment of KdgM family members. The alignment was generated by ClustalW and subsequently

rectified to position insertions and deletions in loop regions.

Secondary structural elements and residue numbers of NanC

are indicated at the top. Identical residues are highlighted in black; semi-conserved ones are boxed. Stars designate

residues that are highly conserved within the KdgM family.

Filled circles indicate arginines or lysines forming the parallel

tracks in the NanC pore, whereas unfilled circles mark the position of basic residues that could contribute to similar
positively charged tracks in other family members, as suggested by the 3D homology models.
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Biological significance

Sialic acids represent a valuable source of carbon
and nitrogen, in particular for NanC-expressing E.
coli strains that have acquired all the enzymatic
machinery for growth on sialic acid as the only
carbon source.?® In the intestinal environment, the
importance of that nutrient is supported by the
significant overexpression of nanAT genes (essential
for NeubAc transport through the inner membrane
and cytoplasmic catabolism) detected during the
initial phases of mouse colon colonization by E.
coli.*® In line with this, the same study reports a 1.9-
fold upregulation of the nanC gene.

Furthermore, sialic acids could also serve as a
regulatory signal to sense inflammation. Neu5Ac
(the level of which raises during inflammation) has
been shown to suppress the expression of type 1
fimbriae virulence factors, via the downregulation of
FimB recombinase, possibly as a means for the
bacteria to evade from the immune system.”*%*”
Interestingly, the genes coding for FimB and NanC
are adjacent in the E. coli genome and separated by a
large intergenic region where complex transcription-
al regulation takes place. As a result, gene expression
regulation of FimB and NanC appears highly
intertwined.”**" In this context, efficient uptake of
monomers and oligomers of sialic acids via NanC
might be important to level down host defenses.

In laboratory conditions and/or at high Neu5Ac
concentration, Neu5Ac is efficiently translocated
through OmpF/OmpC and the involvement of
NanC may be minimal. However, this might not be
the case under different conditions. A recent DNA-
microarray analysis of temporal gene expression in
E. coli K12 biofilms reports an overall 5-fold over-
expression of NanC.** At low sialic acid concentra-
tions such as in the intestinal tract, the specific
features revealed by the structure of NanC and in
particular the strong positive electrostatic potential
inside the pore would make NanC more efficient for
NeubSAc transport than OmpF/OmpC. Moreover,
the presence of two tracks of basic residues facing
each other across the pore, which are likely to be
conserved among acidic sugar-specific members of
the family, appears well suited for the translocation
of acidic oligosaccharides. These results, together
with the mutarotase activity recently described for
NanM, are consistent with the idea that primary
functions of NanC and other genes within the operon
(coding for NanM and YjhS) are probably not simply
for NeubAc acquisition but rather for scavenging of
host or microbial-derived sialic acid products.*!

Materials and Methods

NanC expression and purification

Full-length E. coli NanC was cloned into a T7 promoter-
containing expression vector pKSM717 either with or
without the signal sequence and expressed into BL21(DE3)
omp8/pLys E. coli cells.”” Transformants were grown in

LB medium at 30 °C, and overexpression was induced by
addition of 1 mM isopropyl-D-thiogalactopyranoside.
Bacteria producing outer membrane-targeted NanC (Mb-
NanC, the protein synthesized with its signal sequence)
were harvested after an overnight induction; resuspended
in 10 mM Tris-HCI, pH 8.0, and 1 mM ethylenediamine-
tetraacetic acid; and disrupted in a French press. Two
centrifugation steps (6000¢ for 20 min followed by
100,000¢ for 1 h) allowed the elimination of unbroken
cells and subsequent collection of the total membrane
fraction that was resuspended in 50 mM Tris, pH 8.0. After
solubilization of the inner-membrane fraction by addition
of 1% lauroyl sarcosine (Sigma), the outer-membrane
fraction was pelleted by ultracentrifugation (100,000g for
1 h) and resuspended in 50 mM Tris, pH 8.0. NanC
membrane extraction was achieved by stepwise solubili-
zation of the outer membrane using increasing concentra-
tions (from 0.5% to 3%) of octylpolyoxyethylene (OPOE;
Bachem). Solubilized NanC was first purified by anion-
exchange chromatography in the presence of 0.6% OPOE.
NanC-containing elution fractions were pooled and
diluted 10 times in 0.6% OPOE, 25 mM acetate, pH 5.0
prior to loading onto a cation-exchange chromatography
column. The final purification step consisted in a gel
filtration on a Superdex-75 column (GE Healthcare) in
0.05% lauryldimethylamine-N-oxide (LDAO; Anatrace),
150 mM NaCl, 50 mM Tris, pH 8.

Inclusion body-targeted NanC (IB-NanC, the protein
synthesized without its signal sequence) was produced
from cells harvested after a 2-h IPTG induction and
disrupted in a French press. A 5-min, 2000g centrifuga-
tion step was performed to eliminate unbroken cells
followed by a 10-min centrifugation at 8000g to pellet the
inclusion bodies that were subsequently dissolved in 8 M
urea, 10 mM Tris, pH 8. Refolding was carried out by
rapid dropwise 8-fold dilution in 5% LDAO, 10 mM Tris,
pH 8, at room temperature under thorough mixing. After
a 30-min, 150,000g ultracentrifugation step, the superna-
tant was loaded onto an anion-exchange chromatography
column pre-equilibrated with 0.05% LDAO, 10 mM Tris,
pH 8.5. NanC-containing fractions were pooled, concen-
trated, and subjected to size-exclusion chromatography in
0.14% Fos-Choline 12 (Anatrace), 150 mM NaCl, 10 mM
Tris, pH 8. Eluted protein fractions were finally dialyzed
against 0.14% Fos-Choline 12, 10 mM Tris, pH 8. This last
chromatography step was performed in the presence of
various detergents, and the eluted protein was subse-
quently subjected to crystallization screening, but only
the presence of Fos-Choline 12 led to diffracting crystals
of the refolded protein.

NanC crystallization

Protein samples were concentrated on an Amicon
filtration device with a molecular cutoff of 30 kDa with
final concentrations of 10 mg/ml. Crystals were grown
using the vapor diffusion technique at room temperature.
Sitting drops were prepared by mixing 0.5 jul of the protein
sample with 0.5 pul of the reservoir solution that consisted
of 5-10% isopropanol, 150 mM CaCl,, 100 mM acetate,
pH 4.6, and 52% polyethylene glycol 400, 100 mM Hepes,
pH 7.5, for Mb-NanC and IB-NanC samples, respectively.
Mb-NanC crystals appeared within 10 days; they belong
to the hexagonal space group P6522 with cell dimensions
a=b=96.8 A and c=121.2 A. IB-NanC crystallized in
the trigonal space group R3:H (also referred to as H3)
with cell constants a=b=74.9 A and c=126.4 A. Crystals
were solubilized and analyzed by SDS-PAGE and mass
spectrometry, confirming the nature of the crystallized
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protein and that no proteolysis had occurred. The two
crystal forms have one molecule in the asymmetric unit
and solvent contents of 62% and 54% for the hexagonal
and trigonal forms, respectively. The trigonal crystals
were not reproducible from protein batch to batch and
replaced by thin crystalline plates that diffracted aniso-
tropically to 6 A only. Consequently, only the hexagonal
Mb-NanC crystals were used for heavy-atom derivatiza-
tion, which was successfully achieved with a 22-h soak in
the presence of 1 mM K,PtCly and a 10-min soak in a
solution containing 10 mM SmCl;. Both soaks were
carried out in crystallization conditions supplemented
with 20% ethylene glycol.

Data collection and structure determination

Prior to data collection, native Mb-NanC crystals were
soaked a few minutes into the crystallization solution
supplemented with 20% glycerol or ethylene glycol,
whereas IB-NanC and derivatized Mb-NanC crystals
could be directly flash-frozen in liquid nitrogen. X-ray
diffraction data collection was performed at 100 K on
beamline X06SA at the Swiss Light Source (Villigen,
Switzerland) using either a MARCCD (for native crystals)
or a PILATUS 6M detector (for derivatized crystals).
Native data were processed using MOSFLM>’ and scaled
with SCALA.”! Diffraction data from derivatized hexag-
onal crystals were processed and scaled using XDS.>2
Positions of heavy-atom sites (four Pt and two Sm sites)
were determined using SHELXD>® and refined using
SHARP,** which was used to calculate initial phases.
After solvent flattening using the program SOLOMON,>
the resulting experimental MIRAS electron density
showed the presence of a 12-stranded p-barrel but the
map quality was insufficient for full interpretation.
Nevertheless, the structural similarity between NanC
and the p-domain of NalP was revealed and an alanine-
substituted model of the latter could be used to solve the
trigonal crystal structure by molecular replacement using
Phaser.”® Subsequently, the electron density map was
decisively improved by applying multi-crystal density
averaging using the program DMmulti.”” Model building
of the two crystal forms was performed with Coot,*® and
refinement was carried out by REFMAC.>® The stereo-
chemistry of the refined models was checked by the
program MolProbity.” Ninety-seven percent of all
residues are found in the favored regions of the
Ramachandran plot. One outlier, Gly87, is found in the
disallowed regions. Since the electron density
corresponding to this residue is very well defined, this
conformation is likely to result from the presence of a
proline at position 88.

Figures 1b and ¢, 3, 4, and 5 were generated with
PyMOL, Fig. 2 with HOLE* and VMD,* and Fig. 6 with
ESPRIT.® Surface electrostatic potential representations
shown in Fig. 3a and b were created using GRASP.**

Modeling of the ligand binding

The simulation system consisted of the NanC structure
together with a Neu5Ac trimer. Several initial configura-
tions were used, each corresponding to a different position
of the trimer center of mass along the pore axis. All the
calculations were performed usin% the programs
CHARMM?® and the CHARMM27°*** all-atom force
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field with a GBSW (Generalized Born with a simple
SWitching) implicit solvent model. The protocol of
simulation consisted in 200 steps of minimization (SD
procedure in alternation with ABNR method) followed by
1 ns of Langevin dynamics in implicit solvent using the
GBSW® module of CHARMM (time step of 0.002 ps,
temperature set at 300 K).

The membrane was modeled as a solvent-inaccessible
infinite planar low-dielectric slab of 28 A thickness.®® The
nonpolar solvation energy was estimated from the
solvent-exposed surface area using a phenomenological
surface tension coefficient of 0.04 kcal/mol/A?. All bonds
involving hydrogen atoms were fixed using SHAKE
algorithm.®”

Accession numbers

Structure factor amplitudes and coordinates of the
hexagonal and trigonal NanC porin structures have been
deposited in the Protein Data Bank (respective accession
codes: 2WJQ and 2W]JR).
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[.2.2.1. Recent characterisation of NanM and NanS

Bacteria genomes are generally clustered in cestrédsed operons in which all genes are
belonging to the same pathway.Hncoli, thenanC gene belongs to an operon composed of
two additional genes calledanM (or YjhT) and nanS (or YjhS) coding for two proteins
involved in the sialic acid catabolism. NanM hasmeecently characterized as being a
periplasmic sialic acid mutarotase (Severi et @8). This protein is yet the only one known
to have this function in bacteri& coli colonises mucosal surfaces in which sialic acid is
mostly present in glycoconjugate underanomeric form. When cleaved away from these
glycoconjugates by host sialidases or other sisidampetent bacteri&.(coli K12 is unable

to cleave sialic acid away from glycoconjugategllis acid a-anomers are spontaneously,
but very slowly, converted i-anomers. NanM is folding in a 6-bladed uncloBgaropeller,
catalyzing this otherwise very slow mutarotatioaateon and considerably accelerating it. As
NanT, the inner-mebrane transporter responsibléhsialic acid entrance in the cytoplasm,
is specifically translocating tH&anomer, the presence of NanM gi¥e<oli an advantage in
comparison to other bacteria for the acquisitiorsialic acid (Severi et al, 2008), a good
carbon and nitrogen source in the colonized hosttlider advantage fdt. coli could be the
rapid depletion of the sialic acid released by Hsslidases in the extracellular environment
during the course of inflammation, slowing the himstnune response down (Severi et al,
2008; Sohanpal et al, 2004).

NansS, the third gene in tm@anCMS operon, has been recently identified as beingtanpial
9-O-acetyl N-acetylneuraminic acid (Neu5,9Aesterase (Steenbergen et al, 2009). NanS
allows the growth oE. coli on minimal medium containing Neu5,9Aas sole carbon source.
This enzyme would allow the catalysis of the NedgAnto Neu5Ac that can be further
acquired and processed by the bacteria as carbdmitmogen source. “Sialic acids” is a
general term for a family of nine-carbon sugar acideu5Ac is the most frequently found
and the most important in metazoans. However, aéwgher sialic acids are present in
animals including Neu5,9Aawhich is the second most abundant (Steenbergah 2009).
The acquisition of alternative sialic acid molesué®uld giveE. coli a substantial advantage
in colonising the host intestine compared to otheteria reflecting its success in colonizing

the lowest intestine.
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It was shown that neither NanC nor NanM or NanSeasential to allow the growth &f coli

on Neu5Ac clearly indicating that these proteing aot directly involved in Neu5Ac
acquisition (Condemine et al, 2005; Severi et B0& Steenbergen et al, 2009). However,
their regulation clearly suggests an implicationprobably alternative, sialic acid metabolism.
Data obtained on NanM and NanS suggest that theipsobelonging to this operon could be
involved in the processing of sialic acid molecudésers than Neu5Ac, the most common one.
On the basis of structural data and comparison #gthomologues, we proposed that NanC is
implied in the acquisition of sialic acid oligomefBombined with the mutarotase activity of
NanM, this proposal would imply the existence of@t unknown, periplasmic enzyme that
would be able to cleave oligomers of sialic acithdugh our structure of NanC supports its
putative activity in translocating oligomeric chsiof acidic sugars to the periplasm (Wirth et
al, 2009), the recent study on NanS (Steenbergeal,eR009) suggests that it could
specifically translocate alternative sialic acid lesoles such as Neu5,9A®r directly
released sialic acid containing glycoconjugate wudks. However, the hypothesis of
alternative sialic acid uptake would not explaie fanction of NanM and why it is in this
operon. Alternatively, the glycoconjugate uptakeuldorequire an additional, not discovered

yet, periplasmic protein able to cleave sialic doidother sugars) away of these molecules.

The limited biological information on NanC does raltow, yet, to determine the exact
function of theNanCMS operon. This clearly indicates that further exmemtal data on
NanC is required. Therefore, a collaboration hasnbstarted with the group of Prof.
Eisenberg, (Chicago) in order to determine the Ibelsatrophysiological properties of NanC
as well as in presence of several potential sulestradowever, data using Neu5,Aar

glycoconjugates were not recorded yet.

1.2.2.2. Two HEPES molecules are present in the rindbohedral NanC structure

The rhombohedral crystals of NanC were grown imyatallization condition containing 100
mM HEPES as buffer. After refinement of the struetobtained using these crystals, an
unassigned electron density was visible at theaan& and the exit of the pore. First
resembling a sulfate ion electron density, thenegfient of the fitted ion model led to

additional electron density. Placing the sulfataatyoof the HEPES molecule into the initial
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large electron density, a complete HEPES molecatesd be fitted in these densities and

could be refined properly when the occupancy wasose.7 (Fig. 1.2.1).

Figure 1.2.1: HEPES molecule located at the extradlelar entrance of the pore.

Also shown are adjacent residues as well as tlotrefedensity at 1.4

The presence of two ordered HEPES molecules ilNdreC pore is surprising. The binding
determinants can be clearly identified. In bothesasthe sulfate moiety of the HEPES
molecule is bound to positively charged residuested inside th@-barrel and belonging to
the two positively charged tracks that have beentifled in the NanC structure (Fig. 1.2.2).
The hydroxyl “tail” of the HEPES molecule locatetl the extracellular pore entrance, is
forming a hydrogen-bound with residue R10 of theeotside of the pore. For the HEPES at
the periplasmic side, a loose hydrogen bound betwlee hydroxyl of the HEPES and T135
is possible (3.75A). However, except the sulfatéetypthe electron density for this molecule
is weakly defined and the HEPES molecule might ¢iglytly bind to NanGsia its sulfate.
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Figure .2.2: The two HEPES molecules are bound tbasic residues.

Possible ionic or hydrogen bounds are represemebldck. (Top) HEPES molecule located close to the
extracellular exit of the pore. The sulfate moistynteracting with R85 and K111. (Bottom) HEPESIecale
located at the periplasmic side of NanC. The seilfabiety is interacting with K91. In both cases iiddal

hydrogen bounding is provided by water molecules.
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1.2.2.3. Implications of HEPES bound inside the pa

The HEPES molecules binding into the NanC porelikety to have important implications

on both biological and experimental aspects.

The binding of the HEPES molecules is mostly mediaby its sulfate moiety which is
hydrogen bounded to basic residues of the mostrggrieature of NanC, its two positively
charged tracks. This, before never observed featsréelieved to be involved in the
translocation of N-acetylneuraminic acid oligomg@go-Neu5Ac) by orienting and guiding
the substrate through NanC (Wirth et al, 2009)oAlse HEPES molecule is a bit similar to
Neu5Ac (it has nearly the same size and an acidigpgon one side) its binding to the pore
raises the question of the substrate specificitaiC. It is likely that NanC is able to attract
and bind, not only (oligo-)Neu5Ac or sialic acidrigatives but also a vast variety of
negatively charged molecules such as other acidjars or smaller negatively charged ions.
This will have to be determines in lipid bilayerpeximents in collaboration with Prof.
Eisenberg, Chicago.

A second question rising from the binding of HERE® the NanC pore is if HEPES can be
translocated through the channel or is it only lmgdo it? This question will have to be
addressed by future experiments as it has impomaplications. The fact that the electron
density for the HEPES molecules is relatively vagfined is suggesting a rather tight binding
to these two sites. This would imply that the ponght be partially blocked by these
molecules.

65



Figure 1.2.3: Surface representation of NanC with ad without HEPES bound.

(left) surface representation of NanC when the HEREblecules has been removed. In this case theipore

wide open whereas when HEPES is present (represienballs) it is partially occluded (right).

The two molecules are located at both the entramzk exit of the channel but are not
completely closing the channel. However, the radifisthe pore at these positions is
significantly diminished and therefore HEPES migitt as a competitive inhibitor for
translocation of Neu5Ac through NanC (Fig. I.2.B)EPES was used as buffer for the
electrophysiology experiments on NanC and the okKagM family members (Blot et al,
2002; Condemine et al, 2005; Condemine & Ghazi,7200he concentration was only 10
mM compared to the 100 mM used for crystallizatiomt, the presence of HEPES could have
influenced these measurements. To investigate BERBS$ effect and to eventually reproduce
the measurements with Neu5Ac and oligo-NeuAc usingther buffer, electrophysiology
experiments are being done in collaboration withghoup of Pr. Eisenberg in Chicago using
NanC purified from the membrane in order to avoidregual problems due to the refolding in
SDS method (see 1.1.2.1). Initial results cleamdicate that HEPES is significantly
diminishing the channel conductance already at 5 (kM. 1.2.4). With 200 mM only 50-
60 % of the conductance is remaining compared gamaple without HEPES. In the future,
other buffers will have to be used for electropblmyy experiments and their iniquity
assessed before the experiments.
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Figure 1.3.4: Current-voltage traces of NanC insereéd in artificial lipid bilayer;

All measurements were done using 250 mM KCI. Theeements have been performed without HEPES (black
trace) with 5 mM (red) and 100 mM (green). Thisufig is provided by J. Giri, Department of Bioengireg,

University of lllinois, Chicago.

[.2.2.4. Potential influence of salt on substrataanslocation

As deduced from the crystal structure of NanC anchfthe models of other members of the
KdgM family, the translocation through these poriasmost probably driven by the two
conserved alignments of basic residues facing et inside the aqueous pore. The charges
probably play a fundamental role in long rangeaatton and translocation of the substrate
similarly as in Omp32 (Zachariae et al, 2006; Zaiclgaet al, 2002). Therefore it is likely that
the presence of numerous anions employed in thelatd electrophysiology experiments
(800 mM KCI) (Condemine et al, 2005) can shieldtiply the two positively tracks and
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diminish the translocation efficiency. However, exkmental data of trigalacturonate
translocation could be measured for KdgM in simdalt conditions as for NanC. Therefore,
the ligand translocation is probably not completaipaired, but may be less efficient than in

in vivo conditions.

1.2.2.5. NanC-ligand complexes

Many attempts were made to try to obtain the chystaicture of a complex of NanC with
Neu5Ac or oligomers of sialic acid. No binding ctamd could be measured for Neu5Ac in
the NanC characterization study (Condemine et@5® However, data could be obtained
for KdgM and trigalacturonate and theg Kas estimated to be about 30 mM (Blot et al, 2002)
and it could be speculated that NanC has a simffarity for its substrate. This low affinity
value is necessary to allow the proper functiorihef specific porin. In order to efficiently
translocate its substrate, a specific porin shawtdbind it too tightly as it would lead to a
difficult release of the substrate. In the casdha&fE. coli maltoporin LamB, it had been
shown that the affinity of a specific porin for gsigar substrate increases with the length of
the sugar and the protein-substrate complex tookradge from that (Dutzler et al, 1996).
Furthermore from the NanC structure we deduced thahay be able to translocate
oligomeric sugar acids. Therefore, several molechbkve been tested up to a high substrate
concentration: Neu5Ac (up to 100 mM), Neu5&,8-linked dimer (up to 40 mM), trimer
(up to 25 mM) and tetramer (up to 10 mM).

As the rhombohedral crystals were not reproducildeaking and co-crystallization
experiments were tried out using the hexagonatakysrm. For co-crystallization, the ligand
was added to the NanC protein solution 12-18 hbefere the set up of the crystallization
drops. Soaking experiments were tried out with auggiligand concentrations and soaking
times ranging from several minutes to 18 hours. el@w, all co-crystallization and soaking
experiments failed as no crystals could be obtaingtle co-crystallization experiments, and
no electron density for sialic acid was visible thectron density obtained from soaked
crystals. This can be caused by several paramstefrs as too low binding site affinity (as
discussed before). Sialic acid oligomers have lsd@wn to be unstable at acidic pH (Manzi
et al, 1994). The hexagonal crystal form condit®at pH 4.6 and may results in spontaneous

cleavage of the oligomers of sialic acid leadingmonomeric sialic acid. This would
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unfortunately lead to the loss of the benefit ahgligomers in order to increase the affinity
of NanC for Neu5Ac. Taken together, these factdgloty explain why the co-crystallization
and soaking attempts failed.

Additionally, the recent conclusions of the studyNanS (Steenbergen et al, 2009) imply that
NanC may be a porin specific for modified sialicidaenolecules. Therefore, intensive
translocation data using electrophysiology lipididayer experiments using Neu5,9Ac
glycoconjugates and (oligo)Neu5Ac are needed befiatber co-crystallization or soaking

experiments can be undertaken.

1.2.2.6. Mutations proposed to probe translocationhrough NanC

NanC and the related homologues belonging to thgMKéamily have been classified as
specific porins. This implies, that they have pmpes similar to enzymes and especially, the
presence of a specific binding site allowing teefilthe solutes and to limit the translocation
to a given (class of) molecules. Once the subswatslanC will be identified by lipidic
bilayer experiments and as the NanC structure mptex with ligands could not been
obtained, the mutation of specific residues impagirithe translocation could give

experimental evidences into the transport mechanism

The inside of the NanC pore is mostly formed by ttwasecutions of basic residues forming
a continuous positively charged patch from theaeg#llular environment to the periplasm.
This feature is likely to be important for substrguidance and translocation through the pore
and is probably conserved in NanC homologues. tleroto confirm the role of these two
lines of positive charges, mutations to neutraéwen negatively charged residues could be
done.In vivo studies, electrophysiology experiments as wellnaslico modelling on these
mutants, could allow understanding the transporthaeism at a molecular level. These
experiments could be done in collaboration with treups of Dr. Condemine, CNRS,
Université de Lyon (Villeurbanne, France), Profsdtiberg University of lllinois (Chicago,
USA) and Prof. Berneche, Biozentrum, UniversityBakel.
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Figure 1.2.5: Cut away representation of the consered residues NanC pore.

Residues (except glycins) conserved amongst thebmesof the KdgM family are reprensented in stidksey

all cluster in the central, most constricted, regif the pore.

Although the two charged lines seem to be strultyuveell conserved in the KdgM family,
only four arginine residues (R6, R105, R107 and&RiRPONanC) are highly conserved in all
the sequences of KdgM family members (Wirth e809). These four residues are likely to
play a key role in substrate translocation asall fare grouped together at the centre of the
pore, close to the constriction zone (Fig. I.2[8utation of these residues could probably
give insight into their importance for substragmnsglocation.
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Chapter 1.3

Crystallization of KdgM using
microseeding matrix screening and surface entropy

reduction mutants

Roman Lehner*, Christophe Wirth*, Guy Condemine, Ca  roline M Peneff and

Tilman Schirmer

*. Contributed equally to the project
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The following section is describing the expressipurification and crystallization of KdgM
that was done in parallel to the work on NanC. Tjmgject can be divided in three main
phases: (1) initial crystallization assays usinggKtprotein expressed in inclusion bodies and
refolded and purified using SDS as a detergend, ¢kpression and purification of
6xHisTagged KdgM from the membrane as well as rgstallization with and without
microseeding matrix screening and (lll) design asondface entropy mutant generation, its

expression and initial crystallization results.

Dr. Caroline Peneff and | worked together on thst fphase and obtained the initial KdgM
crystals that were unsuitable for structure deteaton. The second phase was done by
Roman Lehner during his Master practical under ngy&r. Caroline Peneffs’ supervision. In
addition, Roman Lehner designed the surface entnoants used during the third phase of
the project but could not, during his practicaltadb the variants. Our collaborator, Dr. Guy
Condemine, obtained a first mutant (K124 to sertha} | purified and crystallized in several
conditions. The crystallographic analysis was doyene.

As a large part of this section is redundant whign Master Thesis of Roman Lehner, only the

first and the third phase of the project will besalissed in details. The second part will be
very shortly summarized but details can be founth@Master Thesis of Roman Lehner.
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[.3.1. Material and methods

1.3.1.1. Protein expression

Expression in inclusion bodies

Over-expression of KdgM and KdgN was done in indashodies by Dr. Guy Condemine
(Unité de Microbiologie et Génétique Villleurbanrierance) using thé&dgm (or or kdgn)
gene without the membrane addressing signal sequefite gene was cloned into a
pKSM717 plasmid containing a T7 promoter (Maneevekahet al, 1994). The expression of
this protein was following the protocol establishied the in vivo and electrophysiology
studied of NanC (Condemine et al, 2005).

Expression in membranes

In order to express KdgM in the membrane, the gemas recloned in pKSM717
(Maneewannakul et al, 1994) with its signal seqeeaddressing the protein to the outer-
membrane. A 6-histidine tag (6xHis-tag) was alsdeakl as other monomeric porins could be
expressed, purified and crystallized with a such aéimity tag. The protein was then
expressed irE. coli BL21(DE3)omp8/pLys (FompT hsdSs gal decm AlamB ompF::Tn5
AompA AompC (DE3)) (Prilipov et al, 1998) grown in LB mediunh 20°C. The expression
was induced by addition of 1 mM IPTG when OD reach®. The cells were harvested after

overnight expression at 30°C and stored at -80°C.

Mutations
The mutation work was realized by Guy Condeminengifpuickchange cloning protocol

(Stratagen) and various primers depending whichatimut has to be introduced.

1.3.1.2. Protein purification

Inclusion bodies refolding and purification

The first productions and purifications of KdgM amdigN were realized by Dr. Guy

Condemine using protein expressed in inclusiondmdifter production, the inclusion bodies
were harvested and dissolved in 6M urea. The dadali material was refolded by an over
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night dialysis against a 10mM Tris, 0.5% SDS solutiThe refolded protein sample was
purified using a preparative SDS-PAGE and a TigAe PAGE. Subsequently, gel filtration
chromatography was performed in order to exchandietand detergent to the one used for

crystallization.

Purification of membrane produced KdgM-His and KdgM-His K124S

Cells were resuspended in 10mM Tris pH 8.0, 1ImM BRhd lysed using a French press.
Unbroken cells were discarded after a 15 min cegaition at 6009. The total membrane
fraction was harvested by centrifugation at 10@0fa® 1h. Membranes were resuspended in
50mM Tris pH 8.0, 1% N-lauroyl sarcosine (LS) ider to specifically solubilise the inner-
membrane. The outer-membrane was collected byieggtion at 100009 for 45 min and
resuspended in 50mM Tris. The protein was thenaetd¢d from the outer-membrane by
addition of increasing octylpolyoxyethylene (OPQd&ncentrations. In the first step, 0.5%
OPOE was added, the sample mixed and centrifuge@0foninutes at 1000@0 The pellet
was then resuspended and an increased concenw&d@POE added. This was done until the
whole KdgM-His proteins were extracted accordingdntrol SDS-PAGE.

The purification took advantage of the presencethef 6xHis-tag. Extracted KdgM-His
protein samples were pooled and bound to a prdieqied (50mM Tris pH 8.0, 0.6%
OPOE) HisTrap column (GE healthcare) and elutet wi0 to 500 mM imidazol gradient.
The fractions containing KdgM-His were pooled, cemicated and subjected to a gel filtration
chromatography (Superdex 200, GE healthcare) egaiéd with 10 mM Tris pH 8.0, 100

mM NaCl and the desired detergent for crystallaati

1.3.1.3. Crystallization

All crystallization trials were realized at roommperature. Initially, crystallization assays
were performed using the sparse matrix approachcandnercial screens (Jancarik & Kim,
1991). The reservoir volume was 80ul and the drap @one by mixing 0.5ul of the reservoir
and 0.5ul of the KdgM solution at concentrationsgiag from 5 to 20 mg/ml. This was done
using 96-well plates and pipetted either manuallysing a Phenix crystallization robot from
Art Robin (in that case the drop was composed &filOreservoir and 0.2ul of protein

solution). The found crystallization conditions weefined in 24-well sitting drop plates with
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a reservoir volume of 500ul and a drop composed.bfil protein solution and 0.5ul

reservoir solution.

The microseeding matrix screening used in the skpbase of this project is an extrapolation
of the classical microseeding method in which thieroseeds are used to sow a whole

crystallization plate. This part is described @tails in the Master Thesis of Roman Lehner.

1.3.1.4. Diffraction data and processing

Although some diffraction data were collected udiing in-house x-ray generator, most data
collections were realized at the Swiss Light Sou8eS) on beamlines PXI and PXIII.
Before data collection, crystals requiring cryoprtion were soaked in stabilizing solution
containing either 15 % glycerol or 15 % ethylengcgl and flash frozen in liquid nitrogen.
Most diffraction data collections were done at 1K0Obut some measurements at room
temperature were performed in order to controlcitystal quality before freezing. The typical
oscillation range was 1° and the exposure timewaagng from 1 to 3 s per frame at the SLS.
Data processing and integration was done with MOQ%KLeslie & Powell, 2007) and XDS
(Kabsch, 1993), scaling was realized using eith€AISA (Evans, 2006) or XSCALE
(Kabsch, 1993). Phasing by molecular replacemesttried out using PHASER (Mccoy et al,

2007) and various models.

[.3.2. Results and Discussions

1.3.2.1. Crystallization and diffraction data of proteins refolded using SDS

The goal of this project was to understand the oué mechanisms of the GAn uptakey
dadantii. In order to increase the success probability, weds done in parallel on both
KdgM and KdgN porins. These proteins were firstduwed by Dr. Guy Condemine with a
protocol adapted from previous studies (Condemired,2005; Condemine & Ghazi, 2007).
KdgM and KdgN were both expressed in inclusion bsdind purified using a method based

on preparative PAGE. The proteins were then sulietd gel filtration chromatography in
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order to exchange the detergent and to check theodmepercity of the sample in that

detergent. Many detergents have been tested (T.8h¢. Depending which protein was used,
detergents yielding monodisperse size exclusioorohtography peaks could be identified
(Table 1.3.1).

Table 1.3.1: List of detergents used in gel filtraibn and to crystallize KdgM and KdgN.

Detergent KdgM KdgN
Tested | Monodisperge crystals Tested| Monodispersecrystals
LDAO v v
CsEs v Vv Vv Vv
CsEs Vv Vv
OG v Vv Vv
OoTG v
NG Vv Vv
DM v
oM Vv Vv
Fos12 v Vv
Cymal 5 v

Knowing the best detergents for each protein, alysation screens were set up using
commercial screens, such as the CrystalScreenltampton as well as the Wizard, MemSys
and MemStart screens from Molecular Dimensions.

Crystals were obtained for KdgM but not for KdghheBe conditions were all leading to long
and very thin needle shaped crystals except the promising crystallization condition that
was obtained using octylglucoside with nonylmaliesas additive and that is described in the
following table.

Protein Concentration | Detergent Precipitant
0.1M MES pH 6.5
0.6% OG
KdgM 17 mg/mi 18-23% PEG 600
0.28% NM '
50-100mM zinc acetate
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This crystallization condition was intensively opized by varying the precipitant
concentration and the pH and by using additive estse However, most of the obtained
conditions led to similar crystals than the oridinandition. The KdgM crystals were small
rods of about 30x30x150 um (Fig. 1.3.1).

Figure 1.3.1: Rod shaped crystals of KdgM obtainedfter protein refolding in SDS

Prior testing these crystals for diffraction, thegre frozen in liquid nitrogen without further
addition of cryoprotectant. X-ray diffraction dateere collected at the PXI beamline of the
SLS. These crystals showed unfortunately very wiyibble low resolution diffraction (10-

15A). No quality improvement could be observed whsimg crystals of various sizes, grown
with additives or treated with a dehydration methdd house room temperature data
collection did not improve the diffraction qualigtompared to data collection at 100K,
indicating that the crystals were intrinsically pbor quality and were not suffering from

freezing in liquid nitrogen. The work on these tays was not continued further.

Similarly to NanC when purified from inclusion bediand refolded in SDS, the tendency to
form crystals leading to low resolution data cobédexplained by several deficiencies in the
protein production and purification. As no contweds possible, the protein might have been
improperly refolded when using SDS as a detergembther possible reason could have been
the presence of remaining traces of SDS that comddrfere with a normal protein

crystallization process. SDS is strongly negatiwaigirged and is likely to bind to the positive
charges of the proteins (KdgM and KdgN have nunmerBuand K residues). If SDS
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molecules were binding by their negatively chargedieties to the positively charged
residues of the protein, the floppy hydrophobidstasf SDS could have impaired the
formation of tight crystal contacts. However, mean® proteins are known to be difficult to
crystallize as their huge hydrophobic parts caréate strong specific crystal contacts that are
required to obtain good diffracting. In order tooal potential problems rising from the
refolding in SDS, the rest of this project was emirout using KdgM purified form the

membrane.

1.3.2.2. Purification and crystallization of the menbrane expressed 6xHisTagged KdgM.

As the crystallization of KdgM and KdgN expressedinclusion bodies and purified with
preparative PAGE was unsuccessful, a new KdgM espae and purification protocol, using
a 6xHisTag, was designed by Roman Lehner duringVaister training (for the details, see
the Master Thesis of Roman Lehner).

Structures of small monomerfg:barrel proteins, in particular OmpG and Tsx (Subba&
van den Berg, 2006; Ye & van den Berg, 2004; Yildizal, 2006), have been reported in
which the crystallization as well as the folding thie protein was not disturbed by the
presence of a C-terminal 6xHis-tag. This is in casit with the case of the general porins
where the N- and C-termini are connected by alsalge in the middle of a strand (Cowan et
al, 1992). Therefore, the use of tags was belideeble not applicable for outer-membrane
proteins. However, considering the similarity ofdfdl with OmpG and Tsx, expression of
KdgM in BL21/Omp8 cells with a C-terminal His-Tagdthe signal sequence targeting the
protein to the membrane (KdgM-His) was undertaken.

KdgM-His membrane extraction took advantage ofdkperience gained with NanC using
OPOE as a detergent (Wirth et al, 2009) and yieldesmounts suitable for structural studies.
In contrast to NanC, the presence of the 6xHisdlgwed an easier purification using

HisTrap affinity columns. A subsequent gel filtoatiwas used as final purification step as
well as to exchange the detergent and buffer. @lfizsdtion assays were done with KdgM in

several detergents, but only LDAO vyielded cryst&lliobjects. However, after optimisation,
these P222 crystals turned out to diffract onl@£oand, therefore, were unsuitable to solve

the KdgM structure.
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To increase the number of successful crystallimatmnditions, microseeding matrix
screening (D'Arcy et al, 2007; Ireton & Stoddar002) was performed using the crystals
obtained before that were crashed in order to smwptete commercial screens. Using these
seeds, 35 crystallization conditions could be olgtdi out of 288 tested (success rate of
12.5 %). In contrast, without seeds, only 2 cood#i could be obtained (success rate of
0.7 %) when using the same screens. This cleadwslihe advantage of overcoming the
nucleation phase of crystallization by introduciag regular growth matrix into the
crystallization condition and is the first statistiabout this method when using a membrane

protein.

However, after optimization of the most promisimmnditions, the diffraction was still limited

to 6A in the best case. Interestingly, at leasta@fie conditions obtained after microseeding
matrix screening, resulted in crystals having ded#int space group (P622) than the seeds
(P222) used in the screen. This demonstrates likaintcroseeding matrix screening method
not only allows obtaining more crystallization cdmahs but also allows getting new crystal
forms. It seems that, as previously suggested ('&t al, 2007; Ireton & Stoddard, 2004),
the seed is only a regular matrix required to geomew crystal form.

1.3.2.3. Design of the surface entropy reduced Kdgvhutants.

As neither classical screening, nor microseedingrimnacreening yielded crystals suitable to
solve the KdgM structure, surface entropy reducedant were designed. Using the NanC
structure, sequence alignment of KdgM with Nan@, alailable KdgM secondary structure
information and SwissModeller (Arnold et al, 200@),homology model of KdgM was

obtained (See the Master Thesis of Roman Lehnemfwe details as well as for the model

analysis).

The modelling of KAgM gave insights into its ovésalucture but could not be used to reveal
the fine details of its structure. However it wased to design KdgM mutants using the
surface entropy reduction approach (Derewenda, ;ZD8kwenda & Vekilov, 2006; Vekilov,
2003; Vekilov et al, 2002). In order to enhance ¢hgstallization ability of a protein, bulky

solvent exposed residues (such as Lys or Glu) eamdtated in shorter residues (Ala, Ser or
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Asn) in order to allow easier crystal contacts fation. Usually Lys or Glu residues are
found at the surface of soluble protein. In theegafsa porin, however, many charged residues
are located in the channel but only mutations m ektracellular loops and the periplasmic
turns can eventually significantly help the incee#tse crystallization ability of these proteins.
Using the homology model, six possible mutationisssiwere found in KdgM (K124 and
K130 in loop L4, K156 and K161 in loop L5 and E1&%&d E 203 in loop L6). These residues
are not conserved in the KdgM family and sequetigaraent with homologues was used to
determine the residue type to replace the seleatedhtion targets. This led to the
identification of six mutations (K124S, K130N, KIS6K161N, E199G and E203S).

1.3.2.4. Expression and crystallization of a “surfae entropy reduction” mutant.

Although all KdgM single mutations have been tnegarallel, only replacement of K124 to
serine was conclusive yet (KdgM K124S). The diffi@s to obtain the other mutants might
be due to the low C/G content of the KdgM gene atieer members of the KdgM family

(Blot et al, 2002; llatovskiy & Petukhov, 2009).

Table 1.3.2: Composition of the crystallization coudlitions obtained with KdgM K124S

Buffer Precipitant Salt
1 - 1 M Na/K phosphate pH 7.5 0.7 M ammonium sulfate
2| 0.1 M Na phosphate pH 6.8 15 % PEG 2000 0.5 M NaCl
3]10.1 M Tris pH 8.0 20 % PEG 2000, 2% MPD 0.3 M Mgate
4| 0.1 M tri-sodium citrate 10 % PEG 2000 MME -
pH 5.6 3 % PEG 200
20 % glycerol
51 0.05 M tricine pH 8.0 22 % PEG 4000 -
6 | 0.1 M tri-sodium citrate 10 % PEG 2000 MME 100 mM Mg Acetate
pH 5.6
7 | 0.1 M tri-sodium citrate 12 % PEG 6000 100 mM Lithium
pH 5.6 sulphate
8| 0.05 % Na succinate pH 6.5 15 % PEG 6000 -
0.1 M HEPES pH 7.5 1 M tri-sodium citrate -
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KdgM K124S was expressed and purified as wild-tiggggM-His in similar amounts. The
protein sample was then concentrated to 4 and énhagid first crystallization screens were
done using 0.05 % LDAO as detergent. However, ajhoLDAO had proven to be the
detergent of choice in order to obtain KdgM crystahe crystallization assays of the K124S
mutant led to almost only clear drops at these eoimations whereas the wild type KdgM had
resulted in mostly precipitated drops or even @liging at similar concentrations. This
suggests that the K124S mutant has a higher sipyuthian the wild type KdgM or a decrease

in its aggregation tendency.

In order to confirm these observations, a seconafserystallization screens was done at 8
and 18 mg/ml leading to 24 conditions (out of 382Bulting in crystalline objects from which
the best are listed in table 1.3.2. Some of theselitions (number 3 and 4) have been refined
using 24-well plates. These crystals (Fig. 1.3.8) e tested for diffraction at the SLS in the

near future.

Figure 1.3.2: crystal obtained after refinement ofconditions 3 (left) and 4 (right) using

KdgM K124S.

The crystals from condition 3 are rods having & sizabout 250 x 20 x 20 um whereas the crystatendition
4 form imperfect triangles of about 150 x 150 x.20.
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[.3.3. Conclusions and outlook

Crystallization with refolded in SDS material

The use of KdgM protein refolded and purified wBBS led to poorly diffracting crystals.
The crystallization was not problematic as crystalsld be obtained easily. However these
crystals were invariably of poor quality. Althougite KdgM sample had been intensively
washed by dialysis or gel filtration chromatograptine presence of SDS in the protein buffer
can’t be excluded. This would have a negative efdecthe crystallization of KdgM because
SDS is an ionic detergent able to bind stronglyhi positive charges of KdgM. This could
create further problems in the crystallization stepthe detergent molecules, bound to the
protein via ionic interactions are not labile and can’t eadily displaced to allow crystal

contacts.

Purification and crystallization of KdgM-His

The refolding and purification with SDS having peovto be a problem in the case of NanC
(see 1.1.), we decided to use KdgM in as native@ssible conditions. It was decided to
reclone thekdgm gene in order to express the protein in the mengovath addition of a His-
Tag. The protein could be expressed and purifiecc@sonable amount and to a high purity
grade. Crystallization gave first hits of, unforaely, bad diffracting crystals but thanks to
microseeding matrix screening, several other clidion conditions could be obtained.
This is the first time that this method was applied membrane proteins with a partial
success as it helped obtaining more crystallizatimmditions and crystals of different space
groups using one single seed type. Unfortunatélypagh the method seemed promising, the
microseeding matrix screening did not allow obtagncrystals of good enough quality to

solve the KdgM structure.

Surface entropy reduction

6 mutants were designed with the help of a KdgM blogy model in order to increase its
crystallization ability but only one has been swstelly cloned yet. However, initial
expression, purification and crystallization tri@ise very promising as many crystallization
conditions have been obtained from this mutants Tould never been obtained directly with

the wild type KdgM. The crystals have not beenedor diffraction yet; however, the high
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number of crystals and the clear various morphe®gillows expecting a positive result in

the close future.

Although the NanC structure has given the firsuctiral data of the KdgM family the
amount of available microbiological and biochemicata on KdgM is more important.
Therefore the KdgM structure could probably alloettojng a more complete view of the

acidic oligosaccharides acquisition mechanisms.
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Conclusions and perspectives
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The aim of this project was to determine the stmectof a member of the recently
characterized acidic (oligo)saccharide specific Mdgorin family. Members of this outer-
membrane proteins family are mostly present intpdarad animal pathogens and supposed to

be important for virulence.

Work was done in parallel on three members of tdgM family (KdgM and KdgN fronD.
dadantii and NanC fronE. coli). Expression and purification protocols were getfor all
three proteins, but rapidly, the project was fodusa KdgM and NanC. Finally, the NanC
structure was solved in two different crystal foratsl.8 and 2.0 A resolution giving the first

structural information on members of the KdgM outeembrane protein family.

Despite many attempts to solve the KdgM structune the numerous crystals obtained with
this protein, no good diffraction data could belected yet. However, the surface entropy
reduction method clearly showed significant inceeas the crystallization ability of KdgM

but it might be necessary to further mutate otleegland bulky amino-acids in order to
obtain well diffracting crystals. To solve the pbasoblem for KdgM, molecular replacement
using the NanC structure as model could be used.KidgM structure remains of primary

interest as in its case the translocated substiate been clearly identified as being
oligogalacturonate. If co-crystallization or soakiwith ligand is possible, the substrate-
KdgM structure could help revealing the detailsttid molecular mechanisms involved in

substrate translocation.

The structure of NanC raises several biologicalsjoes as mentioned in Section [.2.
However, although structural data are giving hfotsits solute translocation capabilities, the
subtrate of NanC is not clearly identified yet. fargenetic data and from the function of the
other genes in its operon, NanC seems clearly waebin sialic acid or sialic acid derivatives
uptake. The structure suggests that NanC coulddagv, be involved in the uptake of
oligomers of acidic sugars or sialic acid contagngiycoconjugates. This hypothesis will
have to be confirmed in the future usingitro assays. Due to the importance of sialic acid in
host-pathogen interactions it is important to datee the exact substrate of NanC and how

its translocation occurs.
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Abstract

OmpF, the trimeric general porin frofscherichia coli, is one of the most studied

bacterial outer-membrane proteins. Its structure been determined in 1992 by Cowan
et al. in a trigonal crystal form in which OmpFnters make lateral contacts via their
hydrophobic surfaces, generating layers of 32-sytyn&Ve have adapted the OmpF
crystallization to vapor diffusion methods and cbuéproduce these trigonal crystals.
Data were collected to 2.1A and the structure wathér refined. In addition, a new

OmpF crystal form diffracting to 2.8A resolutiondabelonging to space group C222

was obtained. This new crystal form is formed by $ame 32-symmetry related layers

than observed in other OmpF crystal packings.
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[1.1. Introduction

The outer-membrane of Gram-negative bacteria isposed of phospholipids and
lipopolysaccharides and is spanned by trimeric oBhforming proteins called porins
that can be classified in two main groups. A fgsbup comprises the non-specific or
general porins, having very little selectivity fbie solute they enable the translocation of
various small hydrophilic molecules (M@ 600 Da) such as nutrients (Nikaido, 2003).
The second group, called specific porins, regrqupgeins with a specific binding site
for a given (class of) molecule (Schirmer et al939 In both cases, the solute

translocation is driven by its concentration gratdig&chirmer, 1998).

OmpF, the general porin dscherichia coli, has been intensively biochemically and
structurally characterized over the last 30 ydaferms stable trimers and presents weak
selectivity for cations (Benz, 1988; Nikaido, 200Bhe first OmpF structure was solved
to 2.4A resolution using trigonal crystals (Cowanat 1995; Pauptit et al, 1991).
However, these were not the first OmpF crystalsiold as a tetragonal crystals form
could be grown earlier. These were the first wdlracting membrane protein crystals
grown (Garavito et al, 1983) but their structuresvsmlved only later and to a lower
resolution than the trigonal crystal form (Cowanagt 1995). More recently a high
resolution structure (1.6A) of OmpF has been regabim a similar trigonal crystal form
but using an other condition for crystallizationaffashita et al, 2008). Additionally a
new hexagonal (Bpcrystal form has also been described (Dhakshnampet al, 2009;
Yamashita et al, 2008).

Like all structurally characterized general pori@snpF folds in a 16-stranded hollg~
barrel structure encompassing a water-filled chia(Mi&aido, 2003). The3-strands are
connected by long loops on the extracellular sidd ahort periplasmic turns. The
transmembrane aqueous pore extending roughly albeg barrel axis is almost
perpendicular to the membrane and is forming arr lgtass shaped channel. Its most
constricted zone is delimited by barrel residuesoe side and residues of the L3 loop

that is folding into the pore on the other siderog hydrophobic and hydrophilic
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(mostly mediated by loop L2) interactions withiretmonomers are explaining the tight
heat stable trimers formed by OmpF (Cowan et #@2).9

OmpF also remains a good model protein to studytiansport through general porins
(Karshikoff et al, 1994; Miedema et al, 2006; Pékest al, 2009) as well as interactions

with antimicrobials molecules (Yamashita et al, 00

From a methodological point of view and as only fewembrane proteins crystallize
easily, OmpF is an interesting protein to try ofitag information about the
crystallization of 3-barrel membrane proteins and to develop specifystallization
protocols. In order to adapt the micro-dialysis Gngoystallization protocol used in the
past, to state-of-the-art methodology, we crystetli OmpF using the sitting drop
method. Here we present a 2.1A resolution structfir®mpF obtained from trigonal
crystals as well as a new orthorhombic form. X-d#§raction data were collected and
the structure solved to 2.7A resolution. The lattaf this form has pseudohexagonal
symmetry and forms 32-symmetry related layers, lnctv the interactions are mediated

by the same residues than in previously reportegoanystal forms.

[1.2. Material and methods

[1.2.1. Protein expression and purification

Wild-type OmpF expression and purification was iearrout as described previously
(Cowan et al, 1992). In short, wild type OmpF wagressed in a BL21(DE3)omp8/pLys
strain (Prilipov et al, 1998). Cells were harvestawken and OmpF was extracted using
3% n-octylpolyoxyethylene (OPOE). Subsequently, pmetein sample was purified
using chromatofocusing (PBE94, GE healthcare) Wadld by size exclusion
chromatography (Superdex 200, GE healthcare) irerotd exchange buffer and

detergent.
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[1.2.2. Crystallization

All crystallization experiments were performed abm temperature using the sitting-
drop vapor-diffusion method. The protein concemdratwas 12-14 mg/ml in a buffer
containing 50 mM Tris pH 8.5, 0.1% OPOE and 0.8%y&roxyethyloctylsulfoxide

(CeHESO). To screen for new crystallization conditiotise sparse matrix sampling
approach (Jancarik & Kim, 1991) with two commerdateens (Wizzard from Molecular
Dimensions and MbClass Suite from Qiagen) and liptates 96-well plates (Hampton
Research) was used. The plates were set up udttmenix robot (Art Robins) with a
reservoir volume of 80 pl and drops composed ofpd.grotein solution mixed with 0.2
pl reservoir solution. Refinement of promising ¢ajiization conditions was done in
Cryschem plates (Hampton Research) using 500 pésesvoir volume and 0.5-1.5 pl

protein and 0.5-1.5 ul reservoir solutions as ttopd

11.2.3. Data acquisition and processing

Prior to data collection, OmpF crystals were soakedseconds in 10 % ethylene glycol
to ensure cryoprotection when required and flagizein in liquid nitrogen. X-ray
diffraction data were collected at the X06SA andbRA beamlines of the Swiss Light
Source (Paul Scherrer Institute, Villigen, Switaaed). Data were processed using XDS
(Kabsch, 1993) or MOSFLM (Leslie & Powell, 2007)dascaled using XSCALE or
SCALA (Evans, 2006). Program Pointless (Evans, 0% used to confirm the Laue

group.
I1.2.4. Phasing, refinement and structure validatio
The 2.4A OmpF model (PDB code 2omf) and rigid beefjnement with Refmac (Winn

et al, 2003) were used to calculate the phaseshéotrigonal crystal form. The phase

problem of the orthorhombic crystal form was sohmdmolecular replacement using
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PHASER (McCoy et al, 2007) and the OmpF model olegifrom the new trigonal
crystals as search model. The models were refisig)several cycles of rebuilding with
COOT (Emsley & Cowtan, 2004) and refinement withHREAC (Winn et al, 2001). The
final model quality was assessed using MOLPROBID4\s et al, 2007). The crystal

contact analysis was carried out using the PISResdKrissinel & Henrick, 2007).

[1.3. Result and discussion

11.3.1. Refinement of the standard procedure for okaining trigonal OmpF crystals

Our initial aim was to adapt, with state of theradthods, the crystallization protocol of
OmpF allowing the growth of the high resolutionfiditting trigonal crystal form. The
OmpF structure has been solved several years agwa(Cet al, 1992) using crystals
grown with the micro-dialysis method (Table Il.Djhe crystallization condition was
adapted to vapor diffusion by screening aroundatginal condition. After few trials,
hexagonal plates could be obtained within few desysg 50 mM Tris pH 9.8, 10 % PEG
6000, 700 mM MgGl 0.1 % OPOE and 0.8 %gBESO (Fig. I1.1). X-ray diffraction
data were collected up to 2.1A resolution. The tetgswere isomorphous to the already
known trigonal crystal form (cell parameter a = h&.1 A, ¢ = 51.6 A) (Table 11.1). The
OmpF model (PDB code 2omf) was fitted to these datag few rigid body cycles and
further refined using REFMAC and rebuilt using CQOThe final model having
respective R and Rfree of 16.1 % and 19.8 % willubed to replace the older, lower
resolution, 2omf in the PDB. This new OmpF model tbhe trigonal crystal form
superposes on the high resolution structure of Of\dmashita et al, 2008) with a
r.m.s.d of only 0.120 A for the «C(0.371 A for all protein atoms) with the maximal
deviations located in the extra-cellular loops dating that the different crystallization

condition has almost no impact on the protein conégion.
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[1.3.2. OmpF in a related orthorhombic crystal form

During the attempts to reproduce the trigonal edy&irm, several complete commercial
sparse matrix screens were also done. Micro- odlaeshaped crystals that were not
suitable for structural studies were obtained imioes conditions and not further
optimized. Other conditions were all containinghi§aCl concentrations (higher than
2.5 M) but had various buffers ranging from pH &3.0. These conditions were leading
to thin hexagonal plate crystals resembling thgotral crystals and were further
optimized (Fig. Il.1). The best crystals were growom 0.1 M HEPES pH 7.5 and 3.2 M
NaCl (Table 11.2). These new OmpF crystals appeafter 10 to 15 days and were
reaching their maximum size (up to 400 x 400 x & pbout 2 days later.

These crystals diffracted up to 2.7A resolutiontte Swiss Light Source. Automatic
processing with MOSFLM and XDS revealed a hexagtatsite with a = b = 116.7 A
and ¢ = 145.4 A. When processed in P3, howeversthiistics where unsatisfactory.
Therefore, the data were reprocessed in P1 andLdlbe group determined using
Pointless (Evans, 2006) as being Cmmm. Systembsernees were observed for GOl
2n suggesting y Acrew axis along c. After data processing with Xa»8 reduction with
XSCALE, the statistics in C222were acceptable (table 11.2). Matthews coefficient
calculation (Matthews, 1968) suggested the presehogre trimer in the asymmetric unit
(Vv = 3.96 K/Da). The phases were obtained using moleculamcepient, program
PHASER and the new trigonal OmpF model at 2.1Aluw®m. A significant molecular
replacement solution was found with a rotation &radslation functions z-scores of 20.3
and 74.7, respectively, and a final Log Likelihaddin of 9150. Few cycles of rigid body
refinement were followed by cycles of rebuildingiftement using COOT and REFMAC
resulting in a final model at 2.7A resolution wiRhand Ree values of 21.3 % and 24.4 %

respectively.
The overall structure of OmpF in the orthorhombigstal form is almost identical to

previously solved OmpF structures (2ZFG, 20MF a@dPE). The monomeric structure

is composed of a 16-strand@ebarrel superimposing with an r.m.s.d for all atoafs
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0.402 A, 0.424 A and 0.329 A for monomer A, B andr@&pectively, with the high
resolution structure of OmpF (PDB code 2ZFG).

The OmpF trimer observed in the asymmetric untheforthorhombic crystal form (Fig.
[1.2) is identical to the one found in the trigoral tetragonal OmpF crystals (Cowan et
al, 1995; Cowan et al, 1992). However, some vamatian be observed at the level of the
loops, especially at the tip of loop L6 from monarBe(residues 243 to 246) where the
electron density is not interpretable. Intriguinghjis region is very close to a crystal
contact mediated by loop L7 with a 2-fold relatgchmetric mate of monomer B. If loop
6 of monomer B would have the same structure asanomers A and C, the side chains
of this loop would clash with the 2-fold relateduelents in monomer B. It is possible
that this position is occupied by only one of thw tsymmetry-related loops at a given

time. This would explain the disorder of the tipladp L6.

11.3.3. The reoccurring packing of OmpF in layers & 32-symmetry.

OmpkF is naturally forming tight trimens vivo. In the a-b-plane of the orthorhombic
crystal form, OmpF trimers are arranged in layeffs 3@-symmetry resembling
honeycombs. Within a honeycomb, the OmpF trimeesadternatively oriented up and
down along the 3-fold symmetry (Fig. I1.2). Thisntaycomb-like arrangement in the a-b-
plane can be described by a unit cell with theofeihg calculated dimensions: a = 117.5
A, b =116.9 A and/ = 120.2°. These values are very close to the reaugnts for a
trigonal or hexagonal space group (a =l 3 = 90° andy = 120°) and are probably the
explanation of the difficulty to index these datahwboth MOSFLM and XDS as well as

of the characteristic 622 pattern of the self-iotat

In the a-b-plane, the OmpF trimers are exclusivetyning crystal contactgia isologous
hydrophobic areas. Two major interaction areasnd 2) can be identified (Table 11.3
and Fig. 11.3). Interestingly, these crystal coht@eterfaces 1-1 and 2-2) are identical to
those found in two other OmpF crystal forms repbiite the literature (P321 and £6
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(Cowan et al, 1992; Yamashita et al, 2008) (Tat)Ibut are not observed in the
tetragonal crystals (Cowan et al, 1995).

Membrane protein crystals can be classified in whfferent classes (Ostermeier &
Michel, 1997). Type | membrane protein crystals enenposed of layers of proteins
forming hydrophobic contacts. The layers are supsrg in the third dimension where
contacts are formed by the hydrophilic parts of ghetein. In type Il membrane protein
crystals, proteins are exclusively interactung their hydrophilic parts. Interfaces 1-1 and
2-2 helping the formation of the C22@rystals are favoring the OmpF crystallization in
type | membrane protein crystals as they allowfthienation of planar honeycombs in
which proteins are interaction exclusively via thieydrophobic interfaces. These two-
dimensional architectural elements can then stadkyiers in order to form 3D-crystals

of various space groups.

Along c, the crystal contacts are unrelated betwéerthree crystal forms (Fig. 11.4). In
the orthorhombic crystal form, the contacts in tiriea are only formed by the interaction
of loop L7 from monomer B with its symmetry relatedighbor whereas in the trigonal
crystal form the interaction areas are larger, g¢ablarrel interacting in a “head to tail”

fashion with its neighbor.
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Conclusions

In this report we present the protocol allowingamhing the “classical” trigonal crystal
form of OmpF using modern sitting drop techniqu#2sring our attempts of reproducing
these well diffracting trigonal crystals, we fourd new orthorhombic crystal form
growing in high NaCl concentrations and presenthrgsame hexagonal shape than the
trigonal crystals. These new crystals are diffragtio 2.7 A resolution and are belonging
to space group C222In the a-b-plan, the OmpF packing is identicathe previously
reported trigonal crystals as well as the recergported hexagonal crystals suggesting
that the two interfaces involved are highly favdeain order to form tight type |
membrane protein crystals.
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Table 11.2: Diffraction and refinement statistics

Diffraction data

Space group

Wavelength

Resolution limits#

Molecules per asymmetric unit
Cell dimensions (A, °)

Rmerge#

l/o(l) #

Number of unique reflections
Multiplicity #

Completeness

P321
0.9000 A
58.0 — 2.1 (2.21 - 2.1

1

117.1, 117.1, 51.6,
90.0, 90.0, 120.0

8.2% (27.7%)
24.0 (8.4)
23977 (3466)
11.0 (10.8)
99.8% (100.0%)

C222
1.0000 A
50.0 - 2.7 (2.9 -2.7)

3

117.4, 202.1, 148.3,
90.0, 90.0, 90.0

13.3% (43.3%)
15.5 (5.0)
47103 (8585)
7.47 (7.59)
96.7% (92.7%)

Refinement statistics

Resolution range (A)
R / Rfree
Rmsd bound length

Rmsd bound angle

Total number of atoms
(protein/detergent/solvent)

58.0-21
16.1% / 19.8%
0.009 A

1.224°

26271751227

50 — 2.7
21.3% / 24.4%
0.011 A
1.235°

7877140/70

#: Numbers in brackets are values for the highlugism shells.
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Table 11.3: Residues involved in the lateral apolarvan der Waals contacts between
OmpkF trimers.

Interface 1 Interface 2
Asp92* Phe265
Val93 Phe267
Tyrl39 Leu269
Phel44 Ile273
Phe145 Val297
Leul4? Tyr313
Val148 Ile315
Leul51
Phel53
Alal154
Vall55
Tyrl57*
Vall74
Ile178
Tyrl91

* may form a hydrogen bound between the main cbaygen of Asp92 and the hydroxyl group of the Ty15
side chain.

The same residues are involved in all the crystah$ (P321, C222P&) composed of layers of 32 symmetry.
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Figure 11.1: OmpF crystal with hexagonal morphology belonging to space-group P321
(top) and C222 (bottom)
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Figure 11.2: Crystal contacts in the a-b-plane andcomparison of the orthorhombic form
with the trigonal and hexagonal crystal forms of OnpF.

(A) Ribbon representation of the OmpF trimer arranggrirethe a-b-plane of the orthorhombic crystal) (8
the trigonal crystal form and (C) of the hexagooaistal form. OmpF coloured in red are representhmng

molecules present in the asymmetric unit.
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Interface 1-1

Figure 11.3: Isologous hydrophobic crystal contactdocated on 2-fold axes.
These contacts are observed in the orthorhomlgonal and hexagonal crystal forms. Interface nuinigeis
referring to table 2. Note the presence of a detargr lipidic alkyl chain in the interface 2-2 (rkad det.).
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Figure 11.4: Crystal contacts along the c axis

Comparison between crystal arrangement along tlei€ in the (A) orthorhombic, (B) trigonal and (C)

hexagonal crystal forms (arrows indicate the cdraaes).
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Abstract

The inner-membrane of Gram-negative bacteria iglectve barrier allowing the specific
uptake of nutrients or signalling molecules anceask of waste molecules. Amongst the
existing nutrient uptake systems, the phosphoenayaye-dependent carbohydrate transport
system (PTS) is the structurally least well-chagazed. The PTS complex is belonging to the
group translocation super-family of permeases. ffaesmembrane moiety (IIC protein or
domain) of the PTS is allowing specific translocatdf a sugar molecule and its concomitant
phosphorylation by the 1IB protein or domain. Th&SPis also involved in the bacterial
virulence and in sensing the energy state of thearel therefore regulating the general
metabolism. Here we report the expression and ipatién of the sucrose specific 11B€
permease (sharing domain B and C on a single pplig®echain). In order to enhance the
crystallization ability of the permease and to difyi its structure, Fab fragments were
produced and purified before [IBE&Fab complexes were formed. Crystallization assays
were realized using both IIBE and IBC"“Fab complexes and crystals were obtained. The
diffraction quality was promising but no optimisati could be done as the raised crystals

were not reproducible. Topology models will alsodscussed.
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[11.1. Introduction

Bacteria are protected from the environment by nramds that are also playing an essential
role in sensing signals coming from the surroundingironment and in the uptake of all
nutrients essential for bacterial survival and dgwement. They play a permeability barrier
role in order to form discrete compartments in teeteria. Gram-negative bacteria are

surrounded by two membranes delimiting the periplas

The outer-membrane is an asymmetric selectivedsaramposed of a layer of phospholipids
on the periplasmic side and a layer of lipopolykacicle turned to the outer environment.
Small molecules of a typical size of less than &@0can freely diffuse through the outer
membrane thanks tB-barrel proteins called porins (Nikaido, 2003). $&eporins can be
specific or non-specific to one particular molec{8ehirmer, 1998). Bigger molecules can be
transported into the periplasm thanks to energyedeéant transporters (Ferguson &
Deisenhofer, 2002).

The inner-membrane (or cytoplasmic membrane) ispos®d of a phospholipid bilayer. In
contrast to the outer-membrane where substratsld@ation is done by wide opened porins,
at the inner-membrane level, the transport is dopewumerous channels and transporters
displaying a high specificity and a very differdrghaviour. The cytoplasmic membrane is
used to store energy by forming a proton gradietwben the periplasm compartment and the
cytoplasm. To keep this proton gradient, wide ofpete forming, proteins cannot exist in the
inner-membrane as they would result in proton Igakd@herefore the channel and transporter
proteins located in the cytoplasmic membrane avallysshaped as switches that are able to
tightly control the substrate translocation withautwanted release of protons. All the
transmembrane domains of inner-membrane protemstsgtally characterized yet awe
helical. This probably confers a high flexibilitg the transmembrane protein allowing it to

change conformation during substrate uptake.

Depending which type of energy they use to trardkdheir substrate, inner-membrane
transporters can be classified in three differames-families (Saier et al, 2009). First,

proteins that can be called channels as they diegaas passive transporter allow the
translocation of ions or molecules downhill theancentration gradient. These proteins do not
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require additional energy to function. A secondugroalso called transporters, needs energy
in order to translocate molecules or ions, agdhet concentration gradients. The energy can
be provided by ATP hydrolysis, light or by concoamt transport of another molecule
downhill its concentrations gradient such as in-synantiporters. A third super-family of
inner-membrane transporters is called group traastws. This family is coupling the

translocation of a given molecule with its chemicaldification (i.e. phosphorylation).

The transport of carbohydrates is mediated by thesphoenolpyruvate (PEP): sugar
phosphotransferase system (PTS) belonging to thepgtranslocation family (Saier et al,
2009). The PTS are ubiquitous in eubacteria buhatéound in archaebacteria or eukaryotes
(Robillard & Broos, 1999) and typically, up to 2@ffedrent PTS proteins are found in a
bacteria. The PTS is also implied in several sensind signal transduction phenomena
(Lengeler & Jahreis, 2009) as well as regulatiorviailence (Tsvetanova et al, 2007). The
PTS allows sensing of saccharides in the growthremment as well as the energy state of
the cell.

The PTS is a multi-protein system transporting ssigad hexitols from the periplasm to the
cytoplasmic with their concomitant phosphorylatidhe system consists in a membrane-
spanning transporter and in several soluble pretenplied in a phosphate transfer cascade
leading finally to sugar phosphorylation (figuré.1). There are two general PTS proteins
called enzyme | (El) and histidine-containing phusgarrier protein (Hpr) and a variable
number of sugar specific transporting and phosgatng complexes called enzymes Il. The
enzyme Il complex is composed of three to four fiomal parts (lIA, 11B, 1IC and sometimes
[ID), which can be found as a single peptidic chimmming three domains or as individual
proteins forming a heteromultimer complex (Postmaale 1993). This is the result of

evolutionary fusion and splitting mechanisms thandt reflect mechanistic differences.

A phosphoryl group is transferred from PEP to Hief3he phosphocarrier protein Hpr by
enzyme | (transiently phosphorylated during thectiea on His189). Hpr transfers the
phophoryl group to the different sugar specifiafigorting complexes. The phosphoryl group
is first transferred to the IIA subunit which, thgrhosphorylates the 11B subunit. When a
sugar molecule is translocated into the cytoplagmthe 1IC domain, it is immediately

phosphorylated by the [IB subunit (figure 1ll.1)h& enzyme 1l complexes (Ell) are also able
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to realize the so-called exchange reaction, in iwhiphosphorylated carbohydrate is used as

phosphoryl donor to phosphorylate another carbdatgdiRobillard & Broos, 1999).

Sucrose- .

Sucrose

Pyruvate

Mannitol

PEP

Mannose

Man nose—.

Figure 1ll.1: Schematic representation of the manniol, mannose and glucose specific
PTS.

The enzymes common to all sugars are representblliénand each sugar-specific system is represéntad

different colour.

Experiences on the mannitol specific EIl complewehahown that there is a coupling
between the transport and the phosphorylationifesElferink et al, 1990) as the transport
of the sugar is much more efficient when Ell is gplworylated. EIl complex is also able to
transport the sugar without being phosphorylatedhét case, the transport efficiency is two
orders of magnitude lower that in the phosphorddtem of the complex. The transport is
not necessary to allow phosphorylation of the chydeate by the 11B domain as shown using

transport deficient mutants (Manayan et al, 1988).
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Apart HPr and EI that are common for all sugard, dan be classified in five different
families according to their sequences similaritidhese are the glucose-sucrose, the
mannose-sorbose, the mannitol-fructose, the lacelbebiose and the glucitol-galactitol
families (Lengeler et al, 1994; Postma et al, 19R8billard & Broos, 1999; Tchieu et al,
2001). Within a family, Ell proteins are sharing mdhan 25% overall sequence identity and
domains can often be exchanged and complementelisTiot the case between members of
different families for which the high sequence ialgris only limited to some specific regions
and therefore, no domain exchange can be donendstbers of these families are believed to
function as dimers (Erni et al, 1989; Lolkema etl&92; Ruijter et al, 1992).

In the glucose-sucrose family, 1IB and IIC are afevdused in either IIBC (sucrose) or 1ICB
(glucose) polypeptide chains. [IA domain can bhegia free, distinct protein or can be linked
to the IICB protein, forming a IIBCA protein. Intaolecular complementation has been
described between several members this family (Hehehal, 1992; Schnetz et al, 1990;
Vogler et al, 1988) suggesting a modular evolutbthis family from single domain proteins
to a more complex multi-domain polypeptide. Thisnilg is phosphorylating glucose
containing sugars at the C6 position (Postma dt9813) and has a high affinity: 1B has a
Kd of 1.5uM for glucose (Ruijter et al, 1992). Acdimg to hydropathy and PhoA and LacZ
protein fusion analysis, 8- and 6-transmembranieéefolds have been proposed for If¢B
and a IIBC"°respectively (Buhr & Erni, 1993; Titgemeyer et 096).

The mannitol enzyme Il system Bf coli consists in a single IICBA polypeptide chain that
is having two binding sites of high and low affieg for mannitol (Lolkema et al, 1992).
Protein fusion experiments suggest that [ICBAolds in a 6-transmembrane helices structure

(Sugiyama et al, 1991).

In contrast with the other families, mannose speeiizyme Il is composed of two membrane
bound subunits (IIC and 1ID) forming a IABCB" complex. The mannose binding side is
located on the 1IC domain, but IID is required ¢orh a fully active enzyme (Mao et al, 1995;
Rhiel et al, 1994). Stoechiometry analysis suggastsmplex composed of two IIAB", one
IC™" and two 1I3™" protein domains (Erni et al, 1987). The IIC domhaas been predicted
as having sixa-helices whereas the 11D domain is anchored indontlembrane by a singte
helix (Huber & Erni, 1996).
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Over the last 15 years, structural information loa EI, HPr and Ell proteins of the PTS has
been accumulated (figure I111.2) (Siebold et al, 20CG~ull length structures of El have been
determined in both phosphorylated and dephosphed/istates (Marquez et al, 2006;
Oberholzer et al, 2009; Teplyakov et al, 2006).i€kcomposed of two domains: the N-
terminal (EIN) binding the HPr and the C-terminainthin binding the PEP. The first HPr
structure was characterized in 1992 (Herzberg,e1992) using X-ray crystallography and
several others, including NMR structures have be#rained to intensively study this protein
(van Nuland et al, 1994). Complexes between EINHRdcould also been obtained (Garrett
et al, 1999; Liao et al, 1996) giving insight inkt@ phosphate transfer mechanisms.
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Figure 111.2: Cartoon representation of IIA and IIB domains belonging to different PTS

families. Figure taken from Siebold et al, 2001.

Phosphorylated residues (green) and other acteeesidues (red and blue) are represented.

Many structures of EIIA and EIIB have also beenvedl Both are folding differently
according to their family (figure 111.2) (Robillar& Broos, 1999; Siebold et al, 2001). EIIA
representatives from all four PTS classes have bearacterized. 18" of E. coli is folding

in a sandwich of two six-strandggtsheets and twa-helices (Worthylake et al, 1991).

EINA™" of E. coli is forming a homodimer o/ subunits stabilized by a strand exchange
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between the two involved monomers (Nunn et al, J998™ is a 5-strande@-sheets
surrounded by-helices (van Montfort et al, 1998) whereas'dfAs forming a homotrimer
composed of three-helix-bundles subunits (Sliz,et297). EIIB are also folding in different
ways according their family. I8 is folding in a four-strande@-sheet flanked by three
helices on one side (Eberstadt et al, 1996) whell&€ and 11IB™" are folding in open-
twisted four- and seven- strand@gheets respectively (Schauder et al, 1998; vantididret

al, 1997). More recently additional structural imf@tion on the less studied glucitol-
galcatitol family, has been obtained, completing dtlerview on these proteins (Volpon et al,
2006). Structure of EIIA-EIIB complexes have alseb obtained recently (Cai et al, 2003)
giving further insight in Enzyme Il structures ainteractions. However, both EIIA and EIIB
have variable folds according to their family, #fere the atomic details of EIIA and EIIB
complex formation are still unclear for most of tBd families as well as the molecular
mechanisms of the non-specific interaction betwdEn and the [IA enzymes of each sugar-

specific family.

Natural plasmids are small circular DNA fragmentssent in bacteria. They are generally
carrying a particular function or ability that cha transmitted from one bacterium or specie
to the other by conjugation. The 70kb pUR400 plasisiconferring the ability to use sucrose
as sole carbon source as well as tetracyclinetaesis to its host. Examples have been
isolated fromSalmonella and E. coli strains (Schmid et al, 1982; Wohlhieter et al, 3)97
indicating that this plasmid is transmissible frame specie to the other (Wohlhieter et al,
1975). The pUR400 plasmid is carrying an operoovallg the uptake and catabolism of
sucrose (Cowan et al, 1991). This operon is congpogéive genes: (I5crK encoding for an
ATP-dependent fructokinase, (I8crY for a sucrose specific porin, (I1BcrA, for a sucrose
specific PTS enzyme IIBE, (IV) ScrB encoding for3-D-fructofuranoside fructohydrolase
cleaving sucrose 6-phosphate irffieD-fructose and a-D-glucose 6-phosphate and (V) the
negativeScr operon regulator encoded I8grR. The ScrA gene product, called 1IBE€ is
belonging to the glucose-sucrose family of the PH&tma et al, 1993).

Obtaining x-ray grade crystals remains the prircipattieneck of membrane proteins
structural elucidation. This is mostly due to thghhflexibility of these proteins as well as, the
limited size of the hydrophilic areas on the pnoteurface susceptible to form strong and

specific crystal contacts. In order to overcoms firoblem, several attempts were done using
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monoclonal antibodies (mAb) Fab or Fv fragmentsrtdiet al, 2000; Hunte & Michel, 2002;

Ostermeier et al, 1997; Rasmussen et al, 2007;|@ysd, 2009; Zhou et al, 2001). The tight
binding of the Fab or Fv is believed to stabilihe structure of the membrane protein and
increasing substantially the size of its hydroghilart. This can eventually allow formation of
tighter crystal contacts. In addition, when usingab targeting a structural epitope (i.e. an
element of the folded protein) the membrane protaimbe trapped in a certain conformation
that could limit its flexibility and increase itsystallization ability (Hunte & Michel, 2002).

In our study of IBC", we used this approach using different Fab fragmen

Because of its ubiquitous presence in bacteria idabsence in archaebacteria and
eukaryotes, the PTS is a potential anti-microbialgdtarget. In order to complete the
structural knowledge of the PTS, structures of tta@smembrane domain of Ell from the
different families have to be obtained. Moreovenup translocation proteins are one of the
few inner-membrane family class for which no stmwat data is available. Here we present
our over-expression and purification results on HBE®" from S. typhimurium as well as
production and purification of anti-IIB Fab antibody fragments. Both protein and Fab
were to form IIBC"“Fab complexes that were utilized for crystalliaatexperiments. 11B&°

in silico study will also be discussed.
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[11.2. Material and methods

[11.2.1. Bioinformatic analysis

In order to try predicting the IIBE’ secondary structure, several programs, such aBr&dp
(Claros & von Heijne, 1994), TMHMM (Sonnhammer &t ¥98), SOSui (Hirokawa et al,
1998) or HMMTOP (Tusnady & Simon, 2001) were uséithwwthe amino acid sequence of the
C-terminal domain of IIBE" Homology modelling was also tried out using bbtHpred
(Soding et al, 2005) and SwissModel (Arnold ef8l06).

111.2.2. 1IBC *““cloning and expression

Cloning

The project was started by Dr. Jun-ichi Saito whamethe following IIBE"° constructs. The
scra gene was amplified from plasmid pUR400 and inseiriea pET15b vector using primers
including 6-histidine tag (6xHisTag) to generatggad proteins either at the N- or C-terminus.
The pET15b plasmid, however, contains already astdme tag at the N-terminus of the
inserted sequence. Therefore this cloning led ta (His-His-1IBC"° construct having two
6xHisTags at the N-terminus and (1) to a His-1f8€His construct having a 6xHisTag on
both termini. The plasmid was then transformed iatoEscherichia coli C41 strain. The
positive transformants were selected using the attpiresistance conferred by the pET15b

plasmid.

In order to correct these cloning mistakes, newsttoots were designed and standard cloning
protocols were applied to generate constructs BET{° with only one 6xHisTag as well as
[IC®“® and 1IB**° (constructs of the C- and N-terminal domains &Qi"9. Using primers
corresponding to the N- or C-terminal nucleotidgusmce of the 1IB&° gene, an additional
6xHisTag and including an Ncol or Ndel, the 11BCgene was amplified using a standard
PCR protocol (28 cycles of 30s denaturation at 995G of annealing at 53°C and 120s
elongation at 68°C) and Pfu polymerase. Primersevdssigned in order to have a Ndel
restriction site on the N-terminal side of the domst and a Ncol on the C-terminal side. PCR

product was purified using a preparative agarosk ayel amplified fragments were
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subsequently subjected to Ncol or Ndel digestionparallel, a MidiPrep (Qiagen) allowed
production of pRUN plasmid that were also digesteith both Ncol and Ndel and
subsequently dephosphorylated. After over-nighdtian at 4°C, competent XL1-Blue cells
(Stratagene) were transformed and grown over-naghta LB plate containing 100 uM
ampicillin. Few transformant colonies were growreenight and a MiniPrep (Qiagen) was
done to obtain the plasmid which was subsequehtgled by sequencing. Once the plasmid
was controlled, it was transformed in BL21(DE3)/pligr protein expression.

Expression

Initial expression tests were done at various teatpees and IPTG concentrations for
induction in order to optimize the amount of protebtained. Typical tested temperatures
were 37, 30 and 25°C. Bacteria were grown to anddD.6 and IPTG was added to final
concentrations of 0.1 or 1 mM. Samples were caltett several time points and the amount
of protein obtained was checked using Western dot an anti-HisTag antibody. For over
expression, several litres of LB containing 100 @Mpicillin and 20 uM chloramphenicol
were used with over-expression protocols desigmediqusly. After various induction times,
the cells were harvested by centrifugation (15 mitQO00 g) and frozen at
-80°C.

111.2.3. Membrane preparation and [IBC *“° extraction

Cells were resuspended in lysis buffer (50 mM HEPESO mM NaCl, 5 mMf3-
mercaptoethanol, 4 mM EDTA) and disrupted usingy8les of French Press (1200 psi).
Lyzate was centrifuged at low speed (20 min, 10§0® remove cell debris followed by an
ultracentrifugation (45 min at 1000@ to collect the membranes. The total-membranepell
was resolubilised in 50 mM Tris, 150 mM NaCl. Irder to separate the inner-membrane
from the outer-membrane, a sucrose gradient was.ddre lower third of the tube was filled
with a 50 % sucrose solution in 50 mM Tris, 150 MiEICl, 5 mMB-mercaptoethanol, and 3
mM EDTA on the top of which a 25 % sucrose solutias slowly pipetted. Finally, the tube
was filled with the resuspended membrane solufiarbes were centrifuged over-night at
200000g. Next day, the fraction containing the rmembrane was collected, diluted to
reduce the sucrose concentration and centrifuganh &45 min at 10000@) in order to pellet
the inner-membrane and to remove eventual remaisahgple proteins. At this point, the

137



inner-membrane pellet was resupended in 50 mM g@His8.0, 150 mM NaCl and frozen or
directly used for subsequent membrane protein etdra

The IIBC** extraction was achieved mixing either a 7 % DMa@.5 % DDM in 25 mM Tris
pH 8.0, 150 mM NaCl, 10 mM sucrose, 5 nfidmercaptoethanol solution with the same
volume of inner-membrane solution to obtain a fisalution at 3.5 % DM or 0.25% DDM.
The extraction was performed over 2 hours at 4°e $ample was then ultracentrifuged

during 45 min at 100008 in order to discard the remaining inner-membragléep

111.2.4. 1IBC °“° purification

The purification of IIBC*took advantage of the 6xHisTag of the construatifieation was
realized “in batch” using NiNTA beads (Qiagen) allog a better binding of the 1IBE to
the affinity chromatography material. The extradi®&LC*"° protein sample was mixed with 2
ml of NiNTA beads pre-equilibrated in 25 mM Tris @5, 150 mM NaCl, 10 mM sucrose, 5
mM B-mercaptoethanol (TNS buffer) supplemented withdbsired detergent at 3 times the
critical micellar concentration. The mixture wasubated for 1 hour at 4°C with gentle
mixing. After a washing step with TNS buffer, ebrtiwas performed with several increasing
steps of imidazol (60, 90, 150, 250 mM). The fraictand purity of 1IBC"was controlled by
SDS-PAGE. Subsequently, IIB€ fraction was concentrated and loaded on a sizRisiga
chromatography (Superdex 200 or Superose 12 fronhéalihcare) in order to exchange the
buffer for 10 mM Tris pH 8.0, 150 mM NaCl, 10 mMcsase and the desired detergent at the

desired concentration.

111.2.5. 1IB °““ purification

Bacteria overexpressing [T were resuspended in 50 mM Tris pH 8.0, 150 mM Na@hM
B-mercaptoethanol and 10 mM imidazol and subjecte@irench Press (3 times 1200 psi).
The cell lysate was centrifuged (1h at 100@)CGand the supernatant loaded on a HisTrap
column. The presence of 10 mM imidazol in the bagdouffer avoided non-specific binding

of contaminants. Elution was done with a lineardgrat of 10 to 750 mM imidazol. If&°

138



containing fractions were identified by SDS-PAGEalgsis, concentrated and loaded on a
superdex 75 gel filtration column (GE healthcam)ikbrated in 20 mM Tris, 100 mM NacCl.

[11.2.6. Monoclonal antibody purification

Production

Antibodies were produced by our collaborator Dr.n&eFischer (Institute of Organic
Chemistry, ETH, Zurich, Switzerland). Purified 1I1B€ solubilized in octyl-glucoside was
injected in mice together with adjuvants in orderdise anti-IIBC* antibodies. To produce
large amounts of monoclonal antibodies, the mougaridoma cells production system
(Schwaber & Cohen, 1973) was used. Antibodies vpeoeluced in cell culture medium
containing or not serum with similar efficiency.té&f production, the cells were removed by
centrifugation and the supernatant stored at 4°@i-WBC®"° monoclonal IgG antibodies
(mADb) were selected on their ability to recogni®d°"°in a ELISA test but not on a Western
blot, allowing the selection of antibodies bindiogly to folded IBC". An additional
antibody able to bind to IIBE in both ELISA and western blot was also selectad a

produced in order to be used as labeling tool BET

Purification

After 0.22um filtration, hybridoma cells growth mewh containing the mAb was loaded on a
HiTrap Protein G HP affinity column (GE healthcaedder column equilibration in 40 mM
phosphate pH 7.0. To wash the column, 20 ml of dame phosphate buffer was used
allowing removing unspecific binding. The elutiomsvperformed using a 0.1 M solution of
glycine buffer at pH 2.7. Fractions of 0.5 ml werdlected in collection tubes containing 100
pl of 1 M Tris pH 9.0 in order to neutralize the pMoiding unfolding or precipitation of the
IgG. The purity of the sample was checked using5% ISDS-PAGE electrophoresis in
reducing conditions. The samples containing IgGewbalyzed over night and at 4°C against
a 100 mM acetate pH 5.5, 2 mM EDTA solution to exaie the buffer in a 12 kDa cut-off
dialysis tube (dilution 1:100)
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[11.2.7. Fab fragment production and purification

Papain digestion

To generate Fab fragment, IgGs were cleaved usapgip digestion as previously reported
(Padavattan et al, 2007). To set up the protocdlfand out ideal digestion conditions, the
mADb solution in a 100 mM acetate pH 5.5, 2mM EDTAswmixed with L-cystein acting as
reducing agent and activator of papain at a 2.5n0k final concentration. The papain was
added at different ratios (typically 1 papain/5@)dL/100, 1/250 and 1/500) and the sample
was incubated for several hours at 37°C under tagitaEvery 30 minutes an aliquot was
taken out of the reaction mix and a 50-fold excessjpared to the papain concentration, of
fresh E64 papain inhibitor was added in order tstantaneously stop the reaction. The
different aliquots were then analyzed using a 1398-$AGE. Once the best conditions had
been set up for a given antibody at a given comaBon, the IgG was cleaved routinely using
the same protocol on larger amounts. To removelgltvwe L-cystein, an over-night dialysis
was performed against 25mM acetate buffer at pHISIag a 12 kDa cut-off dialysis tube.

Purification

In order to purify Fab fragments from contaminant, strong cation exchange
chromatography was performed. The dialyzed sangiéaming the cleaved IgG was loaded
on a Mono S HR 5/5 column (GE healthcare) thatgragiously been equilibrated in 25 mM
acetate pH 5.5. The bound proteins were eluted witrery shallow 0 to 500 mM NaCl
gradient. To perform optimal separation, the gnaidveas hold as soon as the OD monitoring
shows a raising peak and was started again onlynwine absorption had returned to the
baseline. The eluted peaks were collected in 1lrackibns and analyzed using a 15 % SDS-
PAGE electrophoresis in reducing or non-reducingdatns (nop-mercaptethanol in the
sample buffer). Subsequently, a size exclusion matography was realized on the Fab
fragments purified with the cation exchange chragatphy to remove aggregates and to
change the Fab buffer. This was performed usingupefex 75 10/30 column (GE
healthcare) equilibrated with 20 mM Tris pH 8.00508M NaCl, 10 mM sucrose. Fractions

containing Fab could be stored at 4°C for seveeshs.
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[11.2.8. 1IBC-Fab complex formation and purificatio n

To prepare the 1IBC-Fab complexes, the solutiomgaining IIBC“ and the Fab were mixed.
A 2.2 to 2.5-fold molar excess of Fab was usedlkaitt proteins were incubated together for
30 minutes at room temperature. Prior mixing, teeedyent used for 1IBC purification was
added to the Fab solution at a concentration bet\#esnd 3 times the CMC. Then the sample
was concentrated in a 50 kDa Amicon (Millipore) dodded on a Superdex 200 HR 10/300
size exclusion column (GE healthcare). This finaification step allowed the removal of the

Fab excess.

[11.2.9. Dot blot experiments

In order to determine to which domain the Fab fragta are binding, dot blot experiments
were realized. Few pl of IIBE or 1IB%° were adsorbed on nitrocellulose paper. The paper
was saturated during 2h with a 10% milk solution5th mM Tris pH 8.8, 150 mM NaCl
(TBS-milk). After few washing steps, the nitrocétlse membrane is incubated 1h with the
desired Fab fragment or antibody in TBS-milk wittLldOO0 and 1:2000 dilution factors
respectively. Anti-Fab antibodies linked to alkaliphosphatase was used as secondary
antibody and incubated with the membrane for lhtsDwere revealed using the alkaline

phosphatase activity of the secondary antibodyFa&&T tablets (Sigma).

[11.2.10. Crystallization

Prior crystallization protein samples (I1B€ 11B*““and IIBC"“Fab) were concentrated using
Amicon filtering devices (Millipore) of correspomdj molecular weight cut-off. The protein
concentration for crystallization was ranging fré&no 20 mg/ml. All crystallization screens
were realized at 20°C. Initial crystallization agsavere done in 96-well plates using the
sitting drop technique (vapour diffusion methodheTfollowing commercial crystallization
screens were carried out: Crystal screens | arflldmpton Research), MbClass |, Classic
Lite (Qiagen) or Wizard and MemSys/MemStart (Molacudimensions). Once initial
crystallization conditions had been obtained fréwdse screenings, optimization was realized

in 24-well plates.
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[11.2.11. X-ray data collection and processing

Crystals were frozen in liquid nitrogen after a disoak in a cryoprotection solution
containing either 15% ethylene glycol or 15% glyterAll X-ray diffraction data were
collected on beamline X06SA of the Swiss Light SeuVilligen, Switzerland) using typical
exposure time of 1s and a MAR CCD detector. Tha ddtere processed using MOSFLM
(Leslie & Powell, 2007) and scaled with Scala (E34aR006). The solvent content of the

found solutions was estimated using the Matthevesfictent calculation (Matthews, 1968).

142



I11.3. Results and discussions

Our aim was to solve the crystal structure of I#B@sing specific Fab fragments in order to
enhance its crystallization ability. Before the io@gng of this project, IgG monoclonal
antibodies (mAb) were raised in mice by Dr. Renéckér (ETH Zurich) using purified
lIBC®““ and the hybridoma cells production system. Thteess, termed G13, G22 and F24,
were selected based on their ability to bind f86n ELISA or on Western Blot.

G22 and F24 were binding IIBE in its native state as both IgG were recogniziBg " in

an ELISA test but unable to bind to unfolded If8Gn a Western blot. In contrast, G13 was
able to recognize IIBE®in both ELISA test and Western blot. Therefore2G®d F24 are
recognizing a structural epitope whereas G13 ibaisly recognizing a linear sequence of
IBC®. A priori, G22 and F24 are supposed to bind tightly to tBE1" protein enhancing
its hydrophilic surface and, as they recognize ractiral epitope, stabilizing a given
conformation. G13 is binding a linear epitope aadtherefore probably less efficient in
stabilizing the structure of IIBE for crystallization but can be used to detechit¥estern

Blot for example.

Prior to crystallization trials, mAb purificatiomifowed by Fab production and purification as
well as IIBC" purification was required. Both 1IBCsuc (with angle or with two Histags)

constructs could be used without significant deferes.

111.3.1. 1IBC %“° expression, membrane extraction and purification

Expression

The ideal growth conditions for tH& coli strain and the IIB&° expression protocol were
well established after several systematic exprasssts. For large scale expression, typical
volumes were 10 flasks of 500 ml of LB medium e&lde induction was done at OD = 0.6
with 1 mM IPTG and IIBE" was expressed for 4 hours at 30°. This protocioiweald
obtaining routinely an amount of nearly 1.5 gramsiy cells resulting in about 0.5 mg of

IBC®““per litre of culture.
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Membrane preparation and protein extraction

Dr. Jun-ichi Saito and Dr. Caroline Peneff, in theitial attempts to crystallize 11IBE, could
obtain crystals diffracting to a resolution at abdé. However, after structure solving, it
turned out that these where crystals of OmpF, thpmnporin of the outer-membrane frdm
coli. A deeper analysis of the reasons of this contanoin resulted in the following
conclusions. When extracting the membrane protinestly after cell lysis, OmpF, the major
general porirE. coli was representing the major contaminant. OmpF oaintnts could not
be completely removed using Ni-NTA chromatographg.avoid OmpF contamination, an
additional sucrose gradient step was includeddaariembrane preparation protocol. After cell
disruption using a French Press, unbroken cellewemoved by centrifugation and an
ultracentrifugation step allowed the total membraaetion to be collected. The resolubilized
membrane pellet was loaded on a 25 % / 50 % sugosdient and ultracentrifuged for
several hours. This allowed separation of the mfrem the outer-membrane. The outer-
membrane was pelleted at the bottom of the tubere@sethe less dense inner-membrane
fraction which is unable to enter the 50 % sucidation and remained at the 25 % - 50 %
interface. The inner-membrane fraction (the 25 @ase and about half of the 50 % sucrose
solution) was collected, diluted and ultracentréddgn order to obtain an inner-membrane
pellet. The pellet was resuspended in 50 mM Tris8gH 150 mM NacCl and could be readily

used for protein extraction or frozen for severakws at -80°C.

For protein extraction, the protocols were firsstéel in small scale experiments using
different concentration (ranging from 2 to 100 tsmhe critical micellar concentration) of
various detergents such as decyl-maltoside (DM)edgl-maltoside (DDM), or thesit
(C12E9), the most used for inner-membrane protginaetion. Extraction efficiency was
controlled with Western blots and anti-His as pmynantibodies (figure 111.3). One condition
(0.25 % DDM) allows almost complete solubilisatioh IIBC® in a homogenous manner
whereas increased DDM concentration or other detgésgwere leading to inhomogeneous
samples (figure 111.3). At 0.25 % DDM, the protewas extracted in a single band that could,
according to it's size, correspond to the monoméaim of IIBC*' Other detergents were
yielding two bands: the same, likely monomericnfoof IBC®® and an additional band of
higher molecular weight that was likely to consistIBC®'° dimers. In some cases (0.5 %
CoEp2 0r 2.5 % DDM) higher molecular weight aggregatesenalso visible. Once optimized,

the 1IBC*® extraction conditions were used routinely withgkramounts of proteins.
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Figure 111.3: Western blot of 1IBC %““ extraction tests using 3 different detergents.

Detergent concentrations are in percentage. PatéiBiC*"° oligomeric states are mentioned.

111.3.2. 1IBC *“ purification

[IBC®““ purification took advantage of the 6xHisTag préserthe construct. The binding on
HisTrap columns (GE Healthcare) was weak and ongynall fraction of the total [IBE®
protein could be attached and purified using tlkimn. In order to allow better binding,
lIBC®"° samples were mixed with Ni-NTA beads and kept°& for 2 hours under gentle
agitation. Using beads allowed binding of virtualy IBC®*°to the Ni-NTA material. This is
likely to be due to the longer binding time whenngsbeads. However, there was also a
substantial difference in binding efficiency betwebe double- and mono-HisTagged IBC
The almost non-binding of IIBC-His can be explaitgdan eventual buried HisTag at the C-
terminus side of the protein. Elution was realizedsteps using increasing imidazole
concentration (Figure 111.4). Almost all IIBE is eluted between 60 and 150mM imidazol.
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Figure I11.4: SDS-PAGE of IIBC *“*Ni-NTA affinity purification
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Fractions containing IIBE are pooled and subjected to gel filtration chragedphy in
order to exchange the buffer. Detergents are cermid as critical for the protein
monodispersity. Therefore, only detergents allowagtion of IIBC'® as a monodisperse

peak and showing only minor aggregation were comsefor crystallization trials (Figure
111.5).
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Figure I1Il.5: Gel filtration chromatogram of IIBC **° in DM detergent and
corresponding SDS-PAGE

The blue trace represents the UV absorption. Gaedrred bars correspond to the fractions loadettiegel.

According to the gel filtration elution peak at @wme of 12.75 ml, IBE'° might be a dimer

in solution (estimated molecular weight of abou0 KDa). In order to confirm this, blue
native polyacrylamide gels (BN-PAGE) were done waig running the protein samples
according to their molecular mass. [IBEmigrates in a rather smeary line, but forms a
predominant band at roughly a similar size thanl#hf@ kDa band of the MW ladder.
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[11.3.3. Antibody purification

The 1gG purification is realized using a Proteinaffinity chromatography column (HiTrap
Protein G HP, GE Healthcare). Protein G is a agflage type Il Fc receptor of the Group G
streptococci able to bind the Fc region of IgG by a non-immuamechanism similar to that of
the protein A fron&aphylococcus aureus (Akerstrom et al, 1985).
The purification of the different IgG used in ttstidy led to various results. Both G22 and
G13 could be easily purified and these IgG arergun a single peak, after 1.5 to 2 column
volumes (figure I111.7). G13 presented a good sditybiluring the elution contrariwise to G22
that had a tendency to precipitate during the @huths the acid pH used to elute the IgG was
neutralized immediately after elution, this aggteaprocess must be the result of the very
high G22 concentration during the elution of thetein G column. Diluting ten times the
samples containing the eluted G22 could solve tjgregation problem. The analysis on
SDS-PAGE (figure 111.7) revealed, for both G13 aBd2 antibodies, the presence of sharp
bands corresponding to the heavy and light chainthe purified IgG. A smeary band of
nearly the same molecular weight surrounds theseddarhis corresponds certainly to the
contaminant IgG coming from the serum added tontieelium used to raise the hybridoma
cells. In the flow through, one major band is Visibertainly corresponding to serum albumin
present in the medium.
Fractions (0.5ml)
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Figure I1.7: SDS-PAGE after monoclonal antibody purification
Example of SDS-PAGE in reducing conditions afteftdp Protein G column purification of G22. FT starfidr
flow through. Elution with 100 mM glycine pH 2.7lalved quick release of the IgG. The two charadieris

heavy and light chains are visible.
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In the case of F24, there was also one single peathe absorption chromatogram, but no
sharp band on the SDS-PAGE. Only the smeary bamds wsible corresponding to heavy
and light chains of antibodies but not from onegknspecies. As the ELISA tests after
expression were positive and as there was no gameéng band neither on the loaded
medium sample nor in the flow through sample, wectale that the expression of F24 must

be very low and therefore we decided to not comtworking with this IgG.

lgG
Hinge
Fab regions Fab _FC_
] Papain 2 x +
Fc |
|

1 Heavy chain
C—1  Light chain

Bands on SDS-PAGE
IgG Fab Fc
_ N 55 kDa (heavy chain)| Double band at
Reducing conditions . , 30 kDa
25 kDa (light chain) ~25 kDa
Non-reducing conditions 150 kDa 50 kDa 60 kDa

Figure 111.8: Schematic representation of IgG, its papain cleavage product and

description of the bands visible on SDS-PAGE in ratting and non-reducing conditions.

[11.3.4. Fab production by antibody cleavage
The Fab production protocol was adapted from aipusvprotocol developed in the lab

(Padavattan et al, 2007). Papain is cleaving lg@easo-called “hinge region”, a region that

is particularly easy to access for the proteagpi@ I11.8). In order to determine the optimal
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cleavage time and conditions, small scale test® wWene while varying parameters such as
papain concentration compared to the IgG conceotratL-cystein concentration and
digestion time (figure 111.9). The optimal cleavagendition for G22 was a low concentration
of papain (1 papain per 250 IgG molecules) and llegystein concentration (2.5 mM). The
incubation time for this IgG was 90 minutes. For3Gthe best cleavage condition was with a
higher concentration of papain (molar ration of0LI§G molecules) and higher L-cystein
concentration (5mM). In this case, the optimal lmation time was 45 minutes.

kDa MW 1 2 3 4 5
97
1. T =0 min
66 e Sl 2. T =15 min
\ HC/ 3. T =30 min
45
4. T = 45min
Fc
\n 5 T =60 min
30 e
t @
LC Fab

Figure 111.9: SDS-PAGE of papain digestion tests 0f513.

SDS-PAGE of the optimal G13 cleavage conditionswshg the increase of the Fab specific double band a
about 25 kDa. The papain to IgG ratio was 1:50 thedL-cystein concentration was 5 mM. The heavyircha
(HC), light chain (LC) are disappearing while thednd Fab bands are appearing.

According to Adamczylet al. (Adamczyk et al, 2000) this suggests that G222t from
the 19G2a or 1gG3 subtypes and G13 could be framdis1 subclass. As protein G columns
are able to bind strongly all these different sabsks of IgG, it was not possible to
discriminate these subclasses at the previousigatidn step.

The cleavage led to a characteristic observatiother6DS-PAGE. For an uncleaved IgG, in

reducing conditions, two main bands were visiblaedrly 27 and 50-55 kDa. These bands

correspond respectively to the light and heavyrclodithe IgG (figure 111.8). Once the IgG
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was cleaved, the SDS-PAGE in reducing conditions prasenting two additional bands. One
was very close to the size of the one at 27 kDatla@decond band was about 30 kDa in size.
In the mean time, the heavy chain band was disaimgean the SDS-PAGE. In fact, the
heavy chain band was cleaved into two parts reguiti a Fab composed of the light chain
and of the fragment of the heavy chain that is \gemyilar in size compared to the light chain
forming a characteristic double band on SDS-PAG#eumeducing conditions. The 30 kDa
corresponds to the Fc fragment obtained after tayes

[11.3.5. Fab purification

Various proteins and peptide chains were contamigadhe Fab samples after IgG cleavage.
This includes mostly Fc fragments and uncleavetadies but probably also different Fab
forms (as the papain cleavage is not sequencefigpeflation exchange chromatography
(MonoS, GE Healthcare) was used with a very shaN@a€l gradient (and its eventual “hold”
as soon as a protein peak was appearing on thenatwgram), in order to separate different
forms of Fab and to conserve only the peaks cantgitne major Fab form (figure 111.10).
This procedure turned out to be really efficientdifferentiating forms of Fab fragments
thanks to their surface charge differences. Thigfipation step was also allowing the
removal of Fc fragments that were eluting at hightlxCl concentration than the Fab.
According to SDS-PAGE, the fractions belonging ke imajor Fab peak were mixed and
further purified.
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Figure 111.10: Example of cation exchange chromatogam of Fab fragments from G22

purification and corresponding SDS-PAGE.
The blue trace represents the 280nm UV absorptidorrespondences between SDS-PAGE lines and
chromatography peaks are marked with numbers. &ddst for “load” and corresponds to the protein timiu

that was loaded on the column. FT stands for flonwugh.

In order to finalize the Fab purification, the sdenpvas subjected to gel filtration
chromatography (Superdex 75, GE Healthcare). Inh b&22 and G13 cases, the
chromatogram was very similar allowing the sepamaif the remaining uncleaved mAb
contaminants, found in the exclusion volume, frdme Fab. Eluted from the column in a
monodisperse peak, G22 and G13 Fab fragments wemmhiguously identified on SDS-
PAGE (figure Ill.11). Once purified, the Fab fragme could be stored for several weeks at
4°C. However, to avoid aggregation problems, th&ceatration had to be kept low (below 1

mg/ml) for long term storage.
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Figure 111.11: Example of gel filtration chromatogram of G22 Fab fragment and the

corresponding SDS-PAGE.

Gel filtration chromatogram of the UV (280nm) ahstaon (blue trace). The fractions marked by the aed
green bars are representing contaminants (prolmaiydigested 1gG) and purified Fab fragments rebpsy.
The bars are also marking the corresponding linegshe SDS-PAGE in both reducing and non reducing

conditions.

[11.3.6. 1IBC-Fab complex formation and purificatio n

|IBC**-Fab(G22)

The IBC“Fab complex formation was obtained by mixing basimponents of the complex
and by incubating it under gentle mixing. The pioteample was then concentrated and
purified using a Superdex 200 gel filtration coluniiwo elution peaks were visible on the

chromatogram (figure IlIl. 12).
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Figure 111.12: Gel filtration chromatogram of 1IBC *““Fab(G22) and its corresponding

SDS-PAGE.

The blue trace represents the UV absorption. Adogrtb the SDS-PAGE, peak 1 was containing f8@nd
Fab, whereas peak 2 was containing only G22 Famieats.

According to the SDS-PAGE, the peak 1, eluting aha@ecular weight of about 10.5 ml
(about 280 kDa of MW), was probably correspondiogllBC*"“Fab(G22) complex. The
mass determined by the elution volume of this cexglorresponded roughly to the sum of a
IBC®" dimer and two Fab(G22) molecular weight (~200k@a)bedded in a detergent
micelle. No significant difference in band integsitas visible on the gel suggesting a 1:1
ratio of IIBC*"“ and Fab(G22). The second peak, correspondingdwer molecular weight
of around 50 kD, wass eluted later. This peak ¢ostine excess of Fab (G22).

|IBC**-Fab(G13)
G13 is a mAD directed against a linear epitopdBET". As already observed during papain
digestion, G13 mAb belongs probably to the IgG1likanThe difference in MW of the Fab
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two chains is also smaller than in the G22 casdltieg in a single band on a SDS-PAGE in
reducing conditions. During the IIB&-Fab(G13) complex formation analysis, an intergstin
feature concerning Fab(G13) has been observed. &eapo [IBC'“Fab(G22), the complex
with Fab(G13) showed a complete different behaviadren subjected to gel filtration
chromatography (figure 111.12 and 111.13). The chratogram was showing a double peak of
high molecular weight in addition to the Fab(G18tess peak. On SDS-PAGE, these two
peaks were consisting in a single identical bankigii molecular weight.

G00
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Figure 111.13: Gel filtration chromatogram of 1IBC *““Fab(G13) and the corresponding
SDS-PAGE.

The blue trace corresponds to the UV-absorptioree@rand red bars represent fractions in which H{BC

Fab(G13) and Fab(G13) are present respectively.

In order to get insight into the composition ofsthiDS-PAGE stable, high molecular weight
complex, Western blot experiments were undertakeinguseveral antibodies. The high
molecular weight band was recognized by anti-His@agibodies as well as by anti-Fab
antibodies, but not by anti-Fc antibodies indicgtihat both IBC* and Fab(G13) were

present in this single high molecular weight bahkis suggests that Fab(G13) is binding to
[IBC®““ tightly enough to not be disturbed in SDS-PAGEditions. Increased concentration
of SDS or of3-mercaptoethanol did not help to separate the FER)@om its IIBC"“ epitope.
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Only heating of the sample, inducing aggregatiorlBC®"® allows obtaining a Fab band
situated at the expected Fab size (data not shodmB-mercaptoethanol had no effect, a
disulfide bound between IIBC and Fab(G13) is prdypaxcluded to explain the strong
binding of Fab(G13). No effect of SDS was dete@sgadvell, suggesting that detergents do not
affect the binding of Fab(G13) and that this strdngding may be due to hydrophobic

interactions.

The presence of a double peak indicates polydigparsthe complex. The elution volumes
of about 11 and 12.2 ml indicate that the two sgebtiave a MW of about 250 and 125 kDa
respectively. As both peaks contain I[BCand Fab(G13) it is likely that the first peak is
corresponding to the IIBE" dimer (100 kDa) in complex with two Fab(G13) mailes (50
kDa each) surrounded by detergents. The secondqoedd correspond to a IIB monomer
with one Fab(G13) bound. If this assumption is trilés would mean that Fab(G13) is
binding to an epitope located close to the diméomainterface and that it is disturbing the

quaternary structure of 1B

In order to further characterize the binding of @i8) on IIBC", its N-terminal domain
(11B®"9 was expressed iR. coli and purified using Ni-NTA affinity chromatographand
subsequent gel filtration (data not shown). Thetggnowas strongly expressed and easily
purified in high amounts (50 — 100 mg per litrecofture). IBCY“ and 11IB*° were used for
dot-blot experiments with G13 and G22 Fab fragmeNis signal could be detected for
Fab(G22) probably because it is a conformationalopp and that during the dot blot
experiment, 1IBC*C is unfolding because of the absence of detergerthé solutions. In
contrast, Fab(G13) was binding only to 1[B&but not to IIB", suggesting that Fab(G13) is
specifically binding to the transmembrane domai@™fl The binding on transmembrane
domain corresponds to a major selection criterlmmuising Fab fragments as it allows the
increase of the insoluble part of IIB€ The tight binding of G13, as well as its binding
location on the 1I€"° domain indicates that it might be a good canditieontinue structural
investigation. However, the gel filtration chromgtam also suggests that this Fab may

disturb the oligomeric state of IIBE, eventually leading to problems during crystatiiza.
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111.3.7. Crystallization of IBC *““and 1IBC*"“Fab

lIBC*®

As the 1IBC" crystallization ability had already been intengjvimvestigated, most of the
screens realized here were to study the behavibulBE€*'® when it was extracted and
purified using a new detergent or buffer. This waainly in order to test if the detergent
concentration was acceptable and to have a refefenthe comparison between [1B€and
lIBC®'“Fab crystallization screens. Screens designednfembrane specific proteins were
used in that case (MemSys/MemStart or MbClassalsaally rather low protein concentration
(3-8 mg/ml).

The crystallization behaviour of IIB& was tested in 0.3 % DM at up to 8 mg/ml, 0.025-
0.03 % DDM at up to 10 mg/ml and 0.05 % C12E9 ag/®nh of IBC™ In all cases the
screens presented clear and precipitated dropsxpscted for a protein in suitable
concentration for crystallization. In addition, D&dreens often led to many drops with phase
separation that was often turning into round solgects. Although they were containing
protein, as assessed using the micro-spectrophtd#ontieese “crystal” were presenting only

powder diffraction.

Different crystals coming from different crystalitzon conditions were obtained during these
assays. All IBC* crystals obtained were grown when using DDM fotraoting, purifying
and crystallizing the protein. The crystals wereobltained at a 1IBE concentration of 8
mg/ml and using 0.025% as a DDM concentration entotein buffer prior to crystallization.

All conditions obtained with commercial screenslated in Table I11.14.

The typical growing time of these crystals was ragdetween 2 and 4 weeks. Crystals were
usually very small (humber 1 was the biggest wittapproximate size of 100 x 50 x 30 pum).
These crystals, unfortunately, could never beeroered and optimized when using another
[IBC®"“batch.
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_ Crystallization _
# Protein buffer N Crystal picture
condition
20 mM Tris pH 8.0,
1 10 mM sucrose, 0.1 M Hepes pH 7.5
200 mM NacCl, 30 % PEG 400
0.025% DDM
20 mM Tris pH 8.0,
0.1 M MOPS pH 7.0
10 mM sucrose,
2 0.1M NacCl
200 mM NacCl,
12% PEG 4K
0.025% DDM
20 mM Tris pH 8.0,
10 mM sucrose, 0.2 M imidazole/malate
3 100 mM NacCl, pH 8.5
5% glycerol, 17.5 % PEG 10K
0.025% DDM

Table 111.14: List of IIBC *“° crystallization conditions and crystal pictures.

[1BC*-Fab

Both 1IBC*“Fab complexes (with G22 and G13) obtained have lsed in crystallization
screens. The typical threshold above which the ¢exnpas starting to strongly precipitate in
the screens was around 15 mg/ml. Crystals have tletaned in different conditions using
the 1IBC*“Fab(G22) complex. The protein solution used t@inbthese crystals was coming
from a single purification realized using 3.5 % D the extraction followed by 0.3 % DM
during the IIBC" purification and the Fab binding procedure. Durthg final purification
step (to remove the excess of Fab) a detergentagehwas performed for 0.025 % DDM in
20 mM Tris pH 8.0, 100 mM NacCl, 5 % glycerol, 10 ngMcrose. All crystals were grown at
a concentration of 18 mg/ml. These very tiny crgstauld not be reproduced and optimized

yet. The conditions in which they appear are sunmedrin the Table I11.15.

157



# Crystallization condition Crystal pictures

0.1 M Hepes pH 7.5,
0.1 M NacCl,
0.1 M LiSO4,
12% PEG 4000

0.1 M Tris pH 8.5,
5 0.2 M Tri sodium citrate,
30% PEG 400

0.2 M imidazole/malate pH 7.0,
10% PEG 4000

Table 1I1.15: List of IIBC *““Fab(G22) crystallization conditions and corresponihg
crystal pictures.

[11.3.8. Diffraction experiments and data analysisof IBC **and 1IBC**“Fab

Although they were very fragile, few crystals obtd from each conditions could be fished
using cryoloops and frozen in liquid nitrogen. Pt freezing, crystals from conditions 2 and
3 were quickly soaked into a cryoprotecting solutibhe x-ray diffraction experiments were
done at 100K on beamline X06SA at the SLS.
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[1BC**¢

Crystals obtained from conditions 2 and 3 were shgwnly very weak diffraction with only
a few reflections on the diffraction pattern wheré¢lae crystal obtained in condition 1 was
showing a clear pattern at a muchbetter resolutich A) (figure 111.16). Few diffraction
images could be collected allowing indexing with BIELM (Leslie & Powell, 2007). These
crystals were belonging to space group P2 or Pailhad a = 117 A, b =131 A, ¢ =170 A
and B = 101° as cell constants. Assuming If8Cis a constitutive dimmer, Matthews
coefficient (Matthews, 1968) analysis of these taigssuggested a number of 3, 4 or 5 REC
dimers corresponding to 72 %, 62 %, 53 % solventerd, respectively.

Figure 111.16: IBC *“° X-ray diffraction pattern

The right panel shows a zoomed in image presettimgattern and the best resolution spot (arrow)

[I1BC™“-Fab

The biggest crystals obtained with the IIBC-Fab({z@&2mplex were tested for diffraction on

beamline X06SA at the SLS. The crystals obtainednficonditions 4 and 5 showed very
week diffraction but a clear protein pattern (figul.17). The resolution in this case was very
low at nearly 30 A. This can be partially due te trery small size of the crystals (about 10 x
10 x 30 um).
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A 1IBC®'“Fab(G22) crystal grown in condition 6 was alsagésThis was the only crystal in
that drop but had grown slightly bigger than instays from other conditions (around 20 x 20
x 40 um). The diffraction was at a resolution a2 to 15 A with a rather clear pattern
(figure 111.17).

Figure 111.17: Diffraction pattern of IBC *““-Fab(G22)

Examples of diffraction patterns obtained with 1{8@-ab(G22) crystals grown (left) from condition 4dan

(right) from condition 6. Maximal resolutions aepresented with an arrow.

In this later case the indexing of the crystal doloé achieved using MOSFLM. The space
group of these crystals was P2(?)2(?)2(?) with celit parameters equal to a = 79.4 A, b =
119.8 A and ¢ = 189.3 A. Solvent content analysisg Matthews calculation revealed an
unlikely low solvent content (45%) if the asymmetunit would contain one dimer of IIBE

in complex with two Fab molecules (total MW = 20D&). However, if one assumes that one
of the crystallographic two fold axis is locatedafocal two fold axe of the putative dimer of
[IBC®Y, each IIBC“° monomer in complex with one Fab could fit into #®ymmetric unit
with a solvent content of 73 %. This solvent cohteauld be in better agreement with typical
solvent content values found in crystals of meménarotein that are embedded in a detergent
micelle.
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[11.3.9. Bioinformatic analysis of 1IBC

Transmembrane helices prediction

The transmembrane part of the bacterial inner-mangproteins is composed @fhelices.
These helices have an overall high hydrophobiaitg a characteristic amphipathic pattern
and therefore it is possible to directly predice thumber and location of transmembrane
helices from the protein sequance. Several sewere used to predict the transmembrane
helices of the IIBE* C-terminal domain (figure 111.18). All but one gy@am predicted a ten
transmebrane helices topology and all predictedcémlare located at almost identical
positions in the sequence. Except the SOSui pragadinvould suggest a topology in which
[IBC*““would have its both N- and C- termini in the cyemm. The topology predicted by the
SOSui program would lead to a N-terminus locatedhm periplasm which is inconsistent

with the location of the 11B domain that has tolbeated in the cytosol for functional reasons.

RLLSNIFYPT TPAIVASGLL MGLLGMVKTY GWYDPGNALY IMLDMCSSAA FITLPTLIGF TAAREFGGNP 177

Figure 111.18: Compilation of transmembrane helices prediction of the C-terminal

domain of 1IBC®*

Putative transmembrane helices predicted by HMMTRMe), SOSui (green), TMHHM (yellow) and TopPred
(red) programs are marked. Black and purple heliepgesent the prediction made by Titgemeyer gt18096)
and Buhr et al. (1993) respectively. Residue nusbgfer to the full length 11BTS
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These results are in contrast with Titgemeyer .gffdlgemeyer et al, 1996) which proposed a
6 helices model for the IIBE® close homologue ScrA frorK. pneumoniae. The helices
predicted in that study were also predictedilico by the programs (figure 111.18). However,
in Titgemeyer et al., the protein was predictedhave two long loops in the cytoplasm that
are detected by the prediction programs as beingtipe transmembrane helices. The 4
additional detected helices are presenting a ntgjofihydrophobic residues. In order to form
the amphipatic helices, the hydrophilic residuessent in these helices should be located in
intervals of multiples of 3 to 4 residues. In theggence, no long patches of hydrophilic
residues are visible at the localization of theitoithl computer proposed helices, giving a
supplementary indication that these helices mighhsghe membrane. Another model based
on fusion protein experiments and hydropathy aish&s proposed for the related 11#B

(Buhr & Erni, 1993) and consists in an eight trapamrane helices bundle.

Taken together these data suggest that the transraeendomain of IIB&° has an unclear
number of transmembrane helices. Experimental slaggesting 8 helices, it is possible that
the two addition “transmembrane” helices detectgdth®e programs could be membrane
associated and not transmembrane. In order to robtere insights, further structural

knowledge is clearly required.

Homol ogy modelling

Sequence based homology modelling was carriednopéiallel with SwissModel (Arnold et
al, 2006) and with HHpred (Soding et al, 2005).bioth cases, the programs identified
structurally characterized homologues in the N-teain part of the 1IBC" sequence,
corresponding to the IIB domain of the protein. Tm@mnologous proteins (I1IB domain of the
IIABC of clostridium difficile (PDB code: 3ipj) (unpublished data) and %tBfrom E. coli
(PDB code: liba and 3bp3) (Eberstadt et al, 199&mNet al, 2008) with high sequence
identities (respectively 42, 30 and 29 %), wereduas templates in order to compute a
structural model of the 1B domain from IIB€ using Modeller (Sali & Blundell, 1993).

The computed 1B model strongly resembles the identified homologussd as template.

1B is forming a globulan/f protein domain composed of an antipargiedheet flanked

by threea-helices (figure 111.19).
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Figure 111.19: Ribbon representation of the HHPred generated model of 1IB"° domain
of IBC %"

Its active site (Cys 26) is represented in sticks.

However, no proteins sharing enough similarity witle transmembrane domain of 1IBE
and for which the structure is known was detectgdhbmology modelling programs.
Therefore, obtaining structural data is still neseeg to understand the molecular mechanisms
underlying the sugar uptake and its concomitantsphorylation and more generally to

determine the fold of the IIC domain.
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Conclusions

This study aimed to solve the crystal structurghef lIBC*'® protein fromS. typhimurium in
order to obtain the first structural insights i@ sugar uptake at the inner-membrane level
by the PTS system. In order to achieve this, f8@as expressed and purifiedEncoli. In
addition, in order to increase the crystallizatianility of 1IBC®, specific antibody Fab-
fragments were produced, purified and used to asere¢he soluble part and to rigidify [1BE
Although initial crystallization conditions were sal obtained with 1IBE* without Fab,
crystals could also been grown for the If8@-ab(G22) complex confirming the potential of
this method. However, the crystals were never dymible from one 1IBE batch to the
other suggesting that an uncontrolled parametduentes the crystallization. Cases have
been reported were the amount of lipids presenthe protein sample was critical for
crystallization and obtaining well diffracting ctgts (Lemieux et al, 2003). It is likely that
such, yet uncontrolled, parameters are criticakcfgstal reproduction. In the past years other
methods have been used to solve structures of nasmbproteins. DARPINS, that are
binding very tightly to their target and are natxible in contrast to Fab fragments, have
proven to allow easier crystallization of membrameteins (Sennhauser et al, 2007). More
drastic solutions have even arisen in the lastyfears, such as inserting an easy crystallizing
protein (i.e. lysozyme) in a loop of a G-proteinupted receptor (Cherezov et al, 2007,
Hanson et al, 2008). This approach could also beessful with 1IBC*if replacement of a

soluble part/domain (such as the 1IB domain) ofdi8is not disturbing the protein structure.
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