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Résumé           
 

KpOmpA est une protéine de la membrane externe de K. pneumoniae. Elle fait 
partie de la famille des  «outer membrane protein A», OmpA. KpOmpA est une 
protéine constituée de deux domaines: un domaine transmembranaire structuré en 
tonneau β et une partie soluble, périplasmique. Le domaine transmembranaire de 
KpOmpA présente une homologie importante avec celle d’OmpA d’E. coli dont la 
structure a été déterminée par cristallographie aux rayons X et spectroscopie RMN. 
OmpA d’E. coli est responsable lors de la formation de biofilm. Elle a un rôle 
d’adhésine et d’invasine. Elle est la cible préférentielle du système immunitaire et est 
le récepteur de bactériophages. Il est admis que la plupart de ces fonctions sont dues 
aux boucles extracellulaires de ces protéines. Les différences majeures entre les 
protéines KpOmpA et OmpA d’E. coli concernent les boucles extracellulaires de 
longueur plus importante dans le cas de KpOmpA. Elles jouent un rôle important au 
cours de l’activation des macrophages et des cellules dendritiques par la voie des 
récepteurs TLR2. Les boucles extracellulaires jouent un rôle essentiel au cours de 
l’activation du système immunitaire. 

Mieux définir la structure et la dynamique de ces boucles est d’une importance 
essentielle afin de mieux appréhender la fonctionnalité des boucles extracellulaires 
de KpOmpA. Les informations structurales connues actuellement (structure RMN 
déterminée dans le groupe IPBS RMN en 2009) ont été obtenus jusqu'à présent avec 
des échantillons de protéines recombinantes purifiées et repliées dans des micelles 
de détergent. Dans le présent travail, nous avons d'abord établi un protocole de 
reconstitution de la protéine dans une membrane phospholipidique et caractérisé nos 
échantillons par microscopie électronique. 

Des expériences de spectroscopie de force atomique sur molécule unique ont 
été réalisées pour caractériser le repliement de la protéine dans son environnement 
membranaire. Ces expériences suggèrent un nouveau rôle de KpOmpA au sein 
même de la membrane (collaboration D. Müller, ETH Zürich). 

Le domaine soluble périplasmique de la protéine a été exprimé 
indépendamment du domaine membranaire. Les premières expériences HSQC 
réalisées montrent une structuration de ce domaine. La structure de ce domaine par 
spectroscopie RMN est en cours de réalisation. 

Le comportement dynamique des boucles extracellulaires du domaine 
membranaire KpOmpA reconstitué dans des liposomes a été étudié par 
spectroscopie RMN à l’angle magique (MAS) et notamment par mesure des temps de 
relaxation. Nous avons montré que la dynamique intrinsèque de la protéine est 
indépendante de l’environnement (membrane vs micelle). Des expériences de 
protéolyse ménagée suivie par spectrométrie de masse (MALDI-TOF) ont été 
comparées avec les informations RMN afin d'évaluer plus précisément les niveaux de 
mobilité des différentes boucles extracellulaires. 

La préservation au cours de l’évolution des boucles extracellulaires semble lier à 
leur dynamique, ce qui suggère l’importance de ces boucles extracellulaires, en 
termes de séquence, longueur mais aussi de dynamique lors de la réponse 
immunitaire. 
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Summary           
 

KpOmpA is a two-domain membrane protein from Klebsiella pneumoniae 
belonging to the outer membrane protein A (OmpA) family. It is composed of a 
transmembrane β-barrel with 8 β-strands and a C-terminal, soluble periplasmic 
domain. The transmembrane domain presents a significant homology with E. coli 
OmpA whose three dimensional structure has been determined by X-ray 
crystallography and by NMR. The E. coli homologue can function as an adhesin and 
invasin, participate in biofilm formation, act as both an immune target and evasin, and 
serves as a receptor for several bacteriophages. It is assumed that most of these 
functions involve the four protein loops that emanate from the protein to the exterior of 
the cell. The difference between KpOmpA and E. coli OmpA is mostly concentrated in 
these extracellular loops which are larger in the case of KpOmpA. KpOmpA was 
shown to activate macrophages and dendritic cells through the TLR2 dependent 
pathway, and these larger loops are supposed to play a specific role in the 
interactions with the immune system. 

Thus the structure and dynamics of these loops is of prime functional 
significance. The currently available information in this regard, including the NMR 
structure determined in the IPBS NMR group in 2009, have been obtained so far with 
recombinant protein samples purified and refolded in detergent micelles. In the 
present work we first established a reconstitution protocol that allowed the 
incorporation of the membrane protein in the more native environment of the lipid 
bilayer and characterised our samples by electron microscopy. 

SMFS experiments were used to probe the reconstituted KpOmpA unfolding-
refolding pathways, exploring the folding mechanisms for β-barrel proteins and 
suggesting a novel role for OmpA in the bacterial membrane (in collaboration with the 
group of D. Müller, ETH Zürich).  

The C-terminal periplasmic domain of KpOmpA was expressed and purified as a 
separate product and the feasibility of its structure elucidation by NMR was 
demonstrated by obtaining a high quality HSQC spectrum. 

The dynamic behaviour of the extracellular portion of the KpOmpA membrane 
domain reconstituted in liposomes has been investigated by solid state MAS NMR 
relaxation experiments. We confirmed that the previously observed gradient of 
dynamic along the molecule axis is an intrinsic property of the protein. Limited 
proteolysis and MALDI-TOF experiments were coupled with the NMR information in 
order to assess more precisely the different mobility levels in the loops.  

Evolutional preservation of the different loops regions is related to their observed 
flexibility, pointing towards immunologically important, variable, dynamic and 
accessible loops sections. 
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Summary 

 

The Introduction section points out general aspects of the Gram-

negative bacteria on the examples of Escherichia sp. and Klebsiella sp., 

the organization of the outer membrane in these organisms and of their 

OmpA proteins in particular. The membrane (N-terminal) and the 

periplasmic (C-terminal) domains of the OmpA proteins are compared with 

homologous sequences and structures and their roles (known and 

putative) are described. A variety of structural methods used for 

investigating the structure-function relations in membrane proteins is briefly 

described. Finally, the aims of this work are summarized and explained in 

the light of this information. 
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I.1. Enterobacteriaceae and K. pneumoniae  

 

The family Enterobacteriaceae belongs to the Proteobacteria phylum - a large bacterial 

taxonomy unit which is composed of Gram-negative species. The family itself contains 

around 50 different genera of rod-shaped, 1-5 µm long facultative anaerobes. They can be 

motile (possess flagella) or non-motile, pathogenic or symbionts. Natural habitats include soil, 

water, human and animals’ intestines. The well-studied Escherichia coli belongs to this family. 

The pathogens in Enterobacteriaceae are formally divided into 2 groups: the primary 

pathogens are capable of causing disease in different hosts or at a variety of conditions, while 

the opportunistic pathogens can do that under certain conditions and/or in certain hosts. The 

“famous” pathogens of the family include Salmonella (typhoid fever, food poisoning), Shigella 

(shigellosis, dysentery) and Yersinia (plague), while Escherichia (gastroenteritis, meningitis) 

and Klebsiella (pneumonia, septicemia) occupy an “intermediate” position of strain- and/or 

conditions-dependent pathogenicity (Fig. I.1 ). 

The non-motile, encapsulated, opportunistic pathogen Klebsiella pneumoniae is the 

clinically most important representative of the Klebsiella genus, which (for the moment) 

contains 7 different species. They all express two main types of antigens on their surfaces - a 

lipopolysaccharide (O-antigen) and a capsular polysaccharide (K-antigen), with large 

variability of these in the different strains. The natural habitats include surface and sewage 

waters, soil, plants and mucosal, skin and intestine surfaces in mammals. 

The Klebsiella genus is related to a variety of diseases such as atypical community-

acquired pneumonia, urinary tract infections (UTI), atrophic rhinitis and rhinoscleroma. In 

particular, K. pneumoniae is responsible for UTI (second in rank after E. coli) and respiratory 

tract infections like pneumonia/bronchitis. In addition, new antibiotic-resistant strains are 

increasingly found in nosocomial (hospital-acquired) infections, particularly in immuno-

compromised patients that have already been weakened by a fight against another disease. 
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Fig. I.1. The Klebsiella genus (currently containing 7 different species) within the pathogens of the 
Enterobacteriaceae family. The primary pathogens are presented to the left (red color) and the 
opportunistic ones - to the right (blue color). The most important representative of Klebsiella is perhaps 
K. pneumoniae, causing urinary tract and respiratory infections. 
 

 

According to the World Health Organization, pneumonia (although caused not only by 

K. pneumoniae) is the leading cause of death (18%) in children up to 5 years old worldwide 

with approximately 1.4 million casualties per year, which is more than the death toll from 

AIDS, malaria and tuberculosis combined. 
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I.2. Cell envelope of the Gram-negative bacteria 

 
The bacterial cytoplasm is contained by the lipid bilayer of the plasma membrane, 

followed by a peptidoglycan network (part of the cell wall) of different thickness. In the case of 

Gram-positive bacteria, this cell wall is considerably thick and protrudes far into the 

extracellular environment, while the much thinner peptidoglycan lattice of the Gram-negative 

bacteria is trapped in the periplasmic space between the inner (i.e. the cytoplasmic) and outer 

membranes (Fig. I.2). 

 

 
 

Fig. I.2.  Schematic representation of the cell envelope of Gram-negative (left side) and Gram-positive 
(right side) bacteria. Gram-negative bacteria contain a unique feature - the outer membrane - which 
creates an additional compartment (the periplasmic space between the two membranes). The outer 
leaflet of the outer membrane is composed of lipopolysaccharides, whereas the inner leaflet is 
composed of phospholipids as those of the inner membrane [1, 2]. Image source: [3]. 

 

Escherichia coli is a well studied, typical representative of the rod-shaped Gram-

negative bacteria. Its inner membrane is a symmetric distribution of three main types of lipids 

- phosphatidylethanolamine, phosphatidylglycerol and cardiolipin, in approximate weight ratio 

of 7:2:1, respectively. Various proteins, rich in α-helical content, are embedded in this 

membrane and perform different roles, such as transport, enzymatic and signaling activities. 

The selective permeability properties of the cell envelope are attributed to this membrane, 

which is in contrast with the much more nonselective, rich in porins, outer membrane. 
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Beyond the inner membrane, the periplasm of the Gram-negative cell contains the 2-3 

nm of peptidoglycan layer - a lattice of long sugar chains connected with each other via short 

peptide linkers (Fig. I.3). The sugar polymers are composed of glycosidic bond-connected N-

acetylglucosamine (NAG) and N-acetylmuramate (NAM). These two alternating monomers 

form a repeating disaccharide unit which is the main longitudinal building block of the 

peptidoglycan network. Laterally, each NAM monomer is also linked to a short peptide of 

several amino acids whose composition varies among the different organisms. The peptides 

from two different NAM monomers (belonging to two different linear sugar polymers) can 

cross-link with each other, thus forming the ‘mesh-like’, stable and rigid structure of the 

peptidoglycan that still allows passage of fairly large (i.e. ~2 nm) molecules [4]. 

 

 
 

Fig. I.3.  Cartoon representation of the peptidoglycan structure. (A) The disaccharide building block of 
the glycan chains with a short peptide attached to the NAM monomer. (B) Overview of the 
peptidoglycan network. 

 

In a direction towards the extracellular environment, the peptidoglycan-containing 

periplasm of the Gram-negative bacteria is limited by the outer membrane (OM). Unlike the 

plasma membrane, the OM is not energized ([5]) and is highly asymmetric. Its inner (i.e. 

periplasmic) leaflet is virtually identical in lipid composition to the inner membrane, but its 

outer leaflet is formed exclusively by lipopolysaccharides (LPS). These molecules are built by 

a membrane-embedded lipid component (the Lipid A moiety) and a polysaccharide chain 

attached to the lipid head group and protruding outside of the cell. In the case of E. coli, Lipid 

A consists of six aliphatic chains (12-14 carbon atoms each) forming the hydrophobic core of 

the monolayer and a disaccharide hydrophilic head of two phosphorylated NAG monomers 

(Fig. I.4). The extracellular sugar chain (attached to one of the NAG monomers) possesses a 
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short core segment of several sugar monomers, followed by a long polysaccharide of several 

tens of monomers, often organized in repeating units and known as the O-antigen. The 

monosaccharides participating in the sugar component of LPS vary among the different 

species (and even strains, [6]) in terms of numbers and sequence arrangement. The 

presence of LPS obstructs the permeability of the OM for both hydrophilic and hydrophobic 

compounds, leaving the task of nutritional transport to the transmembrane proteins in the 

bilayer. 

 

 
 

Fig. I.4.  Schematic general structure (on the example of E. coli) of the LPS forming the outer leaflet of 
the outer membrane in Gram-negative bacteria. (A) The Lipid A moiety with a phosphorylated (pink) 
disaccharide NAG head (green) and 6 fatty chains (orange); (B) The core oligosaccharide is composed 
of inner core (a few mannooctulosonates (Kdo, purple) and heptose (Hep, blue) sugars), followed by 
the outer core of several hexose monomers (Hex, black); (C) The long O-antigen is composed of 
largely varying, species- and strain-specific sugar motives, often organized in repeating units. 

 

Apart from the atypical, strong asymmetry of the lipid leaflets in the OM (in the past 

considered by some as “thermodynamically impossible”) and the host-response importance 

of LPS (one of the most immunologically reactive components that a bacteria can offer), most 

of the OM properties are maintained by another type of structures, largely present (~50%, [7]) 

in this bilayer and serving multiple purposes - the outer membrane proteins (OMPs). 

 

 

I.3. Proteins of the bacterial outer membrane 
 

Up to date (2012), a total of 1568 3D structures of transmembrane proteins are known 

(~2% of all available structures, http://pdbtm.enzim.hu), with 320 of them considered unique 
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(excluding homologues, mutants, different structural methods used, etc., http://blanco.biomol. 

ci.edu/mpstruc/listAll/list). Some of those belong to proteins of the OM which perform several 

functions, such as structural (OmpA [8, 9]), enzymatic (OmpT [10], OmpLA [11]), active (FepA 

[12], FhuA [13]) and passive (LamB [14], FadL [15]) transport, non-specific transport 

(associated with the so called general porins, like OmpC [16], OmpF [17] and OmpG [18, 19] 

with a molecular ‘cutoff’ of 600 Da or less, or for smaller hydrophobic molecules as suggested 

for OmpW [20]), defensive capabilities (OmpX [21, 22]) and role in the cell adhesion and 

invasion (usually associated with the extracellular segments of the structural proteins, since 

they are present in large numbers across the bacterial OM). Detailed aspects and reviews on 

these subjects can be found, among others, in [23], [24], [25], [7], [1], [26] and [5]. 

Despite of the various roles of the different OMPs, they all share a common feature: 

structurally, their membrane-embedded sections consist of a cylindrical-like shaped β-barrels 

built by an even number of anti-parallel β-sheets, ‘bended’ around a central axis (i.e. the 

bilayer normal) and inclined (or tilted) at a certain angle with respect to that same axis. Few of 

the abovementioned OMPs (chosen to encompass different functions and sizes, i.e. number 

of β-sheets) are presented on Fig. I.5 and shortly discussed below. It is noted that there was 

found (albeit only one for the moment) a β-barrel protein with odd number (19) of β-strands - 

the mitochondrial voltage-dependent anion channel (VDAC, [27]). This protein, however, 

belongs to the realm of Eukaryota. The exceptional case of its structure, if found in other 

examples or not, will have to be further explained in future, perhaps by taking into account co-

evolutional processes of the first single-cell organisms with higher organization and their 

prokaryotic symbionts. 

The OmpA family of proteins (Fig. I.5A , [8]) represents some of the simplest and 

smallest, 8-stranded β-barrels. Although the extracellular loops of the protein are thought to 

participate in various immunological processes ([28, 29]), the major function of these proteins 

is presumably structural - their membrane domains serve as anchors in the OM, linking this 

bilayer with the underlying peptidoglycan network via the periplasmic C-terminal domain. 

Unlike OmpA, the extracellular segment of the 10-stranded OmpT (Fig. I.5B , [10]) appears to 

be organized with high content of secondary structure, extending from the same β-sheets that 

lock the molecule in the OM. The active side of this protease is found in a groove of this 

‘extension’, protruding into the extracellular space. The 14-stranded OmpG (Fig. I.5C , [19]) 

exists as a monomeric porin which appears to be pH-gated, with one of its extracellular loops 

closing the lumen at acidic pH. In contrast, the 18-stranded maltoporin (Fig. I.5D , [14]) forms 

trimers in the OM and uses part of its extracellular segments as a ‘plug’ for constraining the 
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lumen space, in the process of passive transport of maltose and other sugars. The 22-

stranded monomeric FhuA (Fig. I.5E , [13]) acts as a TonB-dependent active transporter of 

ferric siderophores across the OM. An entire subdomain of the molecule (named ‘the cork’) is 

plugged into its lumen and LPS-binding site on the membrane-embedded part of the barrel 

was used to investigate LPS-protein interactions [30]. 

 

 
 

Name:   OmpA  OmpT  OmpG  LamB  FhuA 

PDB:   1QJP  1I78  2X9K  1MPO  1QJQ 

β-sheets:   8  10  14  18  22 

M.W.: kDa (a.a.)  19 (171)  33 (297)  33 (280)  48 (421)  80 (725) 

Oligomeric state:  Monomer  Monomer  Monomer  Trimer  Monomer 

Function:   Structural  Omptin  Porin  Passive tr. Active tr. 

 

Fig. I.5. Crystal structures of five OMPs with different sizes and functions. From left to right: OmpA, 
OmpT, OmpG, LamB and FhuA. The upper pictures represent the extracellular side of the molecules, 
while the lower pictures show their side view. The approximate boundaries of the outer membrane 
(OM) are schematically denoted with black lines. The first and the last β-sheet of each structure are 
colored in green and orange, respectively. The red color (when present) indicates a section of the 
molecule which is ‘plugged’ into the barrel lumen. The purple structure under the OmpA 
transmembrane β-barrel represents the soluble, C-terminal periplasmic domain in the native, full-length 
polypeptide chain of the protein. This structure was generated by Swiss-Model (http://swissmodel. 
expasy.org) based on the homologous structure of the C-terminal domain of RmpM from Neisseria 
meningitidis ([31], PDB: 1R1M). Short information for each protein is given below the respective picture 
(images created with PyMOL). 

 

Natively, the OMPs are expressed with a short (~20 a.a.) signal peptide at their N-

terminus, which is responsible for their transport (in unfolded state) across the inner 

membrane, via the Sec system [1]. Once in the periplasm, the unfolded OMP is assisted by 

chaperones, the most studied examples of which are Skp ([32, 33]) and SurA ([34]). 

OM 

Extern 

Periplasm 
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Mutations on the respective genes of these two chaperones exhibit reduced amount of OMPs 

and/or OMP assembly defects. The signal peptide of the OMP is cleaved in the periplasm (by 

Signal peptidase I) and the mature protein chain is integrated into the OM with the help of the 

β-Barrel Assembly Machinery (BAM). Its critical component is perhaps Omp85 [35], which 

natively forms complexes with the periplasmic, peptidoglycan-binding domain of RmpM ([36]), 

as well as with three lipoproteins (YfgL, YfiO and NlpB, Fig. I.6 ). 

 

 
 

Fig. I.6. Model for the OMP biogenesis, as proposed by [5] (image source from the same reference). 
See text for details. Note that the red colored protein segment (designated with a red letter ‘C’) 
represents the so called ‘sorting signal’ and not the N-terminal signal peptide of the protein. 

 

 

Interestingly, the BAM complex recognizes a C-terminal motif on the OMP chain which 

consists of a stretch of aromatic or hydrophobic residues alternating with any other residues 

[37]. This sequence is quite conserved among the OMPs and is also found in the barrel 

domain of OmpA, composing its last (i.e. 8th) β-sheet. Termed ‘sorting signal’, it was 

suggested that it represent the first segment of the OMP that penetrates into the bilayer. Also, 

it was proposed that one of two Serine residues in that segment is modified with a short 

amphipathic oligoester (oligo-(R)-3-hydroxybutyrate, or cOHB, [38]), believed to be important 

for the membrane targeting, assembly, and pore properties of OmpA [39]. It should be noted, 

however, that this signal is not necessarily essential for the OMP folding and membrane 

insertion in vivo [40]. In vitro, on the other hand, OmpA has been shown to refold and insert 

spontaneously into preformed lipid bilayers [41]. A multi-step mechanism for this insertion 
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was proposed ([42]), depicting all β-sheets as synchronized, simultaneous insertion units. 

This model was further investigated by monitoring the Tryptophan fluorescence emitted form 

the different β-strands during the process of membrane insertion [43], until the barrel 

structure is fully formed. 

All known β-barrels share a common, cylindrical-like architecture, described by their 

number of β-sheets and the so called ‘shear number’ ([44]), reflecting the inclination angle (α) 

of the strands with respect to the bilayer normal. It appears that, for any given size (i.e. 

diameter and number of strands) of a β-barrel, α is always in the range of 35-45° [45]. The 

crystal structure of OmpA from E. coli ([8, 46]) suggests a shear number of 10 for this 8-

stranded β-barrel, with an average α = 43° and a radius of about 8Å. The solution state  NMR 

structure of the same protein ([9]) is in good agreement with the crystal data and shares a 

number of similarities with the object of this study - KpOmpA: the OmpA protein from 

Klebsiella pneumoniae, whose β-barrel structure was recently determined by NMR in the 

IPBS NMR group ([47]). Due to the significant differences between the hydrophobic, 

membrane-embedded β-barrel and the soluble, periplasmic domain of this protein, the two 

sections of the molecule are described separately. 

 

 

I.4. C-terminal domain of Outer membrane protein A 

 

The C-terminal domain of OmpA is a soluble structure that natively resides in the 

bacterial periplasm. It is a representative of a largely spread structural motif (termed ‘OmpA 

C-like super family’), responsible for binding to the peptidoglycan network of the cell. In 

contrast to the N-terminal membrane domain of OmpA (the β-barrel), this section of the 

molecule is less studied and lacks an available 3D structure. There are, however, 

homologous structures available, such as those of the C-terminal domains of E. coli YiaD (to 

be published by Ramelot at al.) and of Rv0899 from M. tuberculosis ([48]). The closest 

sequence match (38% identity) among these belongs to the C-terminal domain of RmpM from 

N. meningitidis ([31]). Fig. I.7A  shows a sequence alignment between the C-terminal 

domains of E. coli OmpA and KpOmpA (named C-KpOmpA), while Fig. I.7B  presents the 

alignment between C-KpOmpA and RmpM. 

 

 

 



Introduction - 12 - 

A 

EcOmpA   VQTKHFTLKSDVLFNFNKATLKPEGQAALDQLYSQLSNLDPKDGSVVVLGYTDRI 
KpOmpA   VATKHFTLKSDVLFNFNKATLKPEGQQALDQLYTQLSNMDPKDGSAVVLGYTDRI 
 
EcOmpA   GS DAYNQGLSERRAQSVVDYLISKGIPADKISARGMGESNPVTGNTCDNVKQRAA 
KpOmpA   GS EAYNQQLSEKRAQSVVDYLVAKGIPAGKISARGMGESNPVTGNTCDNVKARAA 
                                                 * 
EcOmpA   LIDCLAPDRRVEIEVKGIK DVVTQPQA 
KpOmpA   LIDCLAPDRRVEIEVKGYKEVVTQPAA 

 

B 

KpOmpA   APAPEVATKHFTLKSDVLFNFNKATLKPEGQQALDQLYTQLSNMDPKDGSAVV 
RmpM     EQA PQYVDETISLSAKTLFGFDKDSLRAEAQDNLKVLAQRLSRTNIQ--SVRV 
 
KpOmpA   LGYTDRIGSEAYNQQLSEKRAQSVVDYLVAKGIPAGKISARGMGESNPVTGNT 
RmpM     EGHTDFMGSDKYNQALSERRAYVVANNLVSNGVPVSRISAVGLGESQAQMTQV 
              •        •        • 
KpOmpA   C D-----------NVKARAALIDCLAPDRRV EIEVKGYKEVVTQPAA------- 
RmpM     C EAEVAKLGAKVSKAKKREALIACIEPDRRVDVKIRSIVTRQVVPAHNHHQHLE 
                                      • 

 

Fig. I.7. Alignments (with ClustalW2) between different C-terminal OmpA sequences. The identities are 
indicated with black boxes and the homologues pairs D-E and I-V are in bold. (A) Alignment between 
OmpA from E. coli (EcOmpA) and from K. pneumoniae (KpOmpA). The asterisk (*) denotes the 
‘standard’ for this position Asparagine residue, while K. pneumoniae strain 52145 contains a Threonine 
at that position. (B) Alignment between the C-terminal domains of KpOmpA and RmpM. The first 3 
(EQA) and the last 15 residues (TRQ...) of RmpM are denoted in italic. These disordered areas are not 
seen on the crystal structure of the protein (PDB: 1R1M). The black dots indicate the proposed 
peptidoglycan-binding residues in RmpM ([31]). 

 

As expected, the similarities between the two OmpA homologues are much higher in 

comparison with these between KpOmpA and RmpM, although some key features of the 

molecules are preserved even in that case. For instance, the two Cysteine residues remain 

well aligned. These presumably form a disulfide bridge in KpOmpA, as was shown in the 

case of RmpM. Furthermore, one can distinguish several areas with higher preservation. The 

motif NXXLSXXRAXXVXXXL (with ‘X’ being any amino acid) is particularly interesting, since 

it was proposed that the conserved residues (marked in bold) are responsible for binding to 

the peptidoglycan ([49]). All these amino acids were predicted to stay on the same side of a 

putative α-helix of the protein. Indeed, the structure elucidation of RmpM confirms this 

hypothesis. The authors of this work, however, propose a different arrangement of the 

peptidoglycan-binding (PGB) site emanating from four spatially close to each other residues, 

only one of which matches with the proposal of Koebnik ([49]). Fig. I.8 displays a 

superimposition of the RmpM structure (PDB: 1R1M, blue color) and a modeled C-KpOmpA 
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structure (Swiss-Model, swissmodel.expasy.org, green color), based on the RmpM structure. 

The residues proposed by [49] for a PGB-site are painted in yellow and those proposed by 

[31] are in red sticks. Notably, both scenarios involve conserved residues only from the core 

structure of the OmpA C-like proteins, which is a βαβαββ-motif. The different homologues 

vary mostly in the presence and length of an elongation of the chain found between the last 

two β-strands of the core segment. In the case of RmpM, this section contains two α-helices, 

while C-KpOmpA is slightly shorter in that area and the model constructed only one α-helix. 

The longer chain of RmpM, as seen on the alignment above, is painted in orange on Fig. I.8 . 

Modelling the C-terminal domain of E. coli OmpA (on the basis of RmpM) did not produce a 

significant difference on the observed structures alignment (data not shown). 

 

 

 

Fig. I.8. Superimposition of the RmpM structure ([31], blue color) and a based on it, modeled C-
KpOmpA structure (Swiss-Model, green color). The residues proposed by [49] for PGB-site are in 
yellow, and these proposed by [31] are in red sticks. The orange color denotes the mismatch on the 
alignment (Fig. I.7 ) between the longer RmpM and the shorter C-KpOmpA chains, which is found in 
the non-conservative area of the molecule (outside the βαβαββ-core motif, indicated with interrupted 
lines). 

 

The role in peptidoglycan-binding was tested with RmpM and showed positive results. 

In addition, a PG-unit - NAG-NAM disaccharide with two amino acids (Ala-Glu) attached to it - 

was docked to the proposed PGB-site of the protein and exhibited well oriented arrangement 

with the sugars of the murodipeptide, interacting with three of the four putative PGB-residues 

90° 

βαβαββ βαβαββ 



Introduction - 14 - 

([31]). Furthermore, the authors of this work proposed a possible dimerization of two C-

terminal domains (interacting with their first β-sheets of the core motif). Since the two putative 

PGB-sites remain accessible in this formation, this may further enhance the binding strength 

between RmpM and the glycan chains. 

As expected, the C-terminal domain of OmpA can be expressed and folded 

independently from the transmembrane β-barrel, as is shown in this work as well. 

Interestingly, a chaperone role was proposed for this domain in E. coli OmpA, suggesting that 

the full-length polypeptide chain can exhibit ‘self-support’ properties during the moments 

between its synthesis and translocation across the inner membrane [50]. This concept may 

need further investigation. In the present work, the C-terminal domain of KpOmpA was 

designed on a gene level, expressed and purified (Chapter 1). Limited proteolysis 

experiments (Chapter 4) identified the most accessible (and presumably unstructured) area of 

the molecule, which correlated with the non-conservative loop emanating from the βαβαββ-

core motif. 

 

 

I.5. N-terminal domain of Outer membrane protein A 

 

The OmpA family of proteins is highly conserved among Enterobacteria and the most 

studied representative is the OmpA of E. coli. Crystallographic ([8, 46]) and solution state 

NMR ([9]) structures of the N-terminal domain of OmpA from E. coli (named ‘N-EcOmpA’), as 

well as a solution state NMR structure ([47]) of the N-terminal domain of OmpA from K. 

pneumoniae (named ‘N-KpOmpA’) are available. The N-terminal domain of EcOmpA (Fig. 

I.5A) is a β-barrel that natively resides in the outer membrane. The structure of this domain 

possesses four long extracellular loops (L1-4) and three short periplasmic turns (T1-3) which 

connect the 8 antiparallel β-strands of the molecule. The structures of N-EcOmpA and N-

KpOmpA are very similar (Fig. I.9A ), with the major differences concentrated in the area of 

the extracellular protein loops, two of which (L1 and L3) are larger in the case of N-KpOmpA. 

The secondary structure elements of the two proteins, however, are nearly identical. Both 

sequences end with flexible Proline/Alanine-rich hinge region which natively links the N-

terminal with the C-terminal domains of the molecules (Fig. I.9B ). 
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B 

                      β1               L1               β2 
N-EcOmpA    AAPKDNTWYTGAKLGFSQYHDT-----GFINNNGPTHENQLGAGAFGGYQVNPY 
N-KpOmpA    AAPKDNTWYAGGKLGWSQYHDTGFYGNGFQNNNGPTRNDQLGAGAFGGYQVNPY 
                     ● ● 
                β3           L2            β4               β5 
N-EcOmpA    VGFEMGYDFLGRMPYKGSVENGAYKAQGVQLTAKLGYPITDDLDIYTRLGGMVFRA 
N-KpOmpA    LGFEMGYDWLGRMAYKGSVDNGAFKAQGVQLTAKLGYPITDDLDIYTRLGGMVWRA 
            ● 
                   L3              β6             β7 
N-EcOmpA    DTKSN-----VYGKNHD TGVSPVFAGGVEYAITPEIATRLEYQ 
N-KpOmpA    DSKGNYASTGVSRSEHDTGVSPVFAGGVEWAVTRDIATRLEYQ 
                                         ● 
                     L4            β8 
N-EcOmpA    FTNNIGDAHTIGTRPDNGMLSLGVSYRFGQGEAAPVVAPAPAPAPE 
N-KpOmpA    WVNNIGDAGTVGTRPDNGMLSLGVSYRFGQEDAAPVVAPAPAPAPE 

 

Fig. I.9.  Similarities between the NMR structures of N-EcOmpA ([9], PDB: 2GE4) and N-KpOmpA 
([47], PDB: 2K0L). (A) Aligned structures (with PyMOL) of the β-barrel domains of EcOmpA (green) 
and KpOmpA (blue). The aromatic girdles at the membrane interface regions and the longer loop 
segments of N-KpOmpA (on L1 and L3) are in orange and red sticks, respectively. (B) Sequence 
alignment of N-EcOmpA and N-KpOmpA. The eight β-sheets (β1-8) according to each structure are 
indicated with black boxes. The four extracellular loops (L1-4) are with red characters. Four 
Tryptophans in the N-EcOmpA chain have been mutated to Phenylalanines (denoted in bold), which 
may have affected the span of some of the β-sheets. Ignoring this artificially introduced difference 
leaves only 4 residues within the barrel core of the molecules which are not identical (marked with 
black dots). 

 

A L1 

L4 

L3 

L2 
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Aside from the structural elucidations mentioned above, the folding and stability of N-

EcOmpA was investigated with a variety of loops-truncated mutants [51]. It was shown that 

the formation of the β-barrel is independent from the presence or absence of the extracellular 

protein segments, i.e. all the structural information is contained in the 8 β-strands. This may 

explain the strong evolutional preservation of the hydrophobic protein core. The kinetics of 

EcOmpA folding when the urea-denatured protein spontaneously inserts into preformed lipid 

bilayers identified several membrane-bound intermediates in this process [43]. Interestingly, 

the final stage exhibited simultaneous, synchronized insertion of all β-sheets across the 

bilayer [52], thus differentiating the folding mechanisms for β-barrel and α-helical proteins. 

While the OmpA structural features are now well established, the question of the 

function(s) of this protein still remains open. Since many of the β-barrel structures belong to 

the major bacterial porins, one is tempted to ask whether OmpA itself is a pore. Early works 

with the protein in the field of channel conductance measurements suggested that EcOmpA 

is indeed capable of transporting non-specifically small molecules ([53, 54]). Later, two 

conductance states (50-80 and 260-320 pS) of EcOmpA were identified in DPhPC 

membranes [55]. The lower conductance state (~75 pS) was also detected when C-terminal 

truncated EcOmpA (i.e. N-EcOmpA) was used [56]. Although the X-ray structure of N-

EcOmpA ([8]) rules out a putative pore function, several water pockets can be observed in 

the barrel interior. Molecular dynamics studies further suggested that the pore formation in N-

EcOmpA is feasible and even identified a putative salt-bridge mechanism for channel gating 

([57, 58]). Interestingly, the latter work observed an interaction of the soluble C-terminal 

domain with the DMPC bilayer throughout the course of the simulation. Far before all of the 

abovementioned findings accumulated, an interesting hypothesis emerged: the full-length 

two-domain OmpA could, under certain conditions (i.e. physiological temperature, [59, 60]), 

reorganize its polypeptide chain so that it forms a single-domain, larger β-barrel that is 

embedded in the membrane and is a more efficient channel, in comparison with the N-

terminal domain alone ([61]). Clearly this hypothesis and the putative pore function of OmpA 

in general need further investigation and unambiguous experimental evidences. 

Apart from the structural and the suggested pore-forming properties attributed to the 

rigid barrel core of OmpA, another interesting portion of the N-terminal domain is the 

hydrophilic mass composed of the four extracellular loops. Those connect the eight β-strands 

and protrude out of the outer membrane, thus remaining exposed to the bacterial 

environment. Hence it is logical that the variety of OmpA-related immunological properties of 

E. coli is often associated with that region of the molecule. E. coli is a prominent cause of 
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neonatal meningitis, the successful treatment of which often suffers from the constantly 

emerging antibiotic-resistant strains [62]. This disease is associated with the OmpA-related 

invasion ([63]) of the bacteria through the blood-brain barrier - a tightly organized layer of 

brain microvascular endothelial cells. The four OmpA loops were shown to be crucial for 

binding to the host cells ([64]) and a study with several loops-mutated protein constructs 

provided a detailed mapping on the most important areas for intermolecular recognition ([65]). 

The OmpA receptor found on the brain endothelial cells surface, on the other hand, was also 

identified [66]. Named Ecgp, this glycoprotein is similar to gp96 and Hsp90. The binding 

between Ecgp and OmpA involves disaccharide epitopes on the receptor surface [29] and 

two putative regions in the OmpA loops region, one of which involves the most mobile 

sections of L1 and L2 [67]. Thus it is interesting to correlate the level of mobility in a certain 

protein segment with its putative functions, an attempt for which is made in the present work 

as well. The functions of OmpA described above categorize it as an adhesin and invasin. 

Other immunologically relevant properties of N-EcOmpA include evasion of the host defense 

by interfering with the complement activation, by inhibiting the cytokine synthesis and by 

allowing the bacteria to survive upon phagocytosis, i.e. to multiply within the macrophage [66, 

68, 69]. Such a variety of invasion properties produces a rather gloomy picture for the 

interactions between this pathogen and its host, seemingly without a ‘chance for survival’ for 

the latter. However, possessing a multi-purpose surface-exposed molecule is always a 

double-edged knife. It was shown that EcOmpA is attacked by several bacteriophages 

([70];[51]), recognizing areas in L1, L2 and L3. Interestingly, recently found alternative allele 

for OmpA (named ompA2 [71] and further discussed in Chapter 4) that has altered L1 and L3 

sections was somewhat resistant to phages. The innate immune system, on the other hand, 

is capable of targeting OmpA via its non-oxidative pathway, by using the neutrophil elastase 

[72]. In addition, the serum amyloid A protein that is produced at high level during 

inflammation binds to OmpA ([28]), thus opsonizing the bacteria. 

In the particular case of KpOmpA, it was shown that the protein binds to a variety of 

immune cells ([73-75]) and that it activates macrophages and dendritic cells ([74, 76]). 

KpOmpA indirectly activates the Toll-like receptor 2 signaling pathway after initial binding to 

the scavenger receptors LOX-1 and SREC-I ([77]). In contrast with EcOmpA, specific 

extracellular regions of KpOmpA that might participate in these processes are not yet 

recognized, although some of the protein loops (L2 and L4) are quite similar to those of 

EcOmpA (Fig. I.9B ). One possible approach in this direction is probing the flexibility of the 

protein loops by suitable methods such as NMR, while coupling these experiments with 
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biochemical data in the same context. In vitro screening for intermolecular interactions with 

specific partners can come at a later stage. Since dynamic data on the loops of N-KpOmpA in 

DHPC micelles is already available ([47]), one of the main goals of the present work will be a 

comparison of these in the more native environment of the lipid bilayer. Clearly the large 

extracellular portion of KpOmpA is immunologically very important, hence we will try to map 

the different mobility levels in the loops area and relate them, if possible, to their functional 

importance. 

Fig. I.10 summarizes the global fold of KpOmpA, its position/orientation in the bacterial 

OM and the main structural elements mentioned above for each domain of the protein. 

 

 

 
Fig. I.10. Global fold and orientation of KpOmpA in the bacterial OM. The approximate boundaries of 
the OM are denoted by thick grey (for the inner leaflet) and black (the outer leaflet) lines. The N-
terminal transmembrane domain (blue painted barrel) spans the OM with its 8 β-strands, anchored in 
the lipids by hydrophobic residues and the aromatic girdles (orange side-chains) at the membrane-
water interfaces. The four extracellular loops (L1-4) face the cell exterior and therefore are supposed to 
play a role in cell-cell recognition processes. At the C-terminus (found in the periplasmic space like the 
N-terminus), a flexible Proline/Alanine-rich hinge region (green color) links the β-barrel with the soluble 
domain of the protein (painted in orange). This domain connects the OM with the peptidoglycan layer in 
the periplasm, presumably via several conserved residues (blue side-chains). 
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I.6. Structural methods for membrane proteins 

 
As a PhD student recruited in the Marie Curie Initial Training Network of ‘Structural 

Biology of Membrane Proteins’ (SBMPs), I had the opportunity to ‘get in touch’ with a few 

structural methods, either commonly used in molecular biology or with growing importance 

and application in that field. A short overview of these (and other) methods is presented 

below, in the context of membrane proteins. 

 

I.6.1. Molecular modelling 
 
This approach is now commonly used for investigating a number of membrane protein 

aspects, such as structure prediction, stability and dynamics, and modelling of protein-ligand 

and protein-protein complexes [78]. The simulations can provide dynamical view of the 

protein and build models of conformational states (like open and close states of channels, for 

instance). The protein-lipid interface, from its hand, may affect the topology, stability, 

oligomeric assembly, traffic and enzymatic activity [79]. With the increasing number of high 

resolution structures of membrane proteins that enables homologous modelling of more 

structures, a wide range of membrane proteins can now be simulated over time spans that 

allow observation of key biological processes [80]. Recent advances in the field were 

combined with experimental data to constrain modelling 3D structures of proteins ([81]) and 

their oligomers ([82]). 

 

I.6.2. Atomic Force Microscopy 
 
Established in the groups of Andreas Engel and Daniel Müller, the Atomic Force 

Microscopy (AFM) and Single-Molecule Force Spectroscopy (SMFS) are novel 

biotechnological approaches for characterizing the structure-function relationships of 

reconstituted membrane proteins in their structurally intact, functionally active state in 

physiological buffer solutions at ambient temperatures ([83];[84]). Neither staining and/or 

fixing of the membranes are required by this technique, nor is the presence of a long-range 

protein order in the bilayer (although tight packing of the protein is advantageous). The high-

resolution imaging of the method is capable of visualizing single membrane proteins at sub-

nanometer resolution and, in some cases, even single secondary structure elements. The 

technique allowed observation of oligomeric protein states and structural assemblies, gap 

junctions from rat liver cells, the OmpF porin of E. coli, bacterial surfaces and others 

([84];[85];[86];[87];[88];[89]). 



Introduction - 20 - 

The force spectroscopy mode of the apparatus enables detection of unfolding-refolding 

pathways of membrane proteins and their structural stability, probing their energy landscape 

and folding kinetics ([90]). The strength of such intra- and intermolecular interactions 

stabilizing the protein structure depends on environmental factors like oligomerization, 

temperature change, point mutations, electrolyte and pH variations ([91]). Recently, the 

strength and location of a single Na+-ion, bound as a ligand to individual antiporters, was 

mapped onto the protein structure at a precision of ±2 amino acids. In addition, it was 

possible to observe inhibitor binding and deactivation of the same antiporter ([92];[93]). Thus 

the force-distance spectra reveal a ‘fingerprint’ of the protein, distinguishing between active 

and inhibited states. Similar work was done with the bovine rhodopsin ([93]). Establishing 

such critically important molecular interactions provides insights on their role in stabilizing the 

secondary structure elements of the membrane protein. 

In the present work, SMFS was used for monitoring the unfolding-refolding pathways of 

the KpOmpA transmembrane domain and full-length proteins in DMPC bilayers, as described 

in Chapter 2. 

 

I.6.3. Electron crystallography 
 
This method utilizes the propensity of membrane proteins to embed their hydrophobic 

segments into a lipid bilayer and to arrange themselves into long-range ordered lattices. The 

purified membrane protein must therefore be reconstituted into liposomes at a high protein-to-

lipid ratio, increasing the possibility for 2D crystals formation [94]. This is achieved by 

removing the protein-solubilizing detergent molecules in the presence of mixed protein-

detergent-lipids micelles ([95]), usually by means of dialysis or biobeads, or detergent-

adsorbing molecules such as cyclodextrin ([96]). Upon reaching the critical micelle 

concentration of the detergent, aggregation of membrane proteins and lipids occur as a result 

of the hydrophobic effect. The method is particularly useful when the membrane protein is too 

fragile to form 3D crystals and in the same time allows it to be studied in the close-to-native 

environment of the membrane. Currently the electron crystallography is the method of choice 

for solving the structures of large protein complexes in membranes with low to medium 

resolution (typically 10-40 Å, although it is possible to go down to atomic resolution in 

favorable cases, as shown with bacteriorhodopsin [97]). A major advantage of the method is 

that it requires small amount of sample (in comparison with solid-state NMR, for instance) 

and that it may be applied on intact membranes [98], [99]. Recent technological 
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advancements in the field allowed the structure of Aquaporin-0 to be solved at 1.9 Å 

resolution [100]. 

In the present work, 2D crystals of KpOmpA were not observed, which prevented us 

from using the full power of electron crystallography (or electron cryomicroscopy). 

Transmission electron microscopy was used for KpOmpA-containing proteoliposomes 

visualization, as described in Chapter 3. 

 

I.6.4. X-ray crystallography 
 
As already mentioned, the vast majority of structures deposited in the PDB belongs to 

soluble proteins, compared to their membrane counterparts. However, the dominant 

structural approach in each case falls to the X-ray crystallography ([101]). The technique 

relies on obtaining 3D crystals composed exclusively of the protein of interest, either by 

standard vapor diffusion methods starting from protein-detergent micelles, or by using lipid 

cubic phases ([102]). A bottleneck in the process emanates from the fact that the membrane 

proteins are often difficult to crystallize and subsequently the crystals are more fragile to 

handle. However, automation and robots usage allow screening of large panels of 

crystallization conditions with nanovolumes per trial, while irradiation with synchrotron-derived 

microfocused beams is capable of collecting complete data sets from crystals of just a few 

microns in size ([103]). A method recently developed at the IBS (Grenoble) allows automated 

screening of crystallization plates (and even data collection from the positive hits) without 

taking out the crystals from the growing medium ([104]). In X-ray crystallography, the 

collected data represents a diffraction pattern from scattered beams, appearing upon 

interaction with the gradually rotated (in the three dimensions) crystal. The data is then 

treated computationally to produce an electron density map. Obtaining an interpretable 

electron density map is one of the key steps, strongly dependent on acquiring information on 

both the amplitude and the phase of the scattered waves. While the amplitude is proportional 

to the intensity of the diffraction pattern’s ‘spots’, the phase can not be measured directly. 

This problem is often dealt with directly (for small molecules with highly resolved data) or by 

molecular replacement (if a homologous structure is already available). Since the membrane 

proteins are in general large molecules and the database of unique structures is quite limited, 

this invokes phasing with more complex approaches, such as multiple isomorphous 

replacement (using introduction of heavy atoms) or multiple anomalous dispersion (using 

introduction of anomalous scattering atoms, such as selenium in seleno-methionine, [105]). 

Finally, the phased electron density is used for fitting-in the atomic model of the molecule, 
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which is then refined. Even in the field of membrane proteins, and although these proteins 

present specific difficulties, X-ray diffraction remains the major source of high-resolution 

structural information on membrane proteins. 

 

I.6.5. Nuclear Magnetic Resonance 
 
This spectroscopic method allows studying the molecular structure and dynamics of 

proteins in solution and/or in non-crystalline environment (solid-state NMR). The majority of 

NMR-derived structures have been obtained using aqueous solutions [106]. In the context of 

membrane proteins, this translates into the micellar environment of detergent-solubilized 

polypeptides and the structures of several β-barrel proteins and a pentameric α-helical protein 

were determined [107]. The solid-state NMR approach, on the other hand, can investigate the 

lipid bilayer itself ([108]) and/or determine the structures and dynamics of membrane 

embedded proteins [109]. These studies can be conducted with microcrystalline or frozen 

samples, or extended to lipid bilayer preparations [110]. This will allow a comparison between 

particular protein features in the two environments, highlighting the influence of the 

surrounding lipid matrix on the protein structure. This was demonstrated, for instance, with a 

receptor-transducer complex of sensory rhodopsin [111]. In this way, NMR offers 

complementary spectroscopic means to study not only the protein structures, but also their 

dynamic behavior, ligand binding, formation of complexes and the influence of the protein 

environment. The macromolecules (such as proteins) are known to display a variety of 

dynamics on different timescales and orders of magnitude (Fig. I.11 ), which can be probed 

with various NMR methods [112]. 

The presence of protein crystals is not required for NMR due to the intrinsic short-range 

order of the observed interactions. This allows protein investigation in functional environment, 

which may be very powerful in combination with diffraction techniques. Recent progresses in 

solid-state NMR have used the dynamic nuclear polarization effect to increase NMR 

sensitivity by one or two orders of magnitude, opening new perspectives in the field [114]. 

One of the most exciting is the possibility to perform ‘cellular NMR’, that is to study membrane 

proteins in their natural environment without resorting to purifying recombinant proteins and 

reconstituting them in a membrane mimetic environment [115-117]. 
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Fig. I.11.  Timescales of the different protein dynamics and the respective NMR experiments for 
probing them. NOE - Nuclear Overhauser Effect. Adapted from [112] - [113]. 

 

In the present work, the transmembrane domain of KpOmpA was investigated by solid-

state NMR after protein reconstitution at high protein-to-lipid ratio in the native-like 

environment of lipid bilayers. Several aspects of the mobility in different sections of the 

molecule are analyzed in relation with their putative functional roles (Chapter 3). 

 

I.6.6. MALDI-TOF mass spectrometry 
 
Although not strictly considered a structural technique, the mass spectrometry (MS) 

provides additional characterization of the object of interest. Developed since more than a 

century, MS variants are largely used nowadays for very different analytical purposes, 

ranging from paleontology to space exploration. In biology, MS perhaps finds its main 

application in the field of proteomics and protein identification [118]. A strong positive side of 

the technique is that it requires small amounts of sample (sub picomole amount). 

The method relies on ionization of charged particles and their subsequent separation as 

a function of their mass-to-charge ratio. Since the conventional ionization sources are often 

destructive when large molecules (like proteins) are to be measured, the type of MS largely 

used in this work is the matrix-assisted laser desorption/ionization (MALDI, [119, 120]). This 

‘soft’ ionization variant of MS allows the observation of large biopolymers after their ionization 

mediated by a crystalline, low molecular weight compound termed a matrix. The matrices 

used in this work are some of the most common ones - SPA (3,5-dimethoxy-4-
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hydroxycinnamic acid, or sinapinic acid), CHCA (α-cyano-4-hydroxycinnamic acid) and 

(exceptionally) DHB (2,5-dihydroxybenzoic acid). Upon mixing the sample with the matrix (on 

the specially designed metal MALDI-plate) and evaporation of the solute, the matrix 

molecules and the sample material (i.e. the protein) co-crystallize. According to the (still 

debated) mechanism for sample ionization, upon irradiation with a UV laser the matrix 

molecules absorb the bulk of the energy and transfer proton(s) to the protein, turning it into a 

charged molecule. The same type of ions (all that are 1+, or 2+, etc.) are then accelerated in 

an electric field and ‘equalized’ among themselves in terms of kinetic energy, i.e. the heavier 

objects will move slower and will need more time to reach the detector. This time (termed 

‘time-of-flight’, or TOF) is measured and, for a given length of the flight-path and known 

acceleration voltage, is related to the mass-to-charge ratio of the particle. With MALDI-TOF, 

protein and protein fragments of very different sizes (up to ~ 100 kDa) can be detected using 

the standard, lower resolution (or ‘linear’) measurement mode ([121]). Machines equipped 

with a reflectron ‘ion mirror’ device increase the flight-path and therefore the resolution 

significantly, but suffer from a limitation of the observed mass range (up to ~10 kDa). 

In this work, MALDI-TOF measurements were used for identification of protein 

fragments after limited proteolysis experiments, as well as for visualizing the intact 

polypeptides (Chapter 4). 

 

I.6.7. Biochemistry methods and limited proteolysis 
 
Last but not least, the traditional and modern techniques in molecular biology carry the 

task of supplying the structural methods with their objects of interest, as well as of analyzing 

these objects in parallel. Often the biochemistry role in the process is manifested at the early 

stages - cloning and constructing genes for recombinant proteins, expression and purification 

of these in substantial amounts, characterization and sample preparations for crystallography 

(2D and 3D crystals), NMR (different labeling schemes), etc. However, a combination of 

structural and biochemical methods during the phase of protein investigation can be 

particularly powerful, as it correlates the observed structural/dynamic features of the molecule 

with its functional aspects (folding, ligand binding, enzymatic or channel activity) under 

various treatment conditions. It is far beyond the scope of this work to encompass the vast 

arsenal of all molecular biology methods, neither it is necessary to describe largely used 

traditional techniques like polymerase chain reaction, electrophoresis of proteins and nucleic 

acids, centrifugation in density gradient, colorimetric titration of proteins and others. The 

construction of the recombinant full-length KpOmpA and of its C-terminal domain alone, as 



Introduction - 25 - 

well as the expression and purification of the three protein constructs used throughout the 

manuscript are described in details in Chapter 1. Therefore here we will provide a notion for 

just one particular biochemical approach - the limited proteolysis, - which is largely used in 

Chapter 4. 

The limited proteolysis (for a nice review see [122]) relies on partial protein 

fragmentation by a proteolytic enzyme which depends on several parameters, such as the 

folding state of the protein, the enzyme-to-substrate ratio, the time and temperature of 

incubation [123]. The cornerstone of the approach is the postulation that folded protein 

segments (participating in secondary structure elements) will not be susceptible to cleavage, 

while exposed and unstructured, flexible portions of the molecule will be readily digested. 

Because the proteolytic events are said to be dictated by the accessibility (i.e. exposure and 

flexibility) at the cleavage site and not by the specificity of the used protease, the ‘classic’ 

version of the approach utilizes enzymes with broad target ranges (Subtilisin, Pepsin, etc). 

This was nicely exemplified with autolysis of Thermolysin ([124]), emphasizing the role of 

flexibility of protein surface areas in the process of protein-protein recognition. Alternatively, a 

sequence-specific enzyme (i.e. Trypsin which cleaves only after Lysine and Arginine 

residues, or Endo-Lys C which cleaves specifically after Lysine residues) may be used as 

well, since this will create a limited set of fragments and combinations of fragment, which can 

then be traced by other methods (such as SDS PAGE and mass spectrometry) and mapped 

on the protein structure (if available). This variant can be particularly beneficial when 

combining more than one enzyme, if the cleavable residues may sample various protein 

regions. 

Thus the mobility in certain protein sections can be related to the cleavage pattern 

observed after treatment with a specific protease. If dynamic data (i.e. from NMR 

experiments) for the different protein regions is also available, the two datasets can be 

compared in order to pinpoint previously unobserved details or, by contrast, to confirm the 

expected outcome. Of note, in the case of soluble proteins too long reaction times can lead to 

complete digestion of the molecule. On the other hand, the folded membrane proteins (in 

detergent micelles or lipid bilayers), will have their transmembrane sections embedded in the 

hydrophobic environment (i.e. ‘protected’ from the enzyme). In such conditions they may 

avoid digestion even after exposure to the enzyme for long times and at higher temperatures. 

Examples of these situations will be seen and discussed in Chapter 4. 
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I.7. Aims of the present work 

 

In the light of the information presented above, the specific tasks of our work can be 

formulated as follows: 

 
1. Cloning, expression and purification of the full-length polypeptide of KpOmpA (F-

KpOmpA), which will serve for comparative experiments together with the already available β-

barrel construct, N-KpOmpA (Chapter 1). 

2. Design, expression and purification of the C-terminal periplasmic domain of KpOmpA 

(C-KpOmpA), opening the pathway to structure determination of that protein segment in 

future (Chapter 1). 

3. Optimization of the reconstitution conditions for N- and F-KpOmpA in lipid bilayers 

with the help of electron microscopy and supplementary biochemistry techniques, providing 

opportunity for SMFS and solid-state NMR experiments with these preparations (Chapters 1 

and 3). 

4. Unfolding experiments (by SMFS) with N- and F-KpOmpA that will establish the 

rupture points in the β-barrel section, explore the unfolding-refolding pathways of the 

molecule and suggest a putative role of the extracellular protein segments in the bacterial 

membrane (Chapter 2). 

5. Investigation (by solid-state NMR) of the dynamic behavior of the reconstituted N-

KpOmpA and comparing it with the already available information for this protein construct in 

detergent micelles, thus exploring the influence of the protein environment on the loops 

mobility (Chapter 3). 

6. Proteolytic digestion of the protein constructs and correlating the enzyme-

accessibility of the different loop regions with their mobility levels (Chapter 4). 

 

The combination of these experimental strategies will allow us to define precisely the 

functional dynamics of KpOmpA in various membrano-mimetic environments. 
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Summary 

 

This chapter describes the expression/purification procedures of the 

different protein constructs used in this study. These include the KpOmpA 

membrane domain denoted as N-KpOmpA  (expression, refolding, and 

purification), the KpOmpA full-length protein denoted as F-KpOmpA  

(cloning, expression, refolding, and purification) and the KpOmpA 

periplasmic domain denoted as C-KpOmpA  (gene design, expression, and 

purification). In particular, the pilot reconstitution trials of N-KpOmpA in 

different buffers, lipids and lipid-to-protein ratios are discussed in more 

detail in Chapter 3, while here the basic reconstitution protocol is provided. 

Hence Chapter 1 represents detailed ‘Material and methods’ section on the 

biochemistry side of all other experiments, with further explanation and 

analysis of the different procedures. Precise step-by-step protocols of all 

the procedures (aiming faster reproducibility in future) can be found in 

Annexes. 
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1.1. Construction of the KpOmpA full-length protein (F-KpOmpA) 

 

Natively, KpOmpA is a two-domain structure. The transmembrane N-terminal domain 

represents a β-barrel anchor in the membrane, while the C-terminal periplasmic domain is 

found between the inner and the outer membrane of Gram-negative bacteria. The N-

KpOmpA construct was thoroughly investigated in terms of structure and dynamics by 

solution state NMR [1] and the respective information for its E. coli homologue is also 

substantial [2, 3]. However, the native protein possesses a C-terminal domain as well, which 

is responsible for additional functions of the molecule such as binding to the periplasmic 

peptidoglycan layer. Hence our interests in obtaining a protein construct closely 

corresponding to the full-length chain of KpOmpA, which can be further investigated (in 

Chapter 4). 

Genomic DNA from Klebsiella pneumoniae strain 52145 was kindly provided by Dr. 

Tournebize (Institut Pasteur, Paris). The gene of F-KpOmpA in the bacterial genome is 

presented below: 

 

[5’]ATAATGAGGCGCAAAAAATGAAAAAGACAGCTATCGCGATTGCAGTGGCACTGGCTGGCTTCGCTA

CCGTAGCGCAGGCCGCTCCGAAAGATAACACCTGGTATGCAGGTGGTAAACTGGGTTGGTCCCAGTAT

CACGACACCGGTTTCTACGGTAACGGTTTCCAGAACAACAACGGTCCGACCCGTAACGATCAGCTTGGT

GCTGGTGCGTTCGGTGGTTACCAGGTTAACCCGTACCTCGGTTTCGAAATGGGTTATGACTGGCTGGGC

CGTATGGCATATAAAGGCAGCGTTGACAACGGTGCTTTCAAAGCTCAGGGCGTTCAGCTGACCGCTAAA

CTGGGTTACCCGATCACTGACGATCTGGACATCTACACCCGTCTGGGCGGCATGGTTTGGCGCGCTGAC

TCCAAAGGCAACTACGCTTCTACCGGCGTTTCCCGTAGCGAACACGACACTGGCGTTTCCCCAGTATTT

GCTGGCGGCGTAGAGTGGGCTGTTACTCGTGACATCGCTACCCGTCTGGAATACCAGTGGGTTAACAAC

ATCGGCGACGCGGGCACTGTGGGTACCCGTCCTGATAACGGCATGCTGAGCCTGGGCGTTTCCTACCGC

TTCGGTCAGGAAGATGCTGCACCGGTTGTTGCTCCGGCTCCGGCTCCGGCTCCGGAAGTGGCTACCAAG

CACTTCACCCTGAAGTCTGACGTTCTGTTCAACTTCAACAAAGCTACCCTGAAACCGGAAGGTCAGCAG

GCTCTGGATCAGCTGTACACTCAGCTGAGCAACATGGATCCGAAAGACGGTTCCGCTGTTGTTCTGGGC

TACACCGACCGCATCGGTTCCGAAGCTTACAACCAGCAGCTGTCTGAGAAACGTGCTCAGTCCGTTGTT

GACTACCTGGTTGCTAAAGGCATCCCGGCTGGCAAAATCTCCGCTCGCGGCATGGGTGAATCCACCCCG

GTTACTGGCAACACCTGTGACAACGTGAAAGCTCGCGCTGCCCTGATCGATTGCCTGGCTCCGGATCGT

CGTGTAGAGATCGAAGTTAAAGGCTACAAAGAAGTTGTAACTCAGCCGGCGGCTTAAGTTATAACCGAT

AAAAAAACCCGCTTC[3’] 
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Starting after ATG for Methionine (colored red and in bold), the F-KpOmpA gene (bold 

letters) encodes a 20 amino acids (a.a.) signal peptide (KKTAIAIAVALAGFATVAQA, colored 

blue) responsible for the native transport of F-KpOmpA across the inner membrane. Upon 

cleavage of this signal peptide in the periplasmic space, the mature protein chain (starting 

with GCT coding for Alanine, black box) is inserted and folded in the outer membrane. The 

gene terminates with the “ochre” stop codon (TAA, colored red). In order to avoid transport 

across the inner membrane and to accumulate the product as inclusion bodies in the 

cytoplasm (similarly to the N-KpOmpA construct, see section 1.2. of this chapter), the signal 

peptide had to be omitted. For this purpose, the primers for PCR amplification of the F-

KpOmpA gene (with positions underlined on the gene sequence above) were designed as 

follows and manufactured by Sigma-Aldrich: 

 
5’- GTGGCACTGCATATGAAAGCTACCGTAGCGCAGGCCGCTCCGAAAGATAAC -3’ 

The 5’ primer (kpompa5’), presented above, was used for the PCR reaction to introduce 

a unique NdeI restriction site containing the ATG start codon (5’-CATATG-3’, underlined). 

 

5’- GGTACCAGCTCGAGAGCCGCCGGCTGAGTTACAACTTCT -3’ 

The 3’ primer (kpompa3’), presented above, was used to introduce a unique XhoI 

restriction site (5’-CTCGAG-3’, underlined). 

 
For PCR amplification of the target gene, 0.5 µl of kpompa5’ (100 µM) and 0.5 µl of 

kpompa3’ (100 µM) primers were mixed with 2 µl of K. pneumoniae genomic DNA (53 ng/µl), 

1 µl dNTPs (10 mM mix, Promega), 10 µl 5x Phusion HF Buffer (Fynnzymes/Thermo 

Scientific), 35.5 µl Milli-Q water and 1 µl stock solution of Phusion Hot Start II High-Fidelity 

DNA Polymerase (2000 U/ml, Fynnzymes/Thermo Scientific). This 50-µl reaction mixture was 

then subjected to PCR (1000 Thermal Cycler, Bio-Rad) for amplification of the KpOmpA 

gene: 30 sec of initial denaturation step at 98°C, 40 cycles x 10 sec of denaturation (98°C) 

followed by 60 sec of combined annealing/extension step at 72°C, and a final extension step 

for 5 min at 72°C. The product of the PCR reaction is visualized on 1% agarose gel after 

staining with ethidium bromide (Fig. 1.1A ), with the band around 1000 base pairs (bp) 

corresponding to the amplified KpOmpA gene-containing fragment (~350 a.a.). 

40 µl of the PCR reaction was then subjected to centrifugation-based purification of the 

PCR-amplified gene using QIAquick PCR Purification kit (QIAGEN). The purified product at a 

concentration of 68 ng/µl (in 50 µl) was used for digestion with restriction enzymes and 

ligation in an empty vector, as described below. 
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Fig. 1.1. Representation of the major steps in the process of obtaining the F-KpOmpA construct. (A) 
PCR amplification of a KpOmpA gene-containing fragment from the K. pneumoniae genomic DNA: 
lane 1 - marker ladder (GeneRuler, Fermentas); lane 2 - PCR-amplified product. (B) Schematic image 
of the main components of the pET26b vector. (C) Purified and enzyme-digested pET26bII and 
KpOmpA amplified gene fragment: lane 1 - marker ladder; lane 2 - purified, non-digested pET26bII; 
lanes 3 and 4 - pET26bII and KpOmpA amplicon, respectively, both restricted with NdeI and XhoI 
enzymes. (D) PCR-based colony screen of empty pET26bII-transfected ‘blank control’ Top10 cells 
(lanes 1 to 5) and pET26bII-F-KpOmpA transfected Top10 cells (lanes 6 to 10); M - marker ladder. The 
arrow indicates the marker position at 2500 bp, which corresponds to the amplified 
[KpOmpA/kpompa5’ - kanamycin resistance/3’-oligonucleotide] fragment from the vector. 

 

 

The low-copy plasmid pET26bII was a kind gift from Wladimir Malaga (IPBS, Toulouse). 

It is derived from pET26b (Fig. 1.1B ) and operates under the T7 promoter, contains multiple 

cloning sites (including such for restriction with NdeI and XhoI enzymes), a Thrombin-

cleavable C-terminal hexahistidine tag for purification purposes and provides resistance to 

kanamycin. The modification of pET26bII is found as an introduced Thrombin cleavage site 

between the native protein chain and the C-terminal His-tag. E. coli Top10 cells, transfected 

1000 bp → 

1     2 A 

D 

 M   1   2   3   4   5  M  6   7   8   9  10 

C 

5000 bp → 
 
 
 

1000 bp → 

1    2    3    4 

pET26b 

5360 bp 

B 

ORF / 
restriction sites 

ORF / 
Kanamycin 
resistance 

/ restriction sites 

Origin 

T7 terminator 
6x His-tag 
Restriction sites 

T7 promotor 



Chapter 1 (Cloning, purification, reconstitution) - 38 - 

with pET26bII and deep-frozen, were thawed and grown in 50 ml Luria-Bertani (LB) medium 

supplemented with 30 mg/L kanamycin (Sigma Aldrich) at 37°C on a shaker (240 rpm). A 

small aliquot of this pre-culture was inoculated in 50 ml of fresh medium and left in the same 

conditions overnight. After that, the bacteria were collected (5000 g, 10 min, 4°C) and put on 

ice. Plasmid purification was performed according to the MidiPrep commercial protocol 

(Macherey-Nagel) with a NucleoBond AX 100 column. The purified plasmid at concentration 

of 285 ng/µl was stored at –20°C until further use. 

The purified vector and KpOmpA gene-containing product were then digested with the 

restriction enzymes NdeI and XhoI (20 000 U/ml, New England Biolabs). 1 µl of each enzyme 

stock solution was mixed with 10 µl Milli-Q water, 2.5 µl 10x Buffer 4 (New England Biolabs) 

and 10 µl of either purified pET-26bII or KpOmpA amplified gene product. These 25-µl 

reactions were kept at 37°C for 30 min, after which  another 1 µl from each enzyme stock was 

added for another 30 min. The reaction was then heat inactivated (10 min at 65°C) and a 

small aliquot from it was visualized on an agarose gel (Fig. 1.1C). Note the change in the 

migration of the non-digested vector (lane 2) exhibiting a variety of conformations, in 

comparison with the restricted pET26bII (lane 3) in which case certain populations (such as 

the coil and supercoil formations) are destroyed. As expected, the KpOmpA amplicon does 

not show a behavior different from that seen on Fig. 1.1A , since the restriction cleaves only 

small pieces from the termini of its linear DNA. 

For ligation purposes, 10 µl of the KpOmpA gene restriction reaction were mixed with 5 

µl of the plasmid restriction reaction, 2 µl Milli-Q water, 2 µl 10x T4 buffer (500 mM Tris (pH 

7.5), 100 mM MgCl2, 100 mM DTT, 10 mM ATP, New England Biolabs) and 1 µl T4 DNA 

ligase stock solution (400 000 U/ml, New England Biolabs). Another such 20-µl reaction, but 

with 10 µl of water instead of KpOmpA restricted fragment was used as a ‘blank control’ for 

the cell transfection at the next stage. The ligation reaction was left for 30 min at 16°C, after 

which the enzyme was heat inactivated for 10 min at 65°C. The ligation reaction was then 

precipitated with ethanol and the dried pellet was covered with a 50 µl of electro-competent E. 

coli Top10 cells. The mixture of ligated plasmid and bacterial suspension was transferred to 

an electroporation cuvette with 2 mm space between the electrodes (Eurogentec) and 

subjected to a single pulse of 2.5 kV corresponding to 12.5 kV/cm (Micropulser, Bio-Rad). 

The cell suspension was then diluted with 900 µl LB medium and the cells were left for 

adaptation for 1h at 37°C, after which they were sp read on petri dishes of LB medium with 

1.5% agar and 30 mg/L kanamycin for selection of positive clones. The cells transformed with 

the ‘blank control’ were treated in exactly the same way. After 12h, colonies were found on 
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both plates, albeit in smaller number on the ‘blank control’ (data not shown). Five colonies 

from each plate were screened for the KpOmpA product using Dream Taq Polymerase 

(Fermentas), the forward kpompa5’ primer and a commercial 3’ primer for kanamycin (Sigma 

Aldrich, TGCGACAATCTATCGCTTGTATGGGAA). Using the kpompa3’ primer for colony 

screening purposes is not advisable, since the E. coli genome contains an ompA gene of its 

own. Due to the high level of identity between KpOmpA and E. coli OmpA not only on the 

protein (~85%) but also on the gene level (~84%), our KpOmpA-designed primers may 

happen to satisfy the native ompA gene as well, which will lead to false positive results in 

every screened colony and will prevent the separation of the true positive ones from the 

empty vector self-ligation artifacts. The results from this screening (Fig. 1.1D ) show no 

positive hits in the ‘blank control’ cells, as expected, and positive hits in two (lanes 8 and 10) 

of the five screened colonies transfected with the pET26bII-F-KpOmpA ligation reaction. One 

other colony (lane 9) did not produce a convincing result, but nevertheless was further 

analyzed together with the other two. The three colonies (denoted as C8, C9 and C10) were 

grown in 5-ml LB cultures supplemented with 30 mg/L kanamycin, collected and the 

pET26bII-F-KpOmpA plasmid isolated according to the QIAprep Spin Miniprep kit (QIAGEN). 

 

 

 

Fig. 1.2.  Validation of the pET26bII-F-KpOmpA construct and first protein expression. (A) Enzyme 
restriction maps (with NdeI and XhoI) of the plasmids purified from colonies C8, C9 and C10 (lanes 1, 
2 and 3, respectively; see text for details). Restrictions in C8 and C10 separated the KpOmpA gene 
fragment (~1000 bp, black arrow) from the rest of the linearized pET26bII (~5000 bp, white arrow). 
Note the missing KpOmpA gene in the case of C9. Compare with lanes 8, 9 and 10 on Fig. 1.1D . M - 
marker ladder. (B) Positive PCR screen (right lane) of the C8 BL21 (DE3) colony with the kpompa5’ 
primer a 3’ primer for the kanamycin-resistance gene. The arrow indicates the band at 2500 bp of the 
marker ladder (M, left lane). (C) Coomassie stained SDS PAGE gel of the same colony as in (B), 
grown in LB medium without induction (lane 1) and induced with 1 mM IPTG (lane 2). The marker 
ladder (M, PageRuler, Fermentas) denotes the bands with 43 and 34 kDa molecular weight and the 
arrow indicates the overexpressed F-KpOmpA (~38.7 kDa). 
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The isolated plasmids from the three colonies were then subjected to digestion with 

NdeI and XhoI and the corresponding restriction maps were visualized on 1% agarose gel 

(Fig. 1.2A ). The purified product from colony C8 was then chosen for transfection in E. coli 

BL21 (DE3) cells, which was performed as with the Top10 strain. On the next day, five 

colonies from the kanamycin selective petri dish were screened as before for the presence of 

pET26bII-F-KpOmpA product, as a final precaution step before the pilot protein production. 

Surprisingly, not all colonies turned out to be positive, which is an example for the limited 

reliability of the PCR reaction as an ultimate visualization tool for the presence of a ligated 

product. Upon induction with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG), all of the 

five screened BL21 (DE3) colonies (even those that appeared negative on the PCR colony 

screen) overexpressed the F-KpOmpA protein to a substantial level. An example of a PCR-

positive BL21 (DE3) colony is shown on Fig. 1.2B  and the F-KpOmpA produced by the same 

colony after culture growth and induction with IPTG is shown on Fig. 1.2C . 

The composition of the pET26bII-F-KpOmpA construct was verified by sequencing 

(MilleGen). The expressed protein chain with a total of 359 a.a. (~38.7 kDa) thus corresponds 

to the following sequence: 

 

MKATVAQAAPKDNTWYAGGKLGWSQYHDTGFYGNGFQNNNGPTRNDQLGAGAFGGYQVNPYLGFEMGYD

WLGRMAYKGSVDNGAFKAQGVQLTAKLGYPITDDLDIYTRLGGMVWRADSKGNYASTGVSRSEHDTGVS

PVFAGGVEWAVTRDIATRLEYQWVNNIGDAGTVGTRPDNGMLSLGVSYRFGQEDAAPVVAPAPAPAPE

VATKHFTLKSDVLFNFNKATLKPEGQQALDQLYTQLSNMDPKDGSAVVLGYTDRIGSEAYNQQLSEKRA

QSVVDYLVAKGIPAGKISARGMGESTPVTGNTCDNVKARAALIDCLAPDRRVEIEVKGYKEVVTQPAAL

ELVPRGSVEHHHHHH 

 

A short section from the native signal peptide is found after the first Methionine in the 

beginning of the chain (underlined). This fragment does not carry sufficient information for 

transportation across the inner membrane, therefore the protein accumulates in inclusion 

bodies (similarly to the N-KpOmpA construct). The black box in the middle of the sequence 

denotes the flexible, Alanine/Proline-rich region that connects the two domains of the 

molecule. Finally, there is a hexahistidine tag at the end of the sequence (in italic) and a 

thrombin cleavage site (LVPRGS, in bold) that allows eventual removal of the His-tag. 

 

Note: Annex 1 provides detailed protocols for this section of the chapter. 
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1.2. Expression, refolding and purification of N-KpOmpA and F-KpOmpA 

 

Since the N-KpOmpA and F-KpOmpA constructs do not express the signal peptide in 

the beginning of their protein sequences, both products accumulate in the bacterial cytoplasm 

in the form of inclusion bodies. In general, the purification procedure does not vary 

significantly between the two constructs or as a function of the cell culture medium used (rich 

or minimal, for details see Annex 2). 

The construction of the pET26bII-F-KpOmpA plasmid (kanamycin resistance) was 

described in the previous section of this chapter. The construction of the N-KpOmpA (216 

a.a.) fragment incorporated in pET21c vector was performed previously [1], resulting in a 

pET21c-N-KpOmpA plasmid (ampicillin resistance) containing short modification at the 

protein N-terminus (ARIMKAIFVLNA) and a hexahistidine tag at the C-terminus, immediately 

after the flexible hinge region of the molecule that connects its two domains. 

Each plasmid is harbored by the E. coli BL21 (DE3) strain, frozen aliquots of which are 

kept at –80°C. Upon cells collection from a small s cale (50 ml) rich medium pre-culture 

supplemented with the respective antibiotic, a large scale culture (with the same antibiotic) is 

inoculated at optical density (OD) of around 0.1 (measured at 600 nm). The antibiotic 

concentrations are 50 mg/L ampicillin (Sigma Aldrich) for N-KpOmpA expression and 30 mg/L 

kanamycin (Sigma Aldrich) for F-KpOmpA. The expression of the respective protein product 

can then be induced with 1 mM IPTG during the logarithmic growth phase (OD600 = 0.6-0.8) of 

the bacteria. Fig. 1.3A  shows an example of a culture growth curve (in Terrific broth (TB) 

medium, Invitrogen) and the moment of induction of the protein synthesis. After that, the 

culture is further left for 4 hours or overnight (depending on the used culture medium) at 37°C 

with vigorous shaking. The cells are then harvested (5000 g, 10 min, 4°C), resuspended (at a 

ratio of 10 ml per gram of cells) in lysis buffer (50 mM Tris (pH 8.5), 200 mM NaCl, 5 mM 

EDTA and freshly added 0.2% Tween 20, Sigma Aldrich and 0.5 mg/ml Lysozyme, Fluka 

Analytical) and left for 2 hours at room temperature with gentle mixing. The lysate is then 

sonicated (6 times x 1 min, 50% duty cycle, power 5, VWR) and the released inclusion bodies 

are collected (10 000 g, 30 min, 4°C) and washed th ree times with the same lysis buffer 

containing 2M urea. The final inclusion bodies pellet is solubilized (at a ratio of 3-4 ml per 

gram of pellet) either in 7M urea with freshly added 10 mM DTT, or in 6M Guanidine-HCl 

buffer with 25 mM Tris (pH 8.3), 5 mM EDTA and freshly added 10 mM DTT. The pellet is 

allowed enough time to solubilize gently at room temperature and, after removal of the non-

soluble fraction (10 000 g, 30 min, 4°C), the clear ed supernatant is mixed dropwise with 15 
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times larger volume of the refolding detergent-containing buffer (1% Zwittergent 3-14 (n-

tetradecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate, Anatrace) with critical micelle 

concentration (CMC) of 0.015%, 25 mM Tris (pH 8.5) and 150 mM NaCl). This mixture is left 

at 4°C for at least 4 hours (or overnight) of gentl e mixing to allow for protein refolding. It is 

then centrifuged (10 000 g, 30 min, 4°C) in order t o remove protein aggregates and it is 

dialyzed (Cellulose membranes with 12-14 kDa cutoff, 25 mm flat width, 16 mm diameter, 2 

ml/cm, Spectra/Por) two times (2L each) for 12 hours against the same buffer with 10 times 

lower detergent concentration (0.1% Zwittrergent 3-14) in order to remove the chaotropic 

agent and to decrease the detergent concentration. The higher detergent concentration (1%) 

facilitates the refolding, but it is unnecessary for further support of the folded protein, as seen 

on the SDS PAGE gel on Fig. 1.3B,C  [4]. After the dialysis, the protein concentration is 

determined by measuring the absorption at 280 nm and using the theoretical molar extinction 

coefficient of each construct (50880 M-1cm-1 for N-KpOmpA and 58455 M-1cm-1 for F-

KpOmpA; coefficients calculated with www.biomol.net). The protein is then purified via affinity 

chromatography with discontinuous imidazole gradient. The dialyzed protein solution is mixed 

with water-washed nickel-coordinated resin (Ni-NTA Superflow, QIAGEN) at the ratio of ~5 

mg protein per 1 ml of resin (equivalent to 2 ml of slurry) and left for 2-3 hours at 4°C with 

gentle mixing. The protein-bound resin was then separated from the supernatant (i.e. the 

flowthrough) and washed with at lest 5 column volumes (CV) of 0.1% Zwittergent 3-14 buffer 

followed by further washing with 5 CV of the same buffer containing 20 mM imidazole (98.5% 

purity, Sigma-Aldrich) in order to remove eventual impurities and weakly bound misfolded 

and/or aggregated protein. Finally, the protein is detached from the resin with the same 

detergent buffer containing 400 mM imidazole. This eluate is then dialyzed two times (2L 

each) for 12 hours against the detergent buffer (0.1% Zwittergent 3-14, 25 mM Tris (pH 8.5), 

150 mM NaCl) in order to remove the imidazole. The protein concentration is checked as 

before and the folded state of the protein is visualized on an SDS PAGE gel (Fig. 1.3C ). The 

protein solution is then kept at 4°C until needed. The described above nickel-affinity 

purification steps (washings and elution) were performed either on a single-use column 

(Wizard Plus Midipreps, Promega) or with gentle centrifugations of the resin (3000 g, 10 min, 

4°C), depending on the scale of the purification. I n most of the cases, further concentration of 

the protein stock solution was not required. In the exceptional cases (such as after gel 

filtration, performed following the affinity chromatography) when the protein had to be 

concentrated, this was achieved by centrifuging (8000 g, 4°C) the protein/detergent solution 

in membrane falcons with 50 kDa cutoff (Vivaspin, Sartorius Group) until the desired 
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concentration was reached. Since this procedure inevitably leads to (at least partial) co-

concentration of the detergent as well, the final solution was again dialyzed as described 

above in order to maintain the exact Zwittergent 3-14 concentration of 0.1%. Note that the 

membrane cutoff (50 kDa) is in fact larger than the size of each protein construct. However, 

the protein-detergent micelle size was previously found to be around 70 kDa for N-KpOmpA 

[1]. Indeed, a loss of neither N-KpOmpA (~23.4 kDa) nor F-KpOmpA (~38.7 kDa) was ever 

observed after concentration. The above described expression/purification procedure can be 

found as step-by-step protocol in Annex 2. The average protein yield after completion of this 

protocol is around 200 or 140 mg of protein per 1L of rich or minimal medium, respectively. 

The variation between the yields (in terms of protein mass) of the two constructs (N-KpOmpA 

and F-KpOmpA) obtained in the same culture medium is smaller than the variation between 

the different media used. 

Representative aliquots from the major purification steps of N-KpOmpA were run on a 

10% SDS PAGE gel and are shown on Fig. 1.3B . The OmpA proteins (and the β-barrel 

proteins in general) possess a specific feature called “heat modifiability”, which is a result 

from the high stability of their molecular structures. Since the barrel fold is not destroyed 

during the electrophoresis in denaturing conditions, but only if the gel aliquot was heated in 

advance (100°C, 5 min), this phenomenon is manifest ed as different migration positions of 

the folded and the unfolded protein bands on the gel [4]. Until present day, this Omp feature 

is one of the fastest, most commonly used assays for monitoring the folding of this class of 

proteins [5-7]. For example, when not boiled, the purified N-KpOmpA migrates at around 19 

kDa (Fig. 1.3C ), while the thermally denatured aliquot shifts to its expected molecular weight 

(~23 kDa). Respectively, native F-KpOmpA appears at around 34 kDa, while the true size 

position for this protein is seen only after boiling it (~39 kDa). Only in the case of F-KpOmpA, 

boiling the protein solution for longer times (> 5 min) and/or applying larger amount of boiled 

protein on the gel produces two additional weak bands, found around 24 and 15 kDa (not 

present on Fig. 1.3C ). These two bands correspond to the presence of the DP-motif in the 

sequence of the periplasmic domain, which is significantly labile to acid-catalyzed hydrolysis 

([8, 9]). 

In addition to the visualization of the protein fold by gel electrophoresis, another suitable 

method for supplementing this aim is the size-exclusion chromatography. Furthermore, it can 

be used not only as analytical tool but also as a large scale purification step for elimination of 

protein aggregates, such as non-native dimer/trimer formations and unfolded molecules. Fig. 

1.3D shows analytical run (1 ml/min, 60-cm column, S200, GE Healthcare) of 100 µl purified 
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F-KpOmpA solution (1 mg/ml) in 0.1% Zwittergent 3-14, exhibiting a main symmetrical peak 

of the monomer population. The two smaller subpopulations of larger sizes correspond to 

non-native dimer and trimer formations. These subpopulations appear difficult to separate 

from the main peak if the column length is only 30 cm (data not shown). After gel filtration, the 

 

 
 

Fig. 1.3. Summary of the major purification steps and preliminary protein analyses. (A) E. coli BL21 
(DE3) culture growth curve in Terrific Broth medium, presented as optical density (OD) at 600 nm as a 
function of time. The arrow indicates the moment of protein overexpression induction with 1 mM IPTG. 
(B) SDS PAGE gel of the major purification steps (in this case - of F-KpOmpA). The induced cell 
culture (lane 1) is lyzed as described in the text and the released inclusion bodies are washed three 
times (lanes 2-4; note the low molecular band of the lysozyme around 17 kDa and a certain loss of 
unfolded F-KpOmpA around 43 kDa). The small amount of pellet after inclusion bodies solubilization 
with chaotropic agent (lane 5), as well as the protein-aggregation pellets after protein refolding (lane 6) 
and dialysis (lane 7) exhibit a minor loss of F-KpOmpA. The flowthrough (lane 8) and the washing with 
imidazole-free buffer (lane 9) during the affinity chromatography do not contain any F-KpOmpA, while a 
small loss of folded protein is observed during the washing step with 20 mM imidazole (lane 10, around 
34 kDa); M - marker ladder. (C) “Heat modifiability” (see text for details) of purified N-KpOmpA (lane 1: 
not boiled; lane 2: boiled) and F-KpOmpA (lane 3: not boiled; lane 4: boiled). M - marker ladder. (D) 
Gel filtration profile (1 ml/min, 60 cm column, S200, GE Healthcare) of 100 µl purified F-KpOmpA (1 
mg/ml) in 0.1% Zwittergent 3-14. (E) UV spectrum (220-330 nm) of purified N-KpOmpA with absorption 
value of 31.963 at 280 nm (measured with NanoDrop ND-1000 Spectrophotometer, Thermo Scientific), 
corresponding to protein concentration of 14.7 mg/ml. 
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fractions containing the separated in this way monomer are combined and concentrated in 

membrane falcon, followed by dialysis against 0.1% Zwittergent 3-14 buffer. The 

concentration of this protein stock solution is then determined again, after this final stage of 

the purification. 

Since the β-barrel (present in both constructs) is rich in aromatic residues, the 

spectrophotometric determination of the protein concentration (at 280 nm) is particularly 

useful (Fig. 1.3E ). The alternative of the colorimetry-based assays is not only more tedious 

and time consuming, but it also utilizes soluble proteins of known concentration as standards, 

which may introduce additional discrepancy when the target of interest is in fact a detergent-

solubilized membrane protein which, in addition to that, does not unfold spontaneously in 1% 

SDS. For example, comparing the concentrations of three independently produced N-

KpOmpA stock solutions (two uniformly-[13C-15N] labeled stocks and one non-labeled/natural 

abundance (NA) stock), measured photometrically and with the standard protein titration 

assay according to Lowry [10], revealed a significant discrepancy among the obtained 

concentration values with a tendency of the colorimetry to overestimate them up to 50%, as 

shown below: 

 

N-KpOmpA concentration determination of three independent stocks: 

Protein stock  UV estimation  Colorimetric estimation 

[U-13C/15N]  20 mg/ml   29 mg/ml 

[U-13C/15N]  17 mg/ml   24 mg/ml 

Non-labeled (NA) 20 mg/ml   30 mg/ml 

 

Colorimetric titration of ‘blank samples’ containing only the standard bovine serum 

albumin (BSA), BSA in 0.1% Zwittergent 3-14 and BSA in 0.1% Zwittergent 3-14 and 1% 

SDS did not show any significant difference (data not shown), which excluded a possible 

influence of the detergent. On the other hand, the molar extinction coefficients of N-KpOmpA 

and F-KpOmpA are theoretically derived and therefore not ideal. Furthermore, they do not 

provide a notion for the influence of the protein fold and of the different detergent 

environments on the measured absorption value. Nevertheless, the photometric approach 

appears to combine ease with enough precision and, as long as one follows a single method 

for protein concentration determination, the accuracy of the values should suffice. The future 

KpOmpA investigator is thus advised to take the above into account when determining the 

concentrations of N- and F-KpOmpA. 
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After the purification, the spectrophotometrically determined protein concentration is 

usually in the range of 5-10 mg/ml (depending on the fractions size and number), with higher 

values obtainable after concentration in membrane falcon (50 kDa cutoff). In order to limit the 

gradual aggregation of the protein and to extend the lifetime of the stock solution, it is 

advisable to preserve long-terms (~1 month) KpOmpA solutions at lower protein 

concentration (1-3 mg/ml) at 4°C, if not flash-froz en. The propensity for macroscopically 

observed aggregation appears to be higher in the case of the membrane domain alone (N-

KpOmpA), presumably because a larger portion of the molecule of the full-length polypeptide 

is soluble. The long-term stability of the protein stock is also dependent on the detergent type. 

Zwittergent 3-14 (M.W. 363.6) is a zwitterionic detergent with low critical micelle 

concentration (CMC 0.012% = 0.33 mM), suitable for large-scale purification of KpOmpA 

which requires hundreds of milliliters from the different detergent-containing buffers. 

Assuming a concentration of N-KpOmpA in the range of 10 mg/ml (~0.43 mM) present in a 

buffer with 0.1% (2.75 mM) Zwittergent 3-14 (~10 times above its CMC), gives a ratio of 

about only 6 detergent molecules per protein molecule. It is clear that such amount of 

detergent can not support the β-barrel. On the other hand, the same solution can be 

concentrated by centrifugation without any loss through the 50 kDa cutoff of the membrane, 

even if the mass of N-KpOmpA is ~23.4 kDa. This indicates that the protein-detergent micelle 

is composed of, approximately, at least an order of magnitude higher number of detergent 

molecules, despite the 0.1% concentration of detergent in the surrounding solution. This 

difference is the result of the refolding and dialysis steps of the purification procedure, during 

which the protein-detergent micelles form in the presence of a large excess of zwittergent 

molecules. It is thus possible to maintain the β-barrel fold in such rather low (apparent) 

detergent concentration at a later stage. Since the detergent molecules are not ‘bound’ to the 

protein, but are in dynamic exchange between the protein micelle and its surroundings, then 

the ability of the detergent solution to support the monomeric protein for a certain time, 

without allowing the protein molecules themselves to collide into one another, will strongly 

depend on the protein concentration itself. The hence described problem of protein 

precipitation related to the protein-to-detergent ratio can be easily avoided by using 

alternative, high-CMC detergents for further analysis of KpOmpA. For instance, n-octyl-β-D-

glucopyranoside (M.W. 292.4, CMC 0.7% = 25 mM) was successfully used with E. coli OmpA 

([11]) and here it was utilized for the reconstitution of KpOmpA in lipid bilayers, as described 

in section 1.4 of this chapter. 

Note: Annex 2 provides detailed protocols for this section of the chapter. 
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1.3. Gene design, expression and purification of C-KpOmpA 

 

Natively, after cleavage of its signal peptide (20 a.a.) and integration in the outer 

membrane, KpOmpA forms a two-domain structure with a transmembrane β-barrel domain 

(N-KpOmpA, 180 a.a.), a flexible periplasmic Proline/Alanine-rich hinge region 

(GQEDAAPVVAPAPAPAPE, 18 a.a.) and a C-terminal periplasmic domain (C-KpOmpA, 137 

a.a.). Hence a fraction of about 41% of the protein chain belongs to C-KpOmpA. This domain 

is 44% homologous (and ~35% identical) to the C-terminal domain of RmpM ([12], crystal 

structure available with PDB: 1R1M) - a putative peptidoglycan binding protein from Neisseria 

meningitidis that adopts a βαβαββ-fold, as in the case of the chorismate mutase from Bacillus 

subtilis. In addition to the expected properties of these domains to bind non-covalently to the 

peptidoglycan layer in the periplasm, a role of a chaperone was proposed for C-KpOmpA 

[13]. Furthermore, a dimerization process was suggested for the C-terminal domain of RmpM 

for more efficient binding to peptidoglycan - a possibility that exists also in the case of C-

KpOmpA, despite that the β-barrel domain of the native chain is exclusively found as a 

monomer in the membrane. Construction and expression of the C-terminal domain of 

KpOmpA could therefore be used in the future for structure determination of this soluble 

segment of the molecule and for investigating its properties, either alone or as a part of F-

KpOmpA. 

The hinge region of KpOmpA (immediately after the C-terminus of the β-barrel) is 

expected to be unstructured and to provide a flexible link between the two domains of the 

protein. Therefore this segment could be excluded from the N-terminal part of the C-KpOmpA 

construct. Instead, this terminus was designed to contain a hexahistidine tag, followed by a 

TEV protease recognition site (EXXYXQ–G/S, with X being any amino acid and the dash 

representing the actual cleavage point) for eventual His-tag removal after the protein 

expression. The rest of the C-terminal part of the construct was preserved as found in the 

native gene. The thus designed construct is shown below. The sequence starts with ATG for 

Methionine (red color) and three additional amino acids (GSS, blue color), followed by a 

hexahistidine tag (black box), another three linking amino acids (SSG, green color) and a 

TEV protease restriction site (ENLYFQGS, underlined). The native protein sequence (bold 

letters) starts after that and terminates with the “ochre” stop codon at the 3’ end (TAA, red 

color). The nucleotide motif CCATGG at the very beginning represents an NcoI restriction site 

which was introduced for potential restriction and ligation in another vector. 
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         M  G  S  S  H  H  H  H  H  H  S  S  G 
[5’]ACCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCGAGAATCTTTATTTTCAGGGATCC

GAAGTGGCTACCAAGCACTTCACCCTGAAGTCTGACGTTCTGTTCAACTTCAACAAAGCTACCCTGAAA

CCGGAAGGTCAGCAGGCTCTGGATCAGCTGTACACTCAGCTGAGCAACATGGATCCGAAAGACGGTTCC

GCTGTTGTTCTGGGCTACACCGACCGCATCGGTTCCGAAGCTTACAACCAGCAGCTGTCTGAGAAACGT

GCTCAGTCCGTTGTTGACTACCTGGTTGCTAAAGGCATCCCGGCTGGCAAAATCTCCGCTCGCGGCATG

GGTGAATCCAACCCGGTTACTGGCAACACCTGTGACAACGTGAAAGCTCGCGCTGCCCTGATCGATTGC

CTGGCTCCGGATCGTCGTGTAGAGATCGAAGTTAAAGGCTACAAAGAAGTTGTAACTCAGCCGGCGGCT

TAA[3’] 

 

The designed gene was then sent to DNA2.0 (www.dna20.com) for sequence 

optimization, gene synthesis, plasmid integration and sequence verification. The C-KpOmpA 

gene was optimized for E. coli preferred codons and synthesized with a consensus ribosome-

binding site (AGGAGGT) and a short spacer of five adenines at the 5’ end. The fragment was 

then integrated in the vector pJexpress411 (DNA2.0, Fig. 1.4A ). This vector offers a T7 

promoter (for expression in strains such as E. coli BL21 (DE3) or T7 express) and resistance 

to kanamycin. The final gene sequence (500 bp) in the plasmid pJexpress411-C-KpOmpA is 

thus: 

 

[5’]AGGAGGTAAAAACCATGGGCAGCTCTCACCACCATCATCACCACAGCAGCGGCGAGAACTTGTATT

TTCAGGGATCCGAGGTTGCGACGAAGCATTTCACGCTGAAGAGCGACGTGCTGTTTAACTTCAATAAAG

CAACCCTGAAACCGGAAGGTCAACAGGCGCTGGATCAGCTGTATACGCAATTGAGCAATATGGACCCGA

AGGATGGTTCGGCCGTTGTTCTGGGTTACACCGATCGTATCGGCAGCGAAGCTTATAACCAACAGCTGA

GCGAGAAACGCGCGCAATCCGTCGTTGATTACCTGGTCGCGAAAGGTATTCCGGCTGGCAAGATCAGCG

CCCGTGGTATGGGTGAGAGCAATCCGGTGACCGGCAACACCTGTGACAATGTCAAAGCACGTGCGGCGC

TGATTGACTGCCTGGCACCGGACCGCCGTGTGGAAATCGAAGTGAAGGGTTACAAAGAGGTTGTCACTC

AGCCAGCCGCATAACTCGAG[3’] 

 

The ribosome-binding site is indicated with a blue color at the 5’ end, while the start 

(ATG) and stop (TAA) codons are in red color. The 6xHis-tag (black box) and the TEV 

protease cleavage site (underlined) are found in the beginning of the sequence. The native C-

KpOmpA chain (~15 kDa, 138 a.a.) is denoted in bold letters. The corresponding expressed 

polypeptide sequence from this construct (159 a.a., 17 300 Da) is presented below: 
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  1 MGSSHHHHHH SSGENLYFQG SEVATKHFTL KSDVLFNFNK ATLKPEGQQA 

 51 LDQLYTQLSN MDPKDGSAVV LGYTDRIGSE AYNQQLSEKR AQSVVDYLVA 

101 KGIPAGKISA RGMGESNPVT GNTCDNVKAR AALIDCLAPD RRVEIEVKGY 

151 KEVVTQPAA 

 

The N-terminal 6xHis-tag is indicated with a black box and the removable piece of the 

TEV protease site is underlined. If digested with this enzyme, the polypeptide will be 

shortened down to 140 a.a. and only two non-native amino acids (GS, denoted with bold 

letters) will be left at the N-terminus of the protein. 

The product pJexpress411-C-KpOmpA was received as a lyophilized pellet and 

solubilized in sterile Milli-Q water. The plasmid concentration was spectrophotometrically 

estimated to be 0.8 µg/µl. Restriction map of the vector was obtained with digestion of 2 µl 

pJexpress411-C-KpOmpA stock solution either with 1 µl NcoI alone, or with 1 µl XhoI alone 

(New England Biolabs), or with both enzymes (Fig. 1.4B ). Note the C-KpOmpA gene (~500 

bp) appearing in lane 5. 

 

 
 

Fig. 1.4. (A) Schematic picture of the pJexpress411-C-KpOmpA plasmid (DNA2.0). (B) Restriction 
map of the product obtained with NcoI and/or XhoI enzyme digestion: lane 1 - marker ladder (1 kbp 
DNA Ladder, Promega); lane 2 - not digested pJexpress411-C-KpOmpA plasmid; lanes 3 and 4 - the 
plasmid digested with NcoI or XhoI, respectively; lane 5 - the plasmid digested with both enzymes; lane 
6 - marker ladder (GeneRuler 100 bp Plus DNA Ladder, Fermentas). 
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competent E. coli strains - BL21 Star and BL21 (DE3), hereby abbreviated as ‘Star’ and 

‘DE3’, respectively. Each strain was spread on a petri dish with LB/agar medium 

supplemented with 30 mg/L kanamycin and left at 37°C overnight. Single colonies of each 

strain were picked, inoculated in 25-ml pre-cultures of LB/kanamycin medium and grown 

overnight at 37°C with vigorous shaking (280 rpm). Four 50-ml cultures of fresh 

LB/kanamycin medium were then prepared (two for each strain) and inoculated at OD (at 600 

nm) of 0.05. The four flasks were incubated at 37°C  (280 rpm) and the OD was regularly 

monitored. The DE3 strain exhibited faster growth rate and after a total culture time of 150 

min the OD of its two flasks was in the range of 0.90, while the Star strain was just reaching 

an OD of 0.50 (Fig. 1.5A ).  

 

 
 

Fig. 1.5. Cultures growth and C-KpOmpA overexpression. (A) OD at 600 nm as a function of time for 
the non-induced (–I, solid lines) and induced (+I, punctured lines) cell cultures of Star (red color) and 
DE3 (blue color) strains. Note the reduced growth rate for the induced cultures. The black arrow 
indicates the moment of IPTG induction. (B) SDS PAGE image of non-induced (–I) and induced (+I) 
Star (left side) and DE3 (right side) E. coli strains as ‘total cells’ (TC), pellet fractions (P) and 
supernatant fractions (S) after the cell lysis and sonication (see text for the details). M - marker ladder. 
The arrow indicates the position of C-KpOmpA. 

 

 

One 50-ml flask from each strain type was then induced with 1 mM IPTG and all flasks 

were further incubated for another 4 hours. Finally, different small-volume aliquots (of about 
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fractions, were centrifuged (5000 g, 10 min 4°C) an d prepared for direct loading on an SDS 
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pellets were resuspended in 10 ml lysis buffer (20 mM sodium phosphate (pH 8), 100 mM 

NaCl, 0.1% Tween 20) and subsequently sonicated (3 times x 20 sec, 50% active cycle, 

power 5, VWR). Upon centrifugation (10 000 g, 30 min, 4°C), the four supernatant were 

collected, while the four pellets were washed once with 12 ml of 20 mM Na-phosphate buffer 

(pH 8), 100 mM NaCl and centrifuged again. The four final pellets (together with the four 

supernatants and the four ‘total cell’ aliquots) were visualized on an SDS PAGE gel (Fig. 

1.5B). The C-KpOmpA (~17.3 kDa) appears to be well overexpressed in each strain. Due to 

its slightly faster growth rate, the DE3 strain is presumably a better candidate for a large scale 

expression system. Note that the protein, as expected, is exclusively found in the soluble 

fractions from both strains, with no (or minimal) amount in the cell pellet. 

The two supernatants from the induced Star and DE3 cultures (Fig.1.5B ) were each 

mixed with 2 ml washed nickel-coordinated resin (Ni-NTA Superflow, QIAGEN) and left for 3 

hours at 4°C with gentle mixing. After the batch, t he resin was transferred to a single-use 

chromatography column and the flowthrough was collected. The protein-bound resin was 

then washed with about 10 ml 20 mM Na-phosphate buffer (pH 8), 100 mM NaCl, followed by 

6 ml washing with the same buffer containing 20 mM imidazole and elution step with 3 ml 400 

mM imidazole in the same buffer. Small aliquots from the preparation were then visualized on 

an SDS PAGE gel. As seen on Fig. 1.6A , the protein (~17.3 kDa) with a good purity is 

released during the elution step. The expected mass of the protein was confirmed by mass 

spectrometry (MALDI-TOF in linear measurement mode with α-cyano-4-hydroxycinnamic acid 

(CHCA) as matrix), as shown on Fig. 1.6B . Uniformly 13C/15N-labeled C-KpOmpA (0.8 mM, 

following the same labeling protocol as for N-KpOmpA) produced a high-quality HSQC 

spectrum (Fig. 1.6C), confirming the protein fold and establishing a starting point for its 

structure determination. 

The hereby established preliminary protocol (found in step-by-step fashion in Annex 3) 

for the C-KpOmpA purification can be used in future when overexpressing this protein 

construct. Furthermore, the protocol can be improved in several ways, such as by utilization 

of nucleases and protease inhibitors during the cell lysis step and afterwards, as well as 

eventual dialysis step of the cell lysate against clean phosphate/salt buffer prior to the 

purification stage. Two Cysteine residues are found on the chain of C-KpOmpA (C124 and 

C136. according to the numeration of the expressed construct). Natively, these residues are 

expected to form a disulfide bridge (similarly to the case of RmpM [12]) in the periplasmic 

space, after the unfolded polypeptide chain is transferred through the inner membrane. Since 

the artificially expressed protein is not exported from the bacterial cytoplasm, it is unclear 
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whether this bridge is actually formed. On the other hand, the importance of this putative 

bridge for the protein structure and function is also not known. These aspects of C-KpOmpA 

should be taken into account during the future work with the protein. 

 

 

Fig.1.6. Visualization of the purified C-KpOmpA: (A) Purification of C-KpOmpA from supernatants of 
ruptured cells of E. coli strains BL21 Star (left side) and BL21 (DE3) (right side). Lanes 1 and 4: 
flowthroughs; lanes 2 and 5: washing steps with imidazole-free buffer; lanes 3 and 6: elution steps with 
400 mM imidazole. M - marker ladder. The arrow indicates the position of C-KpOmpA (~17.3 kDa). (B) 
MALDI-TOF linear mode spectrum (matrix: CHCA), showing the main C-KpOmpA signal at ~17 138 Da 
(theoretical mass of 17 169 Da) and its 2+ ion at ~8583 Da (theoretical mass of 8584 Da). (C) 1H-15N 
HSQC spectrum of 0.8 mM uniformly [13C/15N]-labeled C-KpOmpA (acquisition parameters are present 
to the right). 

 

Note: Annex 3 provides detailed protocols for this section of the chapter. 
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1.4. Reconstitution of N-KpOmpA and F-KpOmpA in lipid bilayers 
 

Providing a hydrophobic environment is a necessary step in the process of membrane 

proteins purification since it allows the newly expressed molecules to adopt their native fold. 

In the majority of the cases this task is fulfilled by suitable types of detergent or, more 

recently, by amphipols ([14]). In other, more exceptional cases, the protein can be detergent-

solubilized or co-inserted in preformed liposomes simultaneously with its in vitro expression 

([15]). Studies on the kinetics of protein folding, on the other hand, rely on mixing the 

denatured protein with lipid vesicles and monitor the process of folding in time ([16]). 

Nevertheless, most of the membrane proteins isolations and characterizations, in particular 

those aimed at structural studies, still utilize a detergent-based folding of the protein of 

interest. The protein-detergent micelle is thus the basic form in which the protein is often 

found at the end of a purification/refolding procedure. This form is suitable for electrophoresis 

analyses and dynamic light scattering, for UV spectrometry and protein functional assays 

(provided the detergent does not interfere with the latter). Furthermore, due to its relatively 

small size and fast tumbling rate (in comparison with liposomes), the micellar form is usable 

for structural and dynamical studies by solution state NMR. This form is also the usual 

starting point for 3D crystallization of membrane proteins, although recent advancements in 

the field of the Lipid Cubic Phases offer an alternative ([17]). 

However, natively the membrane proteins exist in the lipid bilayer of the cellular 

membrane. This environment differs from the detergent micelle in terms of several 

parameters, such as the membrane thickness, curvature, lipid composition and organization. 

In particular, the β-barrel proteins of Gram-negative bacteria (such as KpOmpA) are situated 

in oriented fashion in the highly asymmetric leaflets of the outer membrane. It is thus 

important to investigate, when possible, the features of these molecules in the native or 

close-to-native environment of the lipid bilayer. Often this is achieved by reconstitution of the 

protein of interest (upon detergent removal) in homogenously distributed lipids that form the 

membranes of unilamellar vesicles. Although the genuine asymmetry of the bacterial outer 

membrane can not be recreated in this way, these bilayers are already a step closer in 

simulating the native environment of the protein, in comparison to the starting point of the 

detergent micelles. Furthermore, the results from an investigation of the protein in bilayers 

can later be compared with data from the micellar samples, thus revealing that key features 

of the polypeptide are either present in both environments, or lost in one of them, or gained. 

The β-barrel proteins are composed of rigid membrane-embedded barrel core and a set of 
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mobile extracellular loops. As shown previously with KpOmpA [1], these immunologically 

important long loops tend to be very dynamic when the protein is present in detergent 

micelles. One possible direction for investigation is thus monitoring the loops dynamics after 

protein reconstitution in lipid bilayers, which may provide insights on the structural basis for 

recognition of host-cell receptors in the process of KpOmpA-mediated Klebsiella invasion. 

The abovementioned concept is dealt with more thoroughly in Chapter 3. Similarly, 

detailed description of the variety of small-scale reconstitution trials of N-KpOmpA in different 

lipids, lipid-to-protein ratios and dialysis buffers can also be found there. They do not differ 

essentially from the protocol described in the present section of this chapter. This section 

focuses on the procedure for KpOmpA reconstitution as such (in particular during the sample 

preparation for solid state NMR experiments), as well as on analyzing the prepared sample 

with several biochemical methods. Detailed protocol for the N- and F-KpOmpA reconstitution 

can be found in Annex 4. 

The purified protein (either N- or F-KpOmpA), prepared according to section 1.2 of this 

chapter and kept at 4°C, is found in the stock solu tion of 0.1% Zwittergent 3-14, 25 mM Tris 

(pH 8.5) and 150 mM NaCl. Exchange of the protein environment from detergent micelle to 

lipid bilayer will create essentially different sample which can be analyzed with several 

methods, such as dynamic light scattering, centrifugation in sucrose gradient and solid state 

NMR (ssNMR). Due to its lower sensitivity, the ssNMR is particularly demanding in terms of 

substantial protein content. Since the total sample volume is limited by the size of the NMR 

rotor, the ratio between the lipids and the protein must be shifted towards the latter to the 

highest possible extent. However, in order to reconstitute the protein at such low lipid-to-

protein ratios, one can not rely on the low efficiency of the spontaneous insertion of unfolded 

protein into preformed liposomes. By contrast, the protein reconstitution via detergent 

removal, coupled with the simultaneous formation of the bilayers, is an alternative approach 

that allows the incorporation of large amount of protein into the newly formed unilamellar 

vesicles. 

This type of reconstitution is dependent on the effective, as complete as possible 

removal of the detergent (either by biobeads or by dialysis), which excludes the usability of 

low-CMC detergents. Therefore the first step in this direction is to exchange the 0.1% 

Zwittergent 3-14 of the stock solution with a high-CMC detergent, such as the 

abovementioned octylglucoside (OG, CMC 0.7% = 25 mM). For this purpose, certain amount 

of KpOmpA (from few to 22 mg, depending on the sample purposes and desired final protein 

content) in 0.1% Zwittergent 3-14 buffer is mixed with washed nickel-charged resin (Ni-NTA 
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Superflow, QIAGEN) at a ratio of about 5 mg protein per 1 ml resin (equivalent to 2 ml slurry). 

After gentle mixing for 3-4 hours at 4°C, the prote in-bound resin is transferred to a 50-ml 

centrifuge tube and covered with 45-50 ml of 2% OG (99.8% purity, Carbosynth) buffer 

containing 25 mM Tris (pH 8.5) and 150 mM NaCl. The resin-bound protein is then allowed to 

exchange its detergent micelle from Zwittergent 3-14 to OG by gentle mixing for 15 min at 

room temperature, after which the resin is collected by centrifugation (3000 g, 10 min, 4°C). 

This detergent-exchange step is repeated two more times and finally the resin is loaded onto 

single-use chromatography column (Wizard Plus Midipreps, Promega). After the collection of 

the flowthrough, the resin is washed with 5 column volumes of 2% OG buffer and then the 

protein is eluted with the same buffer containing 400 mM imidazole. The protein folding state 

and concentration are checked by SDS PAGE (Fig. 1.7A , lanes 1-4) and photometrically 

(Fig. 1.7B ). The protein solution in 2% OG is kept at 4°C, wi thout imidazole removal. 

 

 
 

Fig. 1.7.  Monitoring the protein folding and concentration during the detergent exchange step and the 
final stage of the procedure. (A) SDS PAGE gel of the N-KpOmpA stock solution in 0.1% Zwittergent 3-
14 (lanes 1 and 2), after exchange to 2% OG (lanes 3 and 4) and after reconstitution in PLE-liposomes 
(lanes 5 and 6). The aliquots on lanes 2, 4 and 6 were heat denatured (5 min, 100°C); M - marker 
ladder. (B) UV spectrum (220-330 nm) of N-KpOmpA eluted in 2% OG (with 400 mM imidazole) with 
absorption value of 6.430 at 280 nm (measured with NanoDrop ND-1000 Spectrophotometer, Thermo 
Scientific), corresponding to protein concentration of about 3 mg/ml. 

 

Prior to the protein preparation for reconstitution, a stock solution of the desired lipid or 

lipids mixture can be prepared. The E. coli Polar Lipids Extract (PLE, M.W.AVERAGE ≈760, 

Avanti Polar Lipids, Inc.) is a powder mixture of the three main components in the bacterial 

inner membrane and the periplasmic leaflet of the outer membrane, thus providing a close-to-

native environment for the membrane proteins of Gram-negative bacteria. It is composed of 

67% (w/w) L-α-phosphatidylethanolamine, 23.2% (w/w) L-α-phosphatidylglycerol and 9.8% 
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(w/w) Cardiolipin, presented on Fig. 1.8 . The gel-to-liquid crystalline phase transition 

temperature of this lipid mixture was found to be rather low [18], which ensures a liquid 

crystalline phase when working with it at room temperature and throughout the ssNMR 

measurements (also at room temperature). The PLE powder was transferred to a borosilicate 

glass vial and dissolved in few milliliters of chloroform, up to an approximate concentration of 

20 mg lipids/ml. This solution was evaporated under nitrogen stream and then in a vacuum 

chamber overnight. The exact mass of the dry lipid film was detected with analytical balance. 

The film was then covered with the same 2% OG buffer used for the protein, at a 

concentration of 10 mg lipids/ml. Several cycles of heating (5 min, 42°C) and sonication in 

water bath (5 min) ensured the dissolving of the lipids and the formation of homogenous 

mixture of micelles, composed (in molar terms) of about 5 detergent molecules per lipid 

molecule. This detergent/lipid stock solution can be kept frozen at –20°C for several months 

and, before each use, should be thawed at room temperature, warmed (42°C) and sonicated 

in water bath. 

 

 
 
Fig. 1.8. Composition of the Polar Lipids Extract (PLE) from E. coli B (ATCC 11303) grown in Kornberg 
Minimal media at 37°C (Avanti Polar Lipids). The ar rows denote cyclopropane rings on the acyl chains. 

 

The protein and lipid stock solution, prepared as described above, can then be mixed at 

the desired lipid-to-protein ratio (LPR). The LPR can be expressed either in mass (w/w), or in 

molar (mol/mol) terms when taking into account the respective molecular weights of the 

participating compounds: 

L-α-phosphatidylethanolamine 

67.0 w%, M.W. 719.30 

L-α-phosphatidylglycerol / Na+ 

23.2 w%, M.W. 756.96 

 

Cardiolipin / 2Na+ 

9.8 w%, M.W. 1435.86 
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Several comparative examples for different LPRs (used in this work) of E. coli PLE and 

the two protein constructs are shown below: 

 

N-KpOmpA / PLE     F-KpOmpA / PLE  

LPR (w/w) LPR (mol/mol)   LPR (w/w) LPR (mol/mol) 

0.1  3:1    0.1  5:1 

0.5  15:1    0.5  25:1 

1.0  30:1    1.0  50:1   

 

For the reconstitution, the protein stock solution (usually at 1-3 mg/ml in 2% OG buffer 

and 400 mM imidazole) was mixed with the detergent/lipids (10 mg lipids/ml) stock solution at 

the desired LPR. In this case, the detergent and salts concentrations of the two solutions 

were the same. However, this approach does not exclude the possibility to have a small 

difference in one of the ingredients, since the protein solution is usually applied in 

considerably larger volume and therefore becomes ‘dominant’ in determining the composition 

of the final mixture. The ternary mixture of protein-detergent-lipids was then allowed 30 min of 

gentle mixing, after which it was transferred to a dialysis tube (12-14 kDa cutoff) and dialyzed 

for 12 hours at 37°C against 2L of detergent-free b uffer. After exchanging the dialysis buffer 

with fresh 2L for another 12 hours, the white powder-like liposomes replaced the previously 

cleared micellar solution. The dialysis steps can be repeated one or two more times, 

depending on the initial sample amount, in order to ensure maximal removal of the detergent 

and imidazole. 

For ssNMR experiments, 22 mg of N-KpOmpA were mixed with 11 mg PLE (LPR 0.5 

w/w) and liposomes were prepared in the described way. In this case, the dialysis was 

extended by several more steps with gradual decrease in the NaCl concentration (in 25-mM 

steps, 12 hours each), in order to avoid presence of NaCl during the NMR measurement. 

Furthermore, macroscopically the vesicles exhibited lower propensity for aggregation at low-

salt conditions which was previously shown for the PLE [18], although it is probable that at pH 

8.5 the negatively charged protein (with theoretical pI 6.24), apart from the negatively 
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charged lipids, contributes to this effect. The folding state of the reconstituted protein was 

checked with gel electrophoresis, as before (Fig. 1.7A , lanes 5 and 6). 

The reconstituted uniformly-[13C/15N] labeled N-KpOmpA could then be used for ssNMR 

spectroscopy. For this purpose, the liposomes were collected (15 000 g, 15 min, 4°C) and 

then further stacked with ultracentrifugation (200 000 g, 90 min, 10°C, TLA 100.4 rotor, 

Optima TLX Ultracentrifuge, Beckman Coulter). After discarding the supernatant, the pellet 

was dehydrated down to a certain level under nitrogen stream, while the total weight of the 

sample was monitored until it dropped to about 50 mg. Initially composed of 22 mg protein 

and 11 mg PLE lipids (LPR of 0.5), the total of 33 mg of sample material is thus mixed with 

about 17 mg of 25 mM Tris buffer (pH 8.5). The approximate 30% (w/w) of water content 

ensures the close-to-native environment for the bilayers, while in the same time a maximal 

amount of labeled protein is introduced in the 4-mm NMR rotor (with about 50 µl volume). A 

sample prepared in this way is further analyzed in Chapter 3. 

Aside from the ssNMR sample preparation at high protein content, the sample resulting 

from the reconstitution procedure described above can be also characterized with other 

methods and/or at different LPR, without partial dehydration or a need of labeled protein. The 

centrifugation in sucrose gradient is one such approach which offers information on the 

reconstitution efficiency, since protein-rich liposomes will exhibit substantially different density 

then protein-free ones. Therefore vesicles containing only lipids will stay ‘on top’ of the tube, 

while the proteoliposomes will migrate deeper into the gradient. Sucrose powder (99.5% 

purity, Sigma-Aldrich) was dissolved in Milli-Q water in two stock solutions with 

concentrations of 20 and 60%, respectively. Starting with the higher concentration, 5-ml 

volumes from the two solutions were gradually mixed from the bottom to the top of a 

centrifuge tube (Beckman Coulter), forming a continuous gradient. The proteoliposomes (a 

total of 24-30 mg of protein and lipid material) were collected (15 000 g, 15 min, 4°C), 

resuspended in 0.5 ml of 20 mM Tris (pH 8.5) and a small aliquot was separated for dynamic 

light scattering measurements. Half of the remaining material (~250 µl) was subjected to 5 

freeze-thaw cycles in liquid nitrogen, in order to determine if this affects the sample 

homogeneity, and was then applied on the top of a sucrose gradient tube. The other half was 

directly applied on the top of another tube. The samples were then centrifuged at 4°C for 

around 18 hours at 28 000 rpm in SW41 rotor (~100 000 g, Beckman Coulter). In the case of 

both N- and F-KpOmpA, regardless of the use of freeze-thaw cycles or not, the centrifugation 

produced a single band at mid-point position in the tube. Fractions of about 1-ml size were 

collected starting from the top of each tube and the concentration of sucrose was directly 
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measured with refractometer. Fig. 1.9A  shows these values with indication of the band-

containing fraction (~47% and ~45% for N- and F-KpOmpA, respectively). 

 

(A) Sucrose concentration in several fractions from each sample. 

Sample N-kpOmpA / PLE (LPR 0.5 w/w) F-KpOmpA / PLE (LPR 0.5 w/w) 

Fraction 6 7 8 9 10 5 6 7 8 9 

[%] sucrose, 
Not treated 

38.5 41.5 47 54 57 33.5 37.5 45.0 52 56 

[%] sucrose, 
Freeze-thaw 

37.5 41.5 47 54 57 33 37.5 44.5 50 53.5 

 

(B) Colorimetric estimation of the LPR in each band-containing fraction. 

Sample LPR (w/w), Not treated LPR (w/w), Freeze-thaw 

N-kpOmpA / PLE, Fraction 8 0.31 0.32 

F-KpOmpA / PLE, Fraction 7 0.31 0.25 

 

(C) Dynamic light scattering of N- and F-KpOmpA reconstituted in PLE. 
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Fig.1.9. Sucrose gradient centrifugation, colorimetric and dynamic light scattering analyses of the 
reconstituted protein constructs. (A) Estimation of the sucrose concentration in and around the fraction 
containing the proteoliposomes band (indicated in bold) for both protein constructs and sample 
treatment (with freeze-thaw cycles applied or not). (B) Colorimetric calculations of the LPR in the 
isolated bands from each sample, showing overestimation of the protein content. (C) Size distribution 
of protein-free PLE liposomes (left), or vesicles containing N-KpOmpA (middle) or F-KpOmpA (right) at 
LPR 0.5 (w/w). All preparations were made by dialysis-driven removal of the detergent (2% OG). 

 
 
The isolated bands from each sample were then subjected to colorimetric analyses for 

estimation of the protein [10] and phospholipids [19, 20] contents. Due to the high viscosity of 

the sucrose solution in the bands-containing fractions, a large amount of the material was 
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gradually lost with each step of the subsequent treatment (band collection and sucrose 

clearing with several centrifugations in water). This prevented a realistic quantification of the 

total amount of protein/lipid material in the band fractions, but a relative estimation (protein-to-

lipid ratio) was still possible. Fig. 1.9B  shows the LPR in the isolated band fraction from each 

sample, calculated by colorimetry. As previously mentioned, the Lowry titration tends to 

overestimate the protein concentration by up to 50%, when compared with the 

spectrophotometric detection. However, the starting protein amount for each reconstitution 

experiment is estimated form the UV-spectrum of the respective 2% OG solution, which 

explains the observed discrepancies. Taking this into account, the actual LPR values of the 

isolated bands then appears to be close to 0.4-0.5 (w/w), as initially adjusted in the protein-

detergent-lipid ternary complex before its dialysis. This, in addition to the absence of 

additional bands and the lack of influence of the freeze-thaw cycles on the band(s) 

distribution, suggested that the utilized dialysis-driven detergent removal is a suitable method 

for homogenous reconstitution of the two protein constructs in PLE at the desired LPR. 

The proteoliposomes aliquots (taken prior to performing centrifugation in sucrose 

gradient with the rest of the samples) were then diluted 1000 times in 20 mM Tris (pH 8.5), 

subjected to dynamic light scattering measurements (Wyatt) and analyzed with Dynamics V6 

(Protein solutions) for checking the size distribution of the vesicles (Fig. 1.9C ). As expected, 

the dialysis-driven detergent removal did not produce uniform-size vesicles, but several 

populations with different sizes. However, one major population was detected in each case, 

with slightly larger diameter in the proteoliposomes in comparison to the protein-free vesicles. 

The populations with diameters at around 120 nm (PLE) and 385 nm (F-KpOmpA / PLE) 

appear to be minor in numbers and, furthermore, a negligible percentage of the material is 

concentrated there. Occasionally, such populations were also found in the case of N-

KpOmpA / PLE (data not shown). In all cases, the major population of the proteoliposomes 

was observed in the range of 1-3 µm in diameter, for both N- and F-KpOmpA reconstitutions 

in PLE. The smaller numbers of extremely large sizes (~40-110 µm), found in each case, are 

outside of the instrumentation range and are probably a result from the noise in the 

correlation curve at long delay times, as suggested by the manufacturer’s instructions. This 

leads to the conclusion that the majority of the sample material is found in large (or even 

giant) vesicles of sizes between 1 and 3 µm. Despite of their variation in size, these 

liposomes possess the same LPR, as verified by the centrifugation in sucrose gradient. For 

ssNMR purposes this is satisfactory, as all vesicles with larger sizes will behave similarly. 

Smaller vesicles might exhibit rotational diffusion of the membrane components which will 
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interfere with solid state NMR experiments ([21]). Such vesicles, even if present in the 

described preparation, will contain negligible amount of the sample material. If needed, 

homogenization of the size distribution is usually achieved by extrusion of the sample. 

However, the high protein content (LPR 0.5 w/w) in the bilayers tends to ‘rigidify’ the vesicles 

up to a level which makes the extrusion difficult. Furthermore, PLE as such was found to be 

less prone to extrusion, particularly at higher salt concentrations ([18]). Neither extrusion nor 

sonication was used in any of the N- and F-KpOmpA reconstitution-related experiments 

described here. 

 

Note: Annex 4 provides detailed protocols for this section of the chapter. 
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Single-Molecule Force Spectroscopy of 

KpOmpA in lipid bilayers 
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Summary 

Single-Molecule Force Spectroscopy has been used to investigate 

the reaction of KpOmpA to mechanical stress. The molecule was found to 

unfold stepwise as a function of the tip distance and to refold 

spontaneously in the bilayer upon relieve of the tensile load. This work 

suggests that membrane proteins, apart from their other functions in the 

native environment, can act as ‘stress-relieving anchors’ in the bacterial 

membrane. In addition, it proposes the possibility that the two-state folding 

and insertion model adopted for α-helical membrane proteins can be 

extended to the β-barrel proteins as well. 
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2.1. Introduction to AFM and SMFS 

 

The Atomic Force Microscopy (AFM) is a novel type of microscopy with a resolution 

limit in the nano- and subnanometer scale [1]. Commercially available for just around 20 

years now, the AFM has already proved to be an excellent tool for imaging in biology and 

other disciplines, as well as for mechanical manipulation of the sample with forces in the 

range of piconewtons ([2]; see also different AFM manufacturers such as JPK, Novascan, 

Angstrom Advanced Inc., NanoScience Instruments, Park Systems, Bruker AXS and others). 

In the field of biological sciences, AFM finds application in the rational drug design and 

biosensor design, molecular electronics and biomaterials development. Specifically, 

investigating the intermolecular forces in biology with AFM was first shown for ligand-receptor 

interactions and studies on DNA [3, 4], opening the path for direct observation of the 

structure-function relations in biomacromolecules. Nowadays AFM is used in biology to 

analyze dynamic events on the minute’s timescale (such as cell movement, [5]), measure 

cell-surface interactions during muscle contraction [6], measure forces between single 

molecules [7], characterize biological assemblies [8] and DNA-protein complexes in particular 

[9]. ‘Time-laps AFM’ allows the following of biological processes in solution, like transcription 

in E. coli [10] or DNA degradation [11]. Recent advances in AFM lead to its increased 

resolution and only part of them belong to instrumentation development. Another important 

factor is the sample preparation itself, including stable immobilization of the sample, pH and 

ionic strength of the buffer, etc. [12, 13]. At the instrument level, novel sub-types of AFM offer 

specific benefits for the biological application of the technique, such as analyzing frozen, 

highly rigid samples with Cryo-AFM, or increasing the resolution by using new generations of 

carbon nanotubes tips. Structural conformations and functional states of molecular 

complexes can be correlated by ‘real-time AFM’ [14] and ‘fast AFM’ was used to increase the 

imaging speed for these and other purposes by an order of magnitude [15]. 

The high precision of the AFM measurements is ensured by the use of piezoelectric 

elements, which change their size in dependence of an applied voltage. The sample is 

spread onto atomically flat support surface, such as the hydrophilic mica or the hydrophobic 

pyrolytic graphite. The choice of this surface and of a variety of other parameters (buffer 

conditions, cantilever type, etc.) can greatly influence the success of an AFM experiment [16, 

17]. The AFM microscopes (Fig. 2.1A ) utilize a very sharp probe (called a tip, Fig. 2.1B ) 

attached to a cantilever. A diode beam strikes the upper surface of the cantilever, while the 

sharp end of the tip faces the sample (such as lipid bilayer patch with reconstituted proteins). 
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The reflected beam falls into photodiode detectors and subsequent amplifier collects their 

signal. These photodiodes form position-sensitive detector which reacts to a displacement of 

the cantilever. Upon movement of the cantilever in a close proximity to the sample surface, 

the tip bends (or deflects) under the influence of various forces (electrostatic, capillary, van 

der Waals, etc.) according to the Hooke’s low of elasticity: 

F = –kx, 

where the exerted force F (N) is proportional to the distance (or displacement) x (m) of the 

AFM tip and k (N/m) is the cantilever’s spring constant which relates the other two 

parameters. In this way the AFM microscope receives information on the “height” of the 

sample. When moving the AFM tip with constantly applied force (the so called ‘constant force 

contact mode’) on the two dimensions (x and y) of the surface, the scanning collects data on 

the third dimension (z), thus producing a topological image of the sample (Fig. 2.1C ).  

 

 
 

Fig. 2.1. The basics of an AFM microscope. (A) Global view of an AFM microscope (NanoWizard® II, 
JPK Instruments, Germany). The cantilever is attached to the bottom surface of the instrument and is 
facing downwards. After positioning of a biological sample below the microscope - in the center of the 
tripod formation - the cantilever will be submerged in the aqueous solution and brought in contact with 
the sample surface. Image adapted from www.jpk.com. (B) Electron micrograph of a sharpened, silicon 
nitride, square pyramidal tip (Olympus, Japan) of 2.9 µm height. The scale bar is 2.4 µm. Adapted from 
probe.olympus-global.com. (C) Schematic representation of the AFM microscope working principle 
(see text for details). 

 
 
The resolution of this technique can be remarkable, since it was successfully used to 

visualize details on the bilayer surface even as small as conformational change of OmpG at 
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different pH [18] and of bacteriorhodopsin [19]. A critical point in this regard is that the AFM 

data acquisition allows the sample to stay in close-to-native environment. The main drawback 

is that shear forces resulting from the tip movement may damage soft samples (like soft 

biological and polymer surfaces) and distort the generated images. 

 

 

 

Fig. 2.2. Schematic representation of SMFS experiments. (A) SMFS of a soluble, multidomain protein 
with the “weakest point” (in red color) being the domain which unfolds first. The force-distance curve (to 
the right) indicates the initial retraction of the AFM tip (1), the stretching of the polypeptide chain that 
leads to bending of the tip and hence a force increase (2), the unfolding of one domain which leads to 
temporary “release” of the tip (3) and the subsequent stretch of the chain (4). (B) In the case of 
membrane proteins, the bilayer environment provides a strong constraint due to the hydrophobic 
interactions with the protein. Therefore the segment(s) that are most closely attached to the AFM tip 
are pulled out first, followed by the next secondary structure elements along the chain length. In this 
example, the left picture would correspond to point (2) in (A) and the right one - to point (3). 

 

 

Apart from providing a high-resolution imaging technique, the AFM microscopes can 

also be used for Single-Molecule Force Spectroscopy (SMFS). During the SMFS experiments 

one does not acquire an image of the sample surface. Instead, the instrument measures the 
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interaction forces between the AFM tip and the sample, as a function of the distance between 

them [20]. Hence the acquired data is called ‘force curves’. The tip is periodically forced in 

contact with the surface for a given time and at a given speed (extension), after which it is 

separated from the sample and brought up to its initial position (retraction). In the case of 

biological samples of reconstituted membrane proteins in lipid bilayers, there is a certain 

(albeit rather small, i.e. around once over 1000 trials) chance that the exterior segments of 

the protein chain can be attached to the tip after its extension. Upon retraction of the tip, the 

attached protein is gradually unfolded and extracted out of the bilayer in a stepwise fashion, 

with characteristic force-distance peak positions and force values. The force peak positions 

can be subsequently mapped on the protein sequence in order to reveal the rupture points, 

thus providing information on areas crucial for the stability of the molecule (Fig. 2.2 ). This 

was nicely shown, for example, on wild-type and mutated bacteriorhodopsin [21] and on the 

E. coli β-barrel protein OmpG which was shown to unfold its β-sheets in pairs, as hairpins 

[22]. It was suggested, however, that under different conditions (i.e. pulling speed, ionic 

strength, etc., [23]) some of the hairpins can cluster and therefore unfold together, providing 

insights into the mechanisms of β-sheets aggregation. Additionally, AFM-imaging on OmpG 

revealed the pH-induced pore closure by one of the extracellular protein loops, demonstrating 

the versatility of AFM in monitoring proteins conformational change ([18]). 

 

 

2.2. Basic concept of SMFS 

 
One of the key points in an SMFS experiment is the proper notion of the distance 

between the tip and the sample. The directly controlled parameter in this regard is the 

displacement of the piezo element, which however does not take into account the tip-sample 

interactions (leading to deflection in the cantilever’s extremity) and the sample propensity for 

deformation. In close proximity to the sample surface, this often results in larger apparent (i.e. 

measured) distances than the real ones [24]. The term ‘force-displacement curves’ is 

therefore often used to distinguish between these and the actual ‘force-distance curves’. The 

latter are derived by taking into account additional parameters, such as the elastic constants 

of the cantilever and the sample surface. However, such information is not always available 

or easily derived. On the other hand, when stretching long polymers (such as proteins of 

hundreds amino acids) the retraction distances are often long enough in order to decrease 

this ‘error’ down to a negligible value. 
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The acquired force-distance curves (as in Fig. 2.2A ) then represent the force needed 

for rupturing a given section of the folded protein as a function of the tip-sample separation 

distance. Calculating the cantilever’s spring constant before each experiment represents a 

calibration procedure that allows the expression of this separation in actual distance units 

(usually nanometers). In the context of SMFS of proteins, the polypeptide is considered a 

continuously flexible polymer which, when unfolded and stretched, has an average distance 

of ~0.35 nm per monomer (i.e. amino acid [25]). Of note, this value also depends on the 

speed of the tip retraction (for instance, [21] uses ~0.32 nm per amino acid at 200 pN pulling 

force). The peak positions on the spectra represent the moments when a rupture event 

occurred, i.e. part of the protein has unfolded and the tip is now relaxed, while still retracting 

and further stretching the chain towards the next event. These peaks are fitted using the 

‘worm-like chain model’ (WLC) and the lengths (in amino acids) of the protein segments 

participating in one rupture event or another are established [26]. The precision of such a 

calculation strongly depends on two factors: (i) the approach (i.e. extension) of the tip to the 

sample surface must be performed gently, so that the tip is indeed in contact with the surface 

(and not hanging above it), but without deforming it; This is to determine the ‘zero level’, from 

which the stretching of the protein (i.e. the ‘counting’ of the amino acids at a later point) is 

initiated; (ii) the second assumption is that the attachment of the polymer chain to the tip 

happens very close (if not exactly) at one of the protein termini. Usually, the drastically 

different scenarios are distinguishable. These include capturing and pulling an extracellular 

loop of the (membrane) protein, or extending from the other (non-symmetrical) terminus, etc. 

The curve patterns in these cases are substantially different and are filtered out. Since the 

probability for attachment of the molecule to the tip is in general quite low (~0.1%), the 

accumulation of (at least) ~100 ‘good’ curves requires thousands of extensions-retractions. 

The larger number of curves is needed during the statistical analysis of the data, because the 

same rupture events in two different spectra may differ from one another in the range of a few 

nanometers. Averaging out of many curves, however, increases the accuracy of the fit and 

highlights the consistently repeating events. In the case of unfolding GFP, for instance, the 

error from 87 measurements was shown to be 0.33 nm, i.e. ±1 amino acid [25]. The bilayer 

environment of reconstituted membrane proteins adds additional constraints during the 

pulling of the molecule and the rupture forces are no longer a function of only the protein 

structure, but also of the interactions with the surrounding lipids. Sample inhomogeneity, non-

native adhesive forces and contamination of the tip surface with the ‘sticky’ lipids accidentally 

scratched from the sample are only a few of the additional obstacles found in the realm of 
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SMFS of membrane proteins. The accuracy of the fitted rupture positions is thus often 

reduced down to several amino acids. 

 

2.3. Tip-sample interactions 

 
The OMCL-RC800PSA tips (Olympus) used in the present work were coated with 

silicon nitride which, according to the manufacturer (http://probe.olympus-global.com), 

reduces the wear of the tip in comparison with a standard silicon tip. Although it is possible to 

render this kind of tips predominantly hydrophilic (with a plasma reactor) or hydrophobic (with 

a silane coating), such treatments were not applied in our case. Apart from silicon nitride, the 

tip coating also contains smaller amounts of carbon and oxygen (~10% for each). The 

strongest interactions at short tip-sample distances are the Van der Waals forces, while other, 

long-range interactions (capillary, electrostatic, etc.) become dominant when the tip retracts 

away from the sample surface. 

Unsharpened tips (with ~50 nm radius of curvature), even if much larger than the 

average dimension of about 5 nm for a typical protein, are preferred for SMFS of proteins due 

to the higher probability of binding the macromolecule in the “trial and error” acquisition 

process. The so called “stiff cantilevers” are usually used for these experiments, since those 

ensure that the main elastic component of the system will be the protein (and not the tip itself) 

which simplifies the analysis. During a pulling experiment, the proteins attach (or adsorb) 

nonspecifically to the tip surface [27]. 

 

2.4. Conclusion 

 
The work presented in this chapter exploits the behavior of the full-length KpOmpA 

protein (with N-terminal membrane-embedded domain and C-terminal peptidoglycan-binding 

domain, situated outside of the DMPC bilayer) upon application of mechanical force. This 

force tends to simulate a number of in vivo found conditions in which a bacterium may 

experience similar mechanical stress. KpOmpA was found to reversibly unfold and fold back 

in the membrane, suggesting its possible function as stress-relieving anchor in the bacterial 

outer membrane. 

This hypothesis is further supported by the fact that the last unfolded structural segment 

(the N-terminal β-strand) exhibits unusually high anchoring strength in the membrane. The 

reader will note that, with the exception of the first rupture point (around residue 191), the 

other rupture points are found on top of the extracellular loops of the molecule. This is in 
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contrast with what was observed in the case of OmpG [22]. From SMFS point of view, the 

classical bacterial porins (such as OmpF [28] and OmpG [29]) are differing from 

OmpA/KpOmpA in two distinct ways: 1) they are much larger in size, which leaves an empty 

lumen in the core of the molecule; 2) their barrel-to-extracellular loops ratio is considerably 

higher, that is to say the rigidly structured portions of the molecules are larger in these cases. 

Of note, the KpOmpA transmembrane domain represents a narrow barrel with many side 

chains in close proximity in its lumen, while the loops area of the protein consists of nearly 

50% of all residues [30]. It is known that strong, non-specific attachment of the biological 

sample to the AFM support surface could alter the native physical state of the lipids and the 

protein, thus influencing the measurement [17]. On the one hand, the side chains interactions 

in the lumen of the barrel could add to the mechanical stability of the β-sheets during their 

unfolding while, on the other, the long extracellular loops may contribute to the same effect by 

strongly adhering to the hydrophilic mica surface. Nevertheless, it is notable that even small 

β-barrel protein like KpOmpA can unfold stepwise, rather than being pulled out of the 

membrane in a single step, even if the unfolded segments do not match the behavior of those 

from the larger porins. Furthermore, this finding supports the suggestion that β-barrel proteins 

can fold in the membrane following the two-step insertion/folding mechanism, previously 

proposed for α-helical proteins [31]. 
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SUMMARY

In Klebsiella pneumoniae the transmembrane

b-barrel forming outer membrane protein KpOmpA

mediates adhesion to a wide range of immune

effector cells, thereby promoting respiratory tract

and urinary infections. As major transmembrane

protein OmpA stabilizes Gram-negative bacteria by

anchoring their outermembrane to thepeptidoglycan

layer. Adhesion, osmotic pressure, hydrodynamic

flow, and structural deformation apply mechanical

stress to the bacterium. This stress can generate

tensile load to the peptidoglycan-binding domain

(PGBD) of KpOmpA. To investigate how KpOmpA

reacts to mechanical stress, we applied a tensile

load to the PGBD and observed a detailed unfolding

pathway of the transmembrane b-barrel. Each step

of the unfolding pathway extended the polypeptide

connecting the bacterial outer membrane to the

peptidoglycan layer and absorbed mechanical

energy. After relieving the tensile load, KpOmpA

reversibly refolded back into the membrane. These

results suggest that bacteria may reversibly unfold

transmembrane proteins in response to mechanical

stress.

INTRODUCTION

Outer membrane protein A (OmpA) is highly conserved among

Enterobacteriaceae and represents the most abundant protein

of the outer membranes. Due to its multiple essential functions,

OmpA is one of the best-studied membrane proteins in Gram-

negative bacteria (Faraldo-Gómez and Sansom, 2003; Koebnik

et al., 2000; Smith et al., 2007). OmpA provides mechanical

stability by anchoring the outer membrane to the murein layer

via a C-terminal peptidoglycan-binding domain (PGBD). OmpA

acts as a receptor for bacteriophages and bacteriocins and as

a target for host cell defense systems (Smith et al., 2007;

Wang, 2002). Moreover, OmpA has been described as a gating

transmembrane pore (Hong et al., 2006). Importantly, OmpA is

a key protein facilitating bacterial adhesion to mammalian and

plant cells. OmpA-mediated adhesion is involved in meningitis,

enterohemorrhagic infections, immune invasion, and pneumo-

niae (Jeannin et al., 2000; Shin et al., 2005; Soulas et al., 2000).

Among all outer membrane proteins, OmpA forms the smallest

b-barrel, with eight antiparallel b-strands. The residues inside

this b-barrel are tightly packed so that much of the lumen inside

the barrel is filled with polar side chains that interact through

a network of hydrogen bonds and electrostatic interactions

(Pautsch and Schulz, 2000). In Klebsiella pneumoniae, OmpA

(KpOmpA) mediates adhesion to a wide range of immune

effector cells and is responsible for respiratory tract and urinary

infections (Jeannin et al., 2000; Pichavant et al., 2003; Soulas

et al., 2000). Like OmpA, KpOmpA comprises an eight

b-stranded transmembrane b-barrel with extracellular loops

that are significantly larger than those of Escherichia coli

OmpA (Renault et al., 2009). It is thought that K. pneumoniae

infection is mediated via adhesion of these loops, whereas the

C-terminal PGBD of the b-barrel protein remains strongly

anchored to the peptidoglycan layer in the periplasmic space

(Figure 1A) (Hizukuri et al., 2009; Wang, 2002).

Several factors can mechanically stress the outer membrane

of Gram-negative bacteria. Among these are osmotic pressure,

hydrodynamic flow, mechanical deformation, and cell adhesion

(Hizukuri et al., 2009; Smith et al., 2007; Wang, 2002). OmpA,

as the major transmembrane protein (z100,000 copies per

bacterium [Koebnik et al., 2000]) of the outer membrane, me-

chanically stabilizes the Gram-negative bacterium by anchoring

the outer membrane to the peptidoglycan layer (Endermann

and Henning, 1979; Endermann et al., 1978; Koebnik, 1995;

Sonntag et al., 1978) and protects the bacterium from environ-

mental stress (Wang, 2002). In absence of other major mecha-

nisms anchoring the outer membrane to the peptidoglycan

layer, one must assume that mechanical stress applied to the

outer membrane of the bacterium will apply tensile load to

the PGBD that anchors KpOmpA of the outer membrane to

the peptidoglycan layer. To characterize how KpOmpA may

react to mechanical stress applied to the outer membrane of

K. pneumoniae, we applied a tensile load to the C-terminal

anchor of KpOmpA and characterized the response of the

b-barrel protein that was anchored in the lipid membrane
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(Figure 1B). We found that upon exposure to sufficient forces

corresponding to that stabilizing single cell adhesion bonds

(z60–200 pN) (Helenius et al., 2008; Müller et al., 2009), indi-

vidual b-strands of KpOmpA start unfolding in distinct steps,

with the last b-strand showing an unusually high anchoring

strength in the membrane. This stepwise unfolding absorbs

mechanical energy and extends the polypeptide connecting

peptidoglycan and the outer membrane up to z80 nm. As

soon as it is relieved from the tensile load, the unfolded KpOmpA

polypeptide reversibly folds back into the membrane.

RESULTS AND DISCUSSION

Applied to Tensile Load KpOmpA Unfolds Stepwise

To apply a tensile load to the PGBD of full-length KpOmpA re-

constituted in lipid membranes (Supplemental Experimental

Procedures available online), we used single-molecule force

spectroscopy (SMFS) (Figure 1B). To facilitate nonspecific

attachment of the PGBD, the atomic force microscopy (AFM)

tip was pushed onto the KpOmpA surface. Withdrawing the

AFM tip stretched the PGBD and induced the stepwise unfolding

and extraction of KpOmpA from the membrane. Force-distance

curves recorded the interactions that occurred upon unfolding

of a single KpOmpA (Figures 2A and 2B). We analyzed only

force-distance curves that corresponded to the fully stretched

length of a KpOmpA polypeptide unfolded from the PGBD

(Experimental Procedures and Supplemental Experimental

Procedures). This selection criterion ensured that KpOmpA

was mechanically unfolded by stretching its PGBD (Kedrov

et al., 2007).

Individual force-distance curves showed a series of peaks that

varied in force and occurrence (Figure 2B). Every force peak

of a force-distance curve reflected an interaction that was

established by an unfolding intermediate with all intermediates

describing the unfolding pathway of KpOmpA. Superimposing

all force-distance curves showed a clear pattern of predominant

force peaks (Figure 2C). Unfolding a C-terminally truncated

version of KpOmpA lacking the PGBD showed a similar pattern

of prevalent force peaks as observed for the full-length KpOmpA

(Figure S1). The difference between both force peak patterns

was that the pattern of C-terminally truncated KpOmpA shifted

toward shorter distances (i.e., contour lengths). This shift high-

lighted that full-length KpOmpAwas unfolded from its C-terminal

end (Bosshart et al., 2008; Kedrov et al., 2007; Kedrov et al.,

2004). Furthermore, this experiment demonstrated that the

prevalent force peaks observed for full-length KpOmpA (Fig-

ure 2C) detected the unfolding intermediates and pathways of

the transmembrane b-barrel.

Reproducibly occurring force peaks were fitted using the

worm-like chain (WLC) model to reveal the contour lengths of

unfolded polypeptide stretches (Figures 2A and 2C). The aver-

age contour lengths of these unfolded polypeptide stretches

(Figure S2) allowed assigning the structural segments that,

upon unfolding, transformed one unfolding intermediate to the

next (Figure 2D). In contrast to the mechanical unfolding of

water-soluble proteins, transmembrane proteins unfold sequen-

tially (Engel and Gaub, 2008; Kedrov et al., 2007; Oesterhelt

et al., 2000). The reason for this sequential unfolding behavior

is that transmembrane proteins are embedded in and anchored

by the highly anisotropic lipid membrane. Thus, when pulling

Figure 1. Omps of Gram-Negative Bacteria and SMFS Experiment

(A) Omps (indicated) support diverse functions that are essential for bacterial survival. These include the binding and transport of solutes and molecules (bottom)

anchoring the outer membrane to the peptidoglycan and mediating bacterial adhesion to hosts.

(B) SMFS experiment mimicking tensile load applied between the transmembrane b-barrel and the PGBD of KpOmpA. The tip of an AFM cantilever is used

to mechanically stress the nonspecifically attached PDGB domain. While retracting the cantilever, its deflection (force) and distance between tip and membrane

is measured in a force-distance curve (Figure 2A). The PGBD structure is a homology model generated using SWISS-MODEL based on the structure of the

OmpA-like domain RmpM (PDB entry code 1R1M.pdb) (Bordoli et al., 2009).
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the terminal end, the first structural segment that unfolds is

directly linked to the terminal end fromwhich the AFM tip applies

the tensile load. After this, the forthcoming structural segment

that unfolds is the next adjacent one. Therefore, the sequence

of the force peaks reflects the sequential unfolding steps of the

structural segments of the transmembrane protein (Engel and

Gaub, 2008; Kedrov et al., 2007). Consequently, the first struc-

tural segment that unfolded from the transmembrane b-barrel

was created by three b-strands connected to the C-terminal

end. The second and third structural segments that unfolded

were established by two b-strands, and the last unfolding

intermediate was established by a single N-terminal b-strand.

Figure 2E demonstrates the predominant unfolding pathway of

KpOmpA.

KpOmpA Shows a Unique Unfolding Pathway with

b Strands Forming Unfolding Intermediates

Previous mechanical unfolding experiments showed that main

unfolding steps of the transmembrane b-barrel protein OmpG

were established by single b-hairpins of two b-strands (Sapra

Figure 2. Mechanical Unfolding of KpOmpA

Embedded in Lipid Membranes

(A) Force-distance curve recorded during unfolding of

a single KpOmpA shows force peaks that detect unfolding

intermediates of the b-barrel protein. Individual force

peaks have been fitted using the WLCmodel to obtain the

contour lengths (given in amino acids [aa]) of the unfolded

polypeptide chain.

(B) Selection of force-distance curves each recorded un-

folding a single KpOmpA.

(C) Superposition of force-distance curves (n = 183) shows

the reproducible unfolding pattern of KpOmpA. Colored

lines are WLC fits as shown in (A). The gray-scale bar

ranging from 0 to 35 allows assigning the density levels of

the superposition.

(D) Mapping the main unfolding intermediates of the

transmembrane b-barrel. Equally colored b-strands unfold

in cooperative events. The N-terminal b-strand unfolds in

a single step. Numbers in brackets indicate contour

lengths revealed fromWLCfits,while other numbers locate

the interaction detected at the corresponding amino acid

position in KpOmpA (PDB entry code 2K0L.pdb). In case

the interaction had to be assumed to lie opposite of the

membrane, 11 aa (z4 nm) were added to the contour

length to structurally locate the interaction. This procedure

is called ‘‘membrane compensation’’ (Supplemental

Experimental Procedures) (Müller et al., 2002).

(E) Predominant unfolding pathway of KpOmpA. The

secondary structure schemes show that upon mechanical

pulling of the PGBD, the b-strands 8, 7, and 6 (red) unfold

in a single step. After this, the b-strands 5 and 4 (blue)

unfold, followed by the b-strands 3 and 2 (green). In a final

step, the N-terminal b-strand (gray) is extracted from the

membrane. See also Figures S1 and S2.

et al., 2009). Upon changing the functional

state of OmpG, b-strands 8, 9, and 10 grouped

to unfold together, and b-strand 11 unfolded

individually (Damaghi et al., 2010). Thus, it is

not surprising that up to three b-strands of

KpOmpA can unfold individually.

The observation that a transmembrane protein mediating

bacterial adhesion and providing mechanical stability to the

outer membrane can unfold in several steps lines up interesting

mechanistic insight on structural and functional design princi-

ples. Based on the extended hydrogen-bonding network of

charged and polar residues in the lumen of the OmpA b-barrel,

it may be assumed that the transmembrane b-barrel acts as

one entity (Bowie, 2004; Pautsch and Schulz, 1998, 2000).

In addition, chemically and thermally induced unfolding and

refolding experiments suggest that OmpA and a similar trans-

membrane b-barrel protein, PagP, insert into the lipid bilayer in

one major step (Huysmans et al., 2010; Kleinschmidt, 2006;

Tamm et al., 2004). Therefore, a priori, one may assume that

when applying a sufficiently high tensile load, KpOmpA is ex-

tracted in one step from the membrane. Instead, the b-barrel

protein unfolds in consecutive steps, with each unfolding step

requiring the input of a tensile load. This stepwise unfolding

of KpOmpA destroys mechanical energy stressing the PGBD.

Thus, one may speculate that too high tensile load applied to

the outer membrane of the bacteria could be relieved by multiple
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unfolding events. It may be further speculated that the stepwise

unfolding of KpOmpA brings along another advantage that

extracellular loops, which facilitate bacterial adhesion (Pichavant

et al., 2003; Smith et al., 2007; Wang, 2002), are extracted from

potential binding sites as soon as the tensile load applied

becomes too high.

Our experiments show that the unfolding intermediates of

KpOmpA are established by single and grouped b-strands.

Their detailed unfolding pathways are different from the almost

spontaneous force-induced unfolding of the water-soluble

b-barrel forming green fluorescent protein (GFP) (Dietz and

Rief, 2004). In case of GFP unfolding, the exposure of the

hydrophobic core to the hydrophilic aqueous solution is one

of the driving unfolding forces. In contrast, the anisotropic envi-

ronment of the lipid membrane significantly contributes to the

structural stability of the embedded protein so that unfolding

forces must be repetitively applied for a sequence of unfolding

intermediates until the entire membrane protein has been

unfolded. The stepwise unfolding behavior of KpOmpA is

similar to that observed for the larger transmembrane b-barrel

protein OmpG comprising 14 b-strands (Damaghi et al., 2010;

Sapra et al., 2009). This finding is surprising since it is thought

that the interaction of b-barrel proteins with the membrane also

depends on the size of the b-barrel (Kleinschmidt, 2006; White

and Wimley, 1999).

The N-terminal b Strand Is Unusually Strongly Anchored

in the Membrane

Our experiment shows that the first unfolding events of grouped

b-strands of KpOmpA require forces of z100–200 pN, with the

last unfolding event of the N-terminal b-strand requiring the

highest forces of z388 ± 17 pN (n = 183) (Figure S2). These

forces, which reflect the interaction strengths stabilizing the

b-strands, are higher compared to those (z100–150 pN)

required to unfold b-strands from the larger b-barrel membrane

protein OmpG (Sapra et al., 2009) and to those (z150–200 pN)

required to unfold the entire b-barrel protein GFP (Dietz and

Rief, 2004) at similar conditions. Thus, our experiments suggest

that KpOmpA is an unusually stable protein.

It is surprising that the last N-terminal b-strand of KpOmpA

requires an average pulling force of z388 pN to be unfolded

and extracted from the membrane bilayer. Alternatively, one

may assume that the strong force peak at z314 amino acids

(aa) that detects the N-terminal b-strand (Figure 2) could also

reflect the rupture of the attachment between the AFM tip

and the polypeptide. In such a case, the detected force would

underestimate the force required to unfold and extract the

N-terminal b-strand from the membrane bilayer. Nevertheless,

the N-terminal b-strand shows at least an z2–4 times higher

stability than that determined for the unfolding of two or three

b-strands (Figure S2). This finding suggests that the N-terminal

b-strand has been designed to anchor much more stably in the

membrane than all other b-strands of the b-barrel.

In Absence of Externally Applied Tension KpOmpA

Refolds into the Membrane

We investigated what happens once the KpOmpA polypeptide

has been unfolded. Therefore, we unfolded single KpOmpA

molecules leaving the last N-terminal b-strand anchored in the

membrane (Figure 3; Figure S3). Then, we relaxed the polypep-

tide and provided sufficient time (z2 s) for refolding. After this,

we stretched the polypeptide again to detect which secondary

structures refolded. In z2.5% of 200 refolding experiments

performed, we observed that the unfolded polypeptide refolded.

In these cases, the unfolding force peaks of the refolded poly-

peptide reoccurred at the same positions as detected upon

initial unfolding of KpOmpA (Figure 3B). This suggests that the

secondary structures of KpOmpA refolded. If the b-strands

would have folded without inserting into the membrane or simply

adsorbed to the membrane surface, the force peaks would have

been detected at shifted positions (Supplemental Experimental

Procedures). Similarly, because force peaks are characteristic

for the membrane protein fold, they would have changed

position in the presence of misfolding events (Kedrov et al.,

2007; Kedrov et al., 2006). Moreover, the average unfolding

forces were similar upon initial unfolding of KpOmpA and upon

unfolding the refolded KpOmpA. This experiment showed that

when partially unfolded and relaxed, KpOmpA refolds into the

membrane to establish secondary structures and interactions

similarly to those observed of native KpOmpA.

Possible Extension of the Two-State Folding and

Insertion Model to b-Barrel Membrane Proteins

In the case of transmembrane a-helical proteins, it was shown

that the mechanically stressed polypeptide not only induces

the stepwise unfolding of the membrane protein but also folds

back stepwise into the membrane bilayer (Kedrov et al., 2006;

Kedrov et al., 2004; Kessler et al., 2006). Similarly, mechanically

loaded OmpG unfolds stepwise and refolds stepwise into the

membrane (Damaghi et al., 2011). Here we show that when

mechanically stressing the PGBD of KpOmpA, transmembrane

b-strands form stable unfolding intermediates and, as soon as

the tensile load disappears, fold back into the lipid membrane.

Bulk unfolding experiments suggest that OmpA from E. coli

unfolds and folds reversibly (Kleinschmidt, 2006; Tamm et al.,

2004). The folding process is described to occur via three

membrane-bound folding intermediates. In the first stage, the

OmpA polypeptide adsorbs to the water-membrane interface.

In the second stage, the polypeptide adopts a partially

membrane-inserted folding intermediate, and in the third stage,

the fully inserted polypeptide forms the tertiary structure of

OmpA. Differences between SMFS and conventional denatur-

ation and renaturation experiments (Kleinschmidt, 2006; Tamm

et al., 2004) of OmpA may be due to different experimental

conditions. In our experiments, KpOmpA was embedded in

a lipid membrane and investigated in buffer solution at room

temperature. Conventional unfolding and refolding experiments

using thermal or chemical denaturants (e.g., 4–8 M urea) are

thought to induce very different unfolding scenarios of, in most

cases solubilized, OmpA. However, in vivo and in vitro experi-

ments have shown that OmpA fragments can insert into the

membrane and fold into biologically active OmpA (Debnath

et al., 2010; Koebnik, 1996). This suggests that single and

grouped b-strands can form stable structures in the membrane

and that b-stranded fragments can assemble into functional

OmpA complexes. More generally, our results suggest that the

two-state folding and insertion model in which transmembrane

a helices insert and fold into the membrane as independently
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stable units that then assemble into the functional membrane

protein (Engelman et al., 2003) may be expandable to b-stranded

membrane proteins.

Relevance to Outer Membrane of K. pneumoniae Being

Exposed to Mechanical Stress

OmpA that mediates bacterial adhesion is embedded in the

outer membrane and attached via the C terminus to the peptido-

glycan layer of the periplasmic space (Faraldo-Gómez and

Sansom, 2003; Koebnik et al., 2000; Smith et al., 2007). Force

spectroscopy studies show that single receptor-ligand bonds

facilitating cell adhesion rupture at forces ranging between

z20–200 pN when mechanically stressed at similar experi-

mental conditions as used in this work (Helenius et al., 2008;

Müller et al., 2009). The magnitude of these rupture forces

depends on the bond formed, on the reaction trajectory the

receptor and ligand are forced to separate, and on the cell state

and experimental environment (Evans and Calderwood, 2007).

Thus, the force values exerted by single adhesive bonds suggest

that they could become sufficiently large to induce unfolding of

a single KpOmpA. In addition to KpOmpA, other molecules

(e.g., proteins or carbohydrates) can significantly contribute to

bacterial adhesion and, thus, to the mechanical stress applied

to the bacterial outer membrane (Alsteens et al., 2009; Aprikian

et al., 2011; Verbelen et al., 2008; Yakovenko et al., 2008). It

has been reported that the adhesion strength mediated by

single bacterial proteins can reach sufficient values to induce

the complete or partial unfolding of water-soluble proteins

(Alsteens et al., 2009; Aprikian et al., 2011; Yakovenko et al.,

2008). Most importantly, however, the adhesion of the entire

bacterial cell to, for example, a host is much stronger than that

facilitated by single receptor-ligand bonds and can easily reach

several tens of nanonewtons (Razatos et al., 1998). Such large

adhesion forces are sufficient to deform the membrane and

thus apply tensile load to the PGBD of KpOmpA. Moreover,

osmotic pressure, hydrodynamic flow, andmechanical deforma-

tion can add significantly to the tensile load between PGBD and

transmembrane b-barrel of KpOmpA (Hizukuri et al., 2009; Smith

et al., 2007; Wang, 2002). Thus, we can assume that the tensile

load applied in this work to unfold KpOmpA indeed can occur

in vivo. In absence of the anchorage to the peptidoglycan,

even little mechanical stress significantly deforms the relatively

soft outer membrane (Sonntag et al., 1978). In comparable

situations, small adhesive forces of 60–80 pN start deforming

the cellular membrane until membrane tethers (or nanotubes)

are extracted (Müller et al., 2009; Sheetz, 2001). To prevent

this effect, the bacterial transmembrane protein OmpA anchors

the outer membrane to the peptidoglycan layer. Our SMFS

experiments applied tensile load to the PGBD of KpOmpA.

Upon reaching a critical force, KpOmpA starts stepwise

Figure 3. Refolding a Single KpOmpA

(A) Schematic of refolding experiment. After attaching the PGBD to the AFM tip, the cantilever is withdrawn to initiate unfolding of KpOmpA. After all domains have

been unfolded except for the last b-strand (>70 nm), the unfolded polypeptide is relaxed, bringing the AFM tip in close proximity (z10 nm) to themembrane. Then,

a certain time is left for the polypeptide to refold (z2 s) and the AFM tip is withdrawn to detect the refolded structures.

(B) Force-distance curves recorded according to (A). First, KpOmpA is partially unfolded until the N-terminal b-strand embedded in the membrane bilayer is

detected. Then, the unfolded polypeptide is relaxed. After a refolding time of 2 s, KpOmpA is completely unfolded. See also Figure S3.
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unfolding. This stepwise unfolding behavior reduces mechanical

stress applied to bacterial membrane, membrane protein, and

peptidoglycan anchor. Taking this escape route, KpOmpA

employs stepwise unfolding pathways to dissipate too large

tensile loads, being of mechanical origin, and to escape from

unfavorable mechanically stressing situations. As soon as the

tensile load disappeared the unfolded KpOmpA polypeptide

refolds back into the membrane to reanchor membrane and

peptidoglycan layer so that native conformations can be re-

established. These results indicate that cells may employ unfold-

ing and refolding pathways of transmembrane proteins to fulfill

dedicated functional tasks.

EXPERIMENTAL PROCEDURES

SMFS

Full-length KpOmpA was prepared as described in detail in the Supplemental

Experimental Procedures. Briefly, KpOmpA was expressed into E. coli

inclusion bodies, refolded in the presence of Octyl-POE (Alexis Biochemicals,

Switzerland), purified by metal affinity and size exclusion chromatography.

Purified protein was reconstituted into a 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC) (Avanti Polar Lipids Inc., USA) lipid membrane by

dialysis-driven detergent removal.

Lipid membranes containing densely packed KpOmpA were adsorbed to

freshly cleaved mica in buffer solution (pH 8, 20 mM Tris-HCl, 150 mM

NaCl). After an adsorption time of z30 min nonadsorbed membranes were

removed by washing the sample with adsorption buffer. After this, the

membranes were localized by AFM imaging in adsorption buffer at room

temperature (Müller and Engel, 2007). For SMFS, the AFM tip (OMCL-

RC800PSA, Olympus, Japan) was pushed onto the membrane until reaching

a force of z1 nN for z500 ms. This forced contact led to the attachment of

the PGBD from KpOmpA to the tip in z0.1% of all cases. Then the cantilever

to which the AFM tip was attached was retracted at 600 nm/s to induce protein

unfolding. A force-distance curve recorded the forces required to overcome

the interactions that stabilized the unfolding intermediates of the membrane

protein. For refolding, the protein was attached to the AFM tip as described

before. Subsequently, the tip was retracted by z90 nm leading to partial

KpOmpA unfolding. After that, the piezo was extended so that the cantilever

rested at a height of z10 nm above the membrane surface. This position

was kept constant forz2 s allowing refolding of KpOmpA into the lipid bilayer.

In the final step the cantilever was retracted again with a speed of 600 nm/s

leading to complete KpOmpA unfolding. Only force-distance curves where

the cantilever was not in contact with the membrane surface during refolding

were accepted for analysis.

Data Selection and Analysis

For analysis we selected only force-distance curves that were sufficiently long

to ensure that KpOmpA was unfolded from its PGBD. The fully stretched

KpOmpA polypeptide shows 359 aa and assuming a contour length of

0.36 nm per amino acid this corresponds to a length of z129 nm. The

C-terminal domain, to which the AFM tip preferentially attached, was z140

aa long (z50 nm), whereas the N-terminal end was z14 aa long (z5 nm).

Since the exact attachment point of the AFM tip to the C-terminal PGBD

was not known (Supplemental Experimental Procedures), we selected force-

distance curves which were R70 nm long. This selection criterion together

with the controls (Figure S1) ensured that we selected force-distance curves

that were recorded when pulling the C-terminal domain of KpOmpA. Force-

distance curves were manually superimposed and every force peak of every

curve was fitted using the WLC model and a persistence length of 0.4 nm.

These WLC fits provided for every force peak the contour length of the

unfolded and stretched polypeptide segment (Kedrov et al., 2007; Müller

and Engel, 2007). The metric contour length was converted into numbers of

amino acids by division with 0.36 nm, which is the average distance between

the Ca-atoms of two adjacent amino acids (Pauling et al., 1951). A histogramof

all contour lengths fitted from all force-distance curves analyzed was gener-

ated (Figure S2). A Gaussian was fitted to the main peaks of the histogram

in order to extract the average contour length values. These contour lengths

were taken to assign the interactions that established structurally stable

segments on the transmembrane b-barrel of KpOmpA (Protein Data Bank

[PDB] entry code 2K0L.pdb). The first peak in the contour length histogram

was assigned to the periplasmic end of the C-terminal b-strand. In some cases

the contour length suggested that the interaction anchoring the unfolded poly-

peptide had to be located at the extracellular membrane surface opposite to

the AFM tip pulling from the periplasmic surface. To locate this interaction

we applied a ‘membrane compensation’ called procedure (Supplemental

Experimental Procedure).

SUPPLEMENTAL INFORMATION

Supplemental information includes three figures and Supplemental Experi-

mental Procedures and can be found with this article online at doi:10.1016/

j.str.2011.11.002.
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Supplemental Figure S1. This figure shows SMFS experiments unfolding C-

terminally truncated KpOmpA. The experimental results are used to identify 

from which terminal end full-length KpOmpA was unfolded and at the same 

time to assign the unfolding pattern of the transmembrane く-barrel domain 

(related to Figure 2A-D). 

 

Supplemental Figure S2. This figure shows the histograms of the average 

contour lengths and the average forces detected upon unfolding of full-length 

KpOmpA. The average contour lengths are used to assign the unfolding 

intermediates of the KpOmpA unfolding pathway (related to Figure 2D,E). 

 

Supplemental Figure S3. This figure shows further details (time trace) of the 

experiment refolding single KpOmpA (related to Figure 3). 

 

Supplemental Experimental Procedures. Here we describe the cloning, 

expression, refolding, purification and reconstitution of full-length KpOmpA. 

Furthermore we provide details of data analysis and interpretation these 

include:  

i) How we selected force-distance curves that were recorded with the 

peptidoglycan-binding domain (PGBD) attached to the AFM tip.  

ii) How the membrane compensation was applied to locate interactions within 

the membrane or at the membrane surface opposite the pulling AFM tip.  

iii) Why the unfolding spectra recorded by SMFS is specific for the folding of the 

protein.  
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Supplemental Data 

 

 
Supplemental  Figure  S1,  related  to  Figure  2.  Mechanical  unfolding  of  KpOmpA  lacking  the  Cど
terminal domain  (лCKpOmpA).  (A) SMFS experiment  showing  the AFM  tip applying  tensile  load  to 
the  truncated Cどterminal end of  the  transmembrane どbarrel of лCKpOmpA.  (B) Selection of  forceど
distance  curves each  recorded upon unfolding of  single  лCKpOmpAs.  (C) Superimposition of  forceど
distance curves (n=130) shows the reproducible unfolding pattern of лCKpOmpA. The gray scale bar 
ranging from 0 to 15 allows assigning the density levels of the superimposition. The truncated version 
of KpOmpA lacking the PGBD having a length of 216 aa and a shortened Cどterminal end of 25 aa (19 
aa  from  the  protein  sequence  plus  a  hexahistidineどtag)  was  expressed,  refolded  and  purified  as 
described (Renault et al., 2009).  
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Supplemental Figure S2, related to Figure 2. Histograms of the average contour lengths and average 
forces  of  all  force  peaks  detected  for  fullどlength  KpOmpA.  (A)  Histogram  showing  the  average 
contour  lengths  of  all  force  peaks  detected.  The  ‘first  peak’  detected  before  the  force  peak  at  a 
contour length of 171 amino acids (aa) roughly presents where the PGDB domain was picked up with 
the AFM  tip  (Supplemental Experimental Procedures). Averages and  standard deviations are given 
for  every  fit.  (BどE) Distribution of  average  forces detected upon mechanically unfolding  fullどlength 
KpOmpA. Shown are average forces (± standard error) of the force peaks detected at contour lengths 
of  (B) 171 aa,  (C) 221 aa,  (D) 265 aa, and  (E) 314 aa. All 183  forceどdistance curves superimposed  in 
Figure 2 were analyzed. To reveal the average values every peak of the histogram was fitted with a 
Gaussian (colored curves). The color coding of the Gaussian fits corresponds to that used for Figures 
2, 3, S1, and S3. Because the individual force peaks had a certain probability to occur the number of 
force peaks (n) contributing to the averages differed. This variable probability of unfolding force peaks 
(unfolding events)  is frequently observed when unfolding どhelical and どbarrel membrane proteins 
(Janovjak et al., 2003; Kedrov et al., 2007; Sapra et al., 2009).  
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Supplemental Figure S3, related  to Figure 3. Time trace showing  the refolding experiment of  fullど
length  KpOmpA.  Time  trace  (A)  and  schematic  drawing  (B)  showing  the  segments  of  a  typical 
membrane protein refolding experiment as described in Figure 3 and in the Experimental procedures. 
In the  first step the piezoelectric element of the AFM was extended  to bring the cantilever  tip  into 
contact with KpOmpA  (black segment). Pushing  the tip on  the KpOmpA at Я1 nN  for Я0.5 s  (orange 
segment).  Retraction  of  the  piezo  separates  the  cantilever  tip  and  stresses  the  protein.  This 
separation  if  continued  until  the  KpOmpA  unfolded  up  to  its  last  Nどterminal  anchor  (dark  gray 
segment).  Then,  the  unfolded  polypeptide was  relaxed  again  (violet  segment) by  extending  the  zど
piezo and bringing  the cantilever  tip close  (Я10 nm)  to  the membrane  surface. After a certain  time 
(e.g.  Я2 s)  left  for  reどinsertion  and  –folding  of  the  polypeptide  into  the  lipid  bilayer  (light  gray 
segment) the cantilever tip  is retracted to record the unfolding spectrum of the refolded fullどlength 
KpOmpA (magenta segment). (B) Schematic representation of the steps shown in (A). 
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Supplemental Experimental Procedures 

Cloning, expression, refolding, purification and reconstitution of fullどlength KpOmpA 

Wild type fullどlength KpOmpA comprising the Nどterminal membrane domain and the soluble 
Cどterminal domain was amplified by polymerase chain reaction (PCR) from genomic DNA of 
Klebsiella  pneumoniae  (ATCC  700721)  introducing  a  5’どend  Nde1  and  a  3’どend  Xho1 
restriction  site.  The  5’どend  signal  sequence  for  insertion  into  the  outer  membrane  was 
removed to promote the formation of  inclusion bodies during expression. The PCR product 
was subcloned into a pET22b vector between its Nde1 and Xho1 cleavage sites yielding fullど
length  KpOmAどpET22b.  The  construct  codes  for  a  359 aa  long  protein  with  a  Cどterminal 
hexahistidineどtag and a predicted mass of Я39 kDa. The sequence of the final construct was 
verified by DNA sequencing.  

Recombinant  fullどlength KpOmpA was expressed  in E. coli BL21(DE3) grown  in  lowどsalt LBど
medium supplemented with 100 µg/ml ampicillin at 37C. The expression was induced with 
1 mM  isopropylどどDどthiogalactopyranoside  at  OD600 Я 0.6  leading  to  the  formation  of 
inclusion bodies. Inclusion bodies were harvested, washed as described (Renault et al., 2010) 
and  dissolved  in  25 mM  TrisどHCl,  6 M  guanidine  hydrochloride  (GdnどHCl),  5 mM  ど
mercaptoethanol, pH 8.5 (0.2 g/ml inclusion bodies) by vigorous stirring for 2 h at 37C. Fullど
length KpOmpA was  refolded by  rapid dilution  in 25 volumes of  refolding buffer  (150 mM 
NaCl, 600 mM Lどarginine, 5 mM どmercaptoethanol, 5% nどoctylpolyoxyethylene (OctylどPOE) 
(w/v), 25 mM TrisどHCl, pH 8.5) at room temperature and  incubated overnight at 4C under 
gentle  stirring.  Refolded  fullどlength  KpOmpA  (Figure  S4)  was  ultracentrifuged  (100,000 g, 
30 min,  4C),  filtered  (Millex  GV  Filter  Unit  0.22 µm,  Millipore,  Ireland)  and  dialyzed 
against 40 volumes of 150 mM NaCl, 1% OctylどPOE (w/v), 25 mM TrisどHCl, pH 8.5 for 48 h at 
4C. The protein was purified using nickel nitrilotriacetic acid (NiNTA) (Qiagen, Germany) (in 
150 mM NaCl,  1%  OctylどPOE  (w/v),  500mM  imidazole,  25 mM  TrisどHCl,  pH 8.5)  and  gel 
filtration chromatography on a Superose 6 10/300 GL column (GE Healthcare Life Sciences, 
Switzerland)  (Figure S4B). The protein was eluted with 150 mM NaCl, 1% OctylどPOE  (w/v), 
25 mM TrisどHCl, pH 8.5. Peak fractions were pooled and the concentration was adjusted to 
1 mg/ml  using  the  absorbance  at  280 nm  (  =  59945Mど1  cmど1

).  Refolding  efficiency  was 
checked by  linear (4ど12%) SDSどPAGE assay (Schweizer et al., 1978). For protein analysis the 
band of a colloidal Coomassieどblue stained SDSどPAGE was excised, the protein was digested 
and subjected to mass spectrometry. Refolded fullどlength KpOmpA was reconstituted into a 
1,2どdimyristoylどsnどglyceroど3どphosphocholine  (DMPC)  (Avanti Polar Lipids, USA)  lipid bilayer 
by  dialysisどdriven  detergent  removal.  Fullどlength  KpOmpA was mixed with  1% OctylどPOEど
solubilized  lipids at a  lipidどtoどprotein ratio of 0.5 (w/w) and dialyzed against detergentどfree 
buffer  (100 mM NaCl,  20 mM  TrisどHCl,  0.01%  (w/v) NaN3,  pH 8)  for  5 days  at  37C. After 
reconstitution, the SDSどPAGE assay (Schweizer et al., 1978) was repeated to verify that fullど
length  KpOmpA  remained  folded  during  reconstitution.  All  buffers  were  prepared  from 
nanopure water (resistivity > 18 Mcm). Reconstitution of fullどlength KpOmpA  into DMPC 
bilayers was checked by transmission electron microscopy of uranylどacetate stained samples 
(Figure S4D). 
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Supplemental  Figure  S4.  Purification  and  reconstitution  of  fullどlength  KpOmpA  into  DMPC  lipid 
bilayers.  (A) Coomassieどblue  stained  linear SDSどPAGE  (4ど12%) of  refolded  fullどlength KpOmpA. The 
unboiled sample (U) migrates to a lower molecular weight than the boiled (B) sample. This gelどshift is 
typical  for  properly  folded  どbarrel  proteins  (Schweizer  et  al.,  1978).  (B)  Gel  filtration  profile  of 
purified fullどlength KpOmpA run on a Superose 6 10/300 GL column. The symmetrical peak indicates 
the monodispersity of the refolded fullどlength KpOmpA. (C) Average (n=10) farどUV circular dichroism 
(CD) spectrum of refolded and purified fullどlength KpOmpA recorded in PBS (pH 8) supplemented with 
1% OctylどPOE.  The  average CD  spectrum  indicates  that  the protein  contained  secondary  structure 
elements with a high どsheet content, which agrees with the structure of the membrane domain. (D) 
Transmission  electron  microscopy  micrograph  of  an  uranylどacetate  stained  DMPC  vesicle  that 
contains densely packed fullどlength KpOmpA.  
 

Attachment of the peptidoglycanどbinding domain (PGBD) to the AFM tip 

Fullどlength KpOmpA has 359 residues, which would result in a contour length of Я129 nm if 
the polypeptide was fully unfolded and stretched. However, in most cases (>95%) the forceど
distance  curves had  a  length of  Я80 nm  indicating  that KpOmpA was not  attached  to  the 
AFM tip at its last amino acid. This assumption is corroborated by the structure of an OmpAど
like PGBD (RmpM, PDB entry code 1R1M.pdb) where the Nど and Cどtermini are very close to 
each  other.  This  structure  indicates  that  the  Cどterminus  of  the  KpOmpA  PGBD  points 
towards  the  membrane  part  (Nどterminus)  and  is  not  accessible  for  the  nonどspecific 
attachment  to  the AFM  tip. The PGBD  can be approximated  as  a  globular domain, which 
nonどspecifically attaches to the AFM tip at various positions leading to shorter forceどdistance 
curves than expected. For this reason we have selected only forceどdistance curves showing a 
length of д70 nm for further analysis (see Experimental Procedures). 
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Applying a membrane compensation to locate interactions within the membrane or at the 
membrane surface opposite to the pulling AFM tip 

In  some  cases  the  contour  length  suggested  that  the  interaction  anchoring  the  unfolded 
polypeptide  was  located  at  the  membrane  surface  (extracellular)  opposite  to  the  pulling 
AFM tip. To locate this interaction, the thickness of the membrane (Я4 nm) was added to the 
measured  contour  length  of  the  unfolded  polypeptide.  This  ‘membrane  compensation’ 
called procedure (Kedrov et al., 2007; Muller et al., 2002) adds Я11 amino acids (aa) to the 
contour  length  of  the  unfolded  polypeptide  locates  the  interaction  inside  the membrane 
(Figure 2D). In other cases the anchor of the polypeptide had to be assumed to locate in the 
membrane.  Depending  on  the  location  we  added  ‘n’  aa  to  the  contour  length  with 
n*0.36 nm equals the vertical position of the anchor in the membrane. 
 

Specificity of the unfolding spectra for protein folding 

Forceどdistance  curves  such  as  shown  in  Figure  2  are  specific  for  the  unfolding  of  single 
transmembrane proteins  from  lipid membranes  (Cisneros et al., 2008; Kedrov et al., 2007; 
Sapra et al., 2009). Taking the examples of various different membrane proteins, others and 
we have shown that forceどdistance curves recorded upon unfolding of a membrane protein 
are  specific  for  the  folding of  a membrane protein  (Engel  and Gaub, 2008;  Kedrov  et  al., 
2007).  It  has  been  also  demonstrated  that  the  forceどdistance  spectrum  is  sensitive  to 
misfolding events of a membrane protein (Kedrov et al., 2004; Kessler et al., 2006). Smallest 
misfolding events detected  so  far were どhelical  fragments. Moreover,  it has been  shown 
that  forceどdistance  curves  can  detect  the  functional  state  of  a  membrane  protein  and 
sensitively  react  upon  changing  their  functional  state  (Kedrov  et  al.,  2005;  Kedrov  et  al., 
2006). It has also been demonstrated that the forceどdistance curves of OmpG changes with 
the  functional  state  of  the  membrane  protein  (Damaghi  et  al.,  2010a;  Damaghi  et  al., 
2010b).  This  is  because  the  pHどdependent  gating  of  the  transmembrane  OmpG  pore 
established  interactions  that  shift  individual unfolding peaks. The  forceどdistance  curves of 
membrane proteins can also change when  inserting a point mutation  (Sapra et al., 2008), 
replacing a polypeptide  loop  (Kienberger et al., 2005), or changing  the membrane protein 
assembly (Sapra et al., 2006). Thus, if the unfolded KpOmpA polypeptide would adsorb onto 
the membrane instead of inserting into the membrane one would expect significant changes 
of the forceどdistance curves. Even if the KpOmpA polypeptide would fold into a どbarrel on 
the surface of the protein membrane all peaks of the forceどdistance curves would be shifted 
by at  least half  the  thickness of  the KpOmpA membrane  (Я6 nm).  In contrast, we observe 
that within  the  accuracy of  our method  (±  2ど4  aa)  the  unfolding  force peaks  of  refolded 
KpOmpA  remain  at  the  same  position  as  observed  upon  initial  unfolding.  Thus,  we  can 
conclude  that  KpOmpA  has  inserted  in  the  membrane  and  refolded  into  the  same 
conformation as observed for native KpOmpA.  
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Summary 

Solid-state NMR spectroscopy has been used to investigate the 

dynamic behavior of the extracellular loops of the KpOmpA 

transmembrane domain, after protein reconstitution in E. coli lipids at low 

lipid-to-protein ratio. It is shown that the gradient of dynamics along the 

barrel axis, previously observed in detergent micelles, is also present in 

lipid bilayers. Thus the loops mobility is an intrinsic property of the protein 

and not a function of its environment. The different mobility levels of the 

loops regions of the molecule are associated with their evolutional 

preservation, suggesting that specific immunological properties of 

KpOmpA may be related with the most flexible loop areas. 
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Abstract 

The transmembrane domain of Klebsiella pneumoniae OmpA (KpOmpA) possesses 

four long extracellular loops that exhibit substantial sequence variability throughout 

OmpA homologues in Enterobacteria, in comparison with the highly conserved 

membrane-embedded β-barrel core. These loops are responsible for the 

immunological properties of the protein, including cellular and humoral recognition. In 

addition to key features revealed by structural elucidation of the KpOmpA 

transmembrane domain in detergent micelles, studies of protein dynamics provide 

insight into its function and/or mechanism of action. We have investigated the 

dynamics of KpOmpA in a lipid bilayer, using magic angle spinning solid-state NMR. 

The dynamics of the β-barrel and loop regions were probed by the spin-lattice 

relaxation times of the Cα and Cβ atoms of the serine and threonine residues, and by 

cross-polarization dynamics. The β-barrel core of the protein is rigid; The C-terminal 

halves of two of the four extracellular loops (L1 and L3), which are particularly long in 

KpOmpA, are highly mobile. The other two loops (L2 and L4), which are very similar 

to their homologues in E. coli OmpA, and the N-terminal halves of L1 and L3 exhibit 

more restricted motions. We suggest a correlation between the sequence variability 

and the dynamics of certain loop regions, which accounts for their respective 

contributions to the structural and immunological properties of the protein. 
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Abbreviations 

KpOmpA: Klebsiella pneumoniae Outer membrane protein A 

TM:  transmembrane 

LPR:  lipid-to-protein ratio 

CMC:  critical micelle concentration 

PLE:  E. coli polar lipids extract 

OG:  n-octyl-β-D-glucopyranoside 

DHPC: 1,2-dihexanoyl-sn-glycero-3-phosphocholine 

DOPC: 1,2-dioleoyl-sn-glycero-3-phosphocholine 

DMPC: 1,2-dimyristoyl-sn-glycero-3-phosphocholine 

ssNMR: solid-state Nuclear Magnetic Resonance 

PDSD: proton-driven spin diffusion 

CP:  cross-polarization 

 

 

 

 

 

Highlights 

- KpOmpA loop dynamics were assessed in lipid bilayers. 

- T1, T1ρ, CP and J-based excitations revealed a variety of motional regimes. 

- The L2 and L4 loops display a restricted motional regime. 

- The C-terminal halves of L1 and L3 are highly mobile. 
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3.1. Introduction 
 

Membrane proteins represent approximately one-third of all proteins in living organisms 

[1], are involved in many key physiological processes, and are favored targets for therapeutic 

drug development [2]. Detailed investigation of membrane protein structure, dynamics and 

molecular interactions in functional environments is, therefore, a major challenge for 

structural biology. 

Recent advances in NMR spectroscopy have provided unique opportunities to probe 

the structure of integral membrane proteins at atomic resolution, as well as their associated 

molecular motions over a large time scale, under different conditions [3, 4]. A combination of 

refined isotope-labeling schemes and multidimensional transverse-relaxation optimized 

spectroscopy (TROSY)-based solution-state NMR experiments can be used to determine the 

entire 3D molecular structures of small to medium-size β-barrel and α-helical integral 

membrane proteins in membrane mimetic environments, provided that molecular entities 

tumble rapidly [5, 6]. Solid-state NMR (ssNMR) spectroscopy offers a complementary 

spectroscopic tool to monitor the molecular structure and dynamics of larger integral 

membrane proteins at atomic resolution and in complex settings, such as membrane bilayers 

[7, 8]. 

We have previously determined the 3D structure the 210-residue TM domain of the 

outer membrane protein A from Klebsiella pneumoniae (KpOmpA) in DHPC detergent 

micelles [9]. Klebsiella pneumoniae is a Gram-negative bacterium that is responsible for 

respiratory tract and urinary infections. KpOmpA belongs to the OmpA family of proteins that 

is well conserved among Enterobacteria and has diverse roles in bacterial cellular processes 

[10-12]. For example, OmpA can function as an adhesin and invasin, participates in biofilm 

formation, acts as both an immune target and evasin, and serves as a receptor for several 

bacteriophages [13]. Pore-forming activity of KpOmpA has been reported [14] and 

subsequently debated [13, 15]. Although sequence conservation within the OmpA family is 

particularly high in the TM domain (~80%), the extracellular loops exhibit larger variability in 

terms of length and amino-acid sequence. Interestingly, the extracellular loops of KpOmpA 

appear to play important roles in the immunological properties of the protein, such as cellular 

recognition mediated by the scavenger receptors LOX-1 and SREC-I, and humoral 

recognition mediated by the long pentraxin PTX3 [11, 16]. When solubilized in DHPC 

micelles, the structure of the TM domain of KpOmpA (Met3-Glu207) consists in an antiparallel 

8-stranded β-barrel with four extracellular loops of different lengths and three short 

periplasmic turns that closely mirror available 3D structures of E. coli OmpA TM domains [17-
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20]. We reported that the KpOmpA TM domain in DHPC micelles exhibits a mobility gradient, 

with mobility increasing from the β-barrel core toward the extracellular loops [9]. Although the 

centre of the β-barrel is highly rigid, the protein segments that surround the two aromatic 

girdles at the interface exhibit sizable motions on the millisecond time scale. Finally, the 

extracellular loops are disordered and characterized by nanosecond time-scale motions of 

different amplitudes. 

 Key to further characterization of KpOmpA is the investigation of its structure and 

dynamics at atomic resolution in native-like environments, such as lipid bilayers, where lateral 

pressure [21], membrane curvature [22], lateral organization, domain formation [23] and 

protein oligomerization [24, 25] occur and may play important roles in the protein structure, 

dynamic  and function. In order to achieve this aim, we reconstituted the uniformly [13C, 15N]-

labeled KpOmpA TM domain in lipid bilayers from a well-folded and soluble form in detergent 

micelles, and have investigated the folding and dynamics of the protein using ssNMR 

spectroscopy under magic angle spinning (MAS) conditions. First, the reconstitution of 

KpOmpA in lipid bilayers was optimized. Successful reconstitutions with a lipid-to-protein ratio 

(LPR) equal to or below 0.5 (w/w) were analyzed by electron microscopy (EM) to monitor 

sample homogeneity and the presence of protein patches. Then, KpOmpA-containing 

proteoliposomes were analyzed by ssNMR spectroscopy to probe the folding and local 

dynamics of the protein. Using 1- and 2D ssNMR experiments employing either scalar- or 

dipolar-based magnetization transfer steps associated with 13C spin-lattice relaxation 

measurements and cross-polarization dynamics, we assessed the dynamics of the KpOmpA 

membrane domain in bilayers composed of E. coli polar lipids extracts. A new and refined 

picture of the loops dynamics emerges from the comparison of ssNMR data in lipid bilayers 

and heteronuclear NOE data previously obtained in a micellar environment [9]. 

 

3.2. Materials and methods 

 
3.2.1. Expression, purification and detergent exchange 

 
The cloning, expression and purification of Klebsiella pneumoniae outer membrane 

protein A (KpOmpA) TM domain was performed as described previously [9]. For the small-

scale reconstitution trials and sucrose gradient centrifugation, the unlabeled protein was 

purified from E. coli BL21 (DE3) culture grown in Terrific Broth (Invitrogen) medium. For NMR 

experiments, the bacteria were grown in M9 minimal medium supplemented with 2 g/L 
15NH4Cl and 2 g/L U-13C6 D-glucose (Cambridge Isotope Laboratories, Inc.) as the only 
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nitrogen and carbon sources, respectively, producing uniformly [13C, 15N]-labeled KpOmpA 

TM domain. 

For detergent exchange, purified KpOmpA/Zwittergent 3-14 complexes were incubated 

with nickel-chelating resin (Ni-NTA Superflow, QIAGEN) for 3 hours at 4°C under gentle 

mixing. The resin-bound protein was washed three times with 50 ml of 25 mM Tris/HCl (pH 

8.5), 150 mM NaCl, 2% n-octyl-β-D-glucopyranoside (OG, Anatrace) and isolated by 

centrifugation (4000 g, 10 min, 4°C). The KpOmpA/OG  complexes were then eluted in one 

step with 25 mM Tris/HCl (pH 8.5), 150 mM NaCl, 2% OG and 400 mM imidazole. The 

concentration of the purified protein (either in 0.1% Zwittergent 3-14 or in 2% OG micelles) 

was determined spectrophotometrically by measuring absorbance at 280 nm and using the 

theoretical protein molar extinction coefficient of 50880 M-1cm-1. The successful refolding of 

the protein in both detergents was checked with SDS PAGE [26]. 

 

3.2.2. Reconstitution 
 
Protein reconstitution was examined in three types of lipid: DOPC, DMPC and E. coli 

polar lipids extract (PLE) (all from Avanti Polar Lipids). Proteoliposomes containing the TM 

domain of KpOmpA were prepared using a detergent dilution method adapted from 

procedures described by Rigaud et al. [27]. Briefly, each lipid type was dissolved in 

chloroform, and dried under a stream of nitrogen gas and then in a vacuum chamber 

overnight. Mixed micelles were prepared by hydration of the lipid film with 25 mM Tris/HCl 

(pH 8.5), 150 mM NaCl and 2% OG with a final lipid concentration of 6 or 10 mg/ml. Purified 

and unlabeled monomeric KpOmpA TM domain (at a concentration of 1-3 mg/ml, depending 

on the different preparations) was added to the mixed micelles solution at the desired lipid-to-

protein ratio (LPR) and incubated for 10 min at 4°C . The solution of KpOmpA/OG/lipid ternary 

complexes was then dialyzed twice (12 h each) against 2 L of the desired detergent-free 

buffer at 37°C to achieve the complete removal of detergent and imidazole and the formation 

of large unilamellar vesicles (LUVs). In order to screen a large panel of experimental 

conditions, the reconstitution trials were conducted in dialysis buttons of ~70 µl volume. The 

LPRs tested were between 0.1 and 1 (in 0.1 steps), 10 and 20 (w/w). The different dialysis 

buffers used in these small-scale reconstitution trials were: Buffer A (140 mM NaCl, 20 mM 

HEPES, pH 7.0), Buffer B (300 mM NaCl, 20 mM HEPES, pH 7.0), Buffer C (100 mM NaCl, 

20 mM Tris, pH 8.5), Buffer D (140 mM NaCl, 20 mM Tris, pH 8.5) and Buffer E (300 mM 

NaCl, 20 mM Tris, pH 8.5). All buffers contained 0.01% NaN3 to prevent the growth of 

contaminating bacteria. 
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3.2.3 NMR sample preparation 
 
For solid-state NMR (ssNMR) experiments, 22 mg of purified, uniformly [13C, 15N]-

labeled KpOmpA in 25 mM Tris buffer (pH 8.5) containing 150 mM NaCl and 2% OG was 

reconstituted in 11 mg of E. coli PLE as described above, resulting in an LPR of 0.5 (w/w), 

equal to a molar ratio of ~15 lipid molecules per protein molecule. The mixture was 

transferred to a dialysis tube with a 12-14 kDa cutoff (SpectraPor) and dialyzed twice against 

2 L of 25 mM Tris/HCl (pH 8.5), 150 mM NaCl. Following the removal of detergent and 

imidazole, and the formation of LUVs during the first two dialysis steps, the dialysis buffers 

were exchanged every 12 hours with a gradual decrease in the concentration of NaCl in 25-

mM steps until the salt was completely removed. The size of the resulting proteoliposomes 

was verified by dynamic light scattering (DynaPro NanoStar, Wyatt Technology Corporation) 

and had a major population of particles that were ~1-3 µm in diameter (data not shown). The 

LUVs were collected by centrifugation (200 000g, 90 min, 10°C) and partially dehydrated 

under a stream of nitrogen gas until the total sample weight was reduced to ~50 mg. This 

value corresponded to approximately 33 mg of protein/lipid material with an LPR of 0.5 (w/w) 

and 17 mg water (30 w/v% of the entire sample). The proteoliposomes were then transferred 

to a 4-mm magic angle spinning (MAS) rotor by low-speed centrifugation (3000 g, 10 min, 

10°C) and subsequently analyzed by ssNMR spectrosco py. 

 

3.2.4 Sucrose gradient centrifugation and colorimetric assays 
 
Unlabeled KpOmpA-containing liposomes prepared in exactly the same way as the 

ssNMR sample (but not dehydrated under a stream of nitrogen gas) were collected (15 000 g, 

20 min, 4°C) and subjected to centrifugation at 4°C  in a 20-60% continuous sucrose gradient 

for 18 hours at 100 000 g in SW41 rotor (Beckman) for an assessment of homogeneity and 

verification of the LPR. The isolated single band was subsequently analyzed for protein 

content by Lowry titration [28] and for lipid content by phosphoric acid titration [29]. 

 

3.2.5 Transmission electron microscopy 
 
The reconstitution of KpOmpA into lipid bilayers was checked by transmission electron 

microscopy. For that purpose the sample was adsorbed to a carbon-coated copper grid, 

which was rendered hydrophilic by glow discharge at low pressure. The grids were then 

washed in nanopure water (resistivity > 18 MΩ•cm), stained with 2% (w/v) uranyl acetate, 

blotted and air-dried. Electron micrographs were recorded on a charge-coupled device (CCD) 
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with a CM100 transmission electron microscope (FEI, Eindhoven, Netherlands) operated at 

80 kV acceleration voltage. 

 
3.2.6 NMR spectroscopy 

 
ssNMR experiments were carried out on a Bruker AVANCE standard-bore NMR 

spectrometer (Bruker Biopsin) operating at a 1H Larmor frequency of 700 MHz and equipped 

with a 4 mm-double resonance 1H-{15N-13P} cross-polarization (CP)-MAS probe. The MAS 

frequency was set to 12 kHz and the sample temperature was regulated at 20°C. The typical 

π/2 pulse length for 1H was 3.1 µs. Unless otherwise indicated, the 1H-13C CP magnetization 

transfer step employed a linear ramp (50 to 100% field strength) on the 1H channel. 1D CP-

MAS spectra were obtained using a CP contact time of 400 µs and a 13C radio frequency field 

of 60 kHz. High-power proton decoupling was obtained using TPPM [30] schemes and a 

decoupling field of 80 kHz. 2D 13C-13C proton-driven spin diffusion (PDSD) [31] experiments 

were performed using similar acquisition parameters and a PDSD mixing time of 40 ms. The 
13C spin-lattice relaxation measurements were achieved using 2D T1-edited (13C-13C) PDSD 

correlation experiments (i.e., with a 90°- τ-90° element between the 1H-13C CP and t1 evolution 

period). Spectra were obtained for nine spin-lattice relaxation times (0.02, 10, 100, 250, 500, 

700, 1000, 2000 and 4000 ms), using 48 scans for each of the 364 t1 increments. 

Characteristic Cα-Cβ cross-peaks of Thr and Ser residues were integrated. Cross-peak 

integrals were plotted as a function of the T1 relaxation delay (τ) and fitted using a mono-

exponential decay function to determine T1 relaxation time. The CP dynamics measurement 

relied on 13 2D 13C-13C PDSD correlation experiments using 76 scans for each 256 t1 

increments and employing CP contact times of 0.025, 0.05, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5, 0.6, 

1, 2, 4 and 8 s. Cross-peaks intensities of Thr and Ser Cα-Cβ were plotted as a function of the 

CP contact time and fitted with the equation of the two-stage model to determine the TCP and 

T1ρ values [32]. Uncertainty in values was determined from the standard errors of the fitting. 

1D (1H)-13C refocused-INEPT (with 1JCH of 142 Hz) and 13C direct excitation experiments 

employed π/2 pulse lengths of 3.1 µs (1H) and 4 µs (13C), corresponding to 1H and 13C RF 

fields of 80 and 62 kHz, respectively. Similarly to CP-based ssNMR experiments, proton 

decoupling was achieved using SPINAL64 schemes [33] and a decoupling field of 80 kHz. 

For 13C direct and CP measurements, 2K scans were acquired, and 12K scans were acquired 

for the refocused-INEPT experiment. 1H and 13C chemical shifts were referenced with respect 

to DSS. Spectra were processed using topsin1.3 (Bruker Biospin) and T1 and CP dynamic 

curves were fitted using the GOSA program [34]. 
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3.3. Results 

 
3.3.1. Screening of experimental conditions for the reconstitution of KpOmpA TM 
domain in lipid bilayers 

 
Prior to the overexpression, purification and reconstitution of labeled Klebsiella 

pneumoniae outer membrane protein A (KpOmpA) for solid-state NMR (ssNMR) 

experiments, several reconstitution trials were conducted with non-labeled protein in order to 

optimize the conditions for the formation of proteoliposomes in terms of lipid composition, 

lipid-to-protein ratio (LPR) and dialysis buffer. The examination of negatively stained 

preparations by electron microscopy represents a suitable tool for this purpose because it 

enables rapid visualization and diffraction pattern-based analysis of the different preparations 

in order to identify regions of long-range ordered molecules in the bilayer. The goal of these 

pilot experiments was to establish conditions suitable for the arrangement of the protein in 2D 

crystals, which is beneficial for the ssNMR spectroscopic sensitivity and spectral resolution. 

The reconstitution of KpOmpA into liposomes was achieved by slow dialysis-driven 

detergent removal. This is particularly important in the case of samples with low LPRs, in 

which the relatively large amount of protein must receive sufficient time for incorporation into 

the newly formed bilayers. Because the detergent used for the protein purification 

(Zwittergent 3-14) has a low critical micellar concentration (CMC ~0.012%), it is unsuitable for 

removal in this manner and therefore was exchanged for the high-CMC detergent n-octyl-β-D-

glucopyranoside (OG, CMC ~0.7%), which is commonly used for the solubilization of E. coli 

OmpA [35]. The homogeneity of the micelle size was checked with gel filtration (data not 

shown) and the protein was found to be monomeric, as expected. Fig. 1E  (lanes 1 to 4) 

shows an SDS PAGE gel of purified KpOmpA TM domain in 0.1% Zwittergent 3-14 (lanes 1 

and 2) and in 2% OG (lanes 3 and 4), with the folded (lanes 1 and 3) and unfolded (heat-

denatured, lanes 2 and 4) states visualized by the different migration of the bands [26]. The 

protein in 2% OG was then mixed with a particular lipid type and dialyzed following the 

procedure described in the materials and methods section to obtain proteoliposomes. The 

different trials were checked macroscopically, and then by electron microscopy. 

 We tested three types of lipids: DOPC, DMPC and E. coli polar lipids extract (PLE). 

These lipid types were chosen to comprise a variety of chain lengths and acyl chain 

saturation levels: the DOPC has long and unsaturated chains (18:1/18:1); the DMPC is 

shorter and saturated (14:0/14:0); and the “native-like” lipid mixture of the E. coli PLE 

contains different levels of lengths and saturation in its composition of L-α-
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phosphatidylethanolamine (67.0%), L-α-phosphatidylglycerol (23.2%) and cardiolipin (9.8%). 

The dialysis buffers tested encompassed different pH and ionic strengths. The range of LPRs 

investigated varied from 0.1 to 20 (w/w), corresponding to ~1 protein for between 3 and 600 

lipid molecules. The results of these trials to determine appropriate conditions for the 

formation of proteoliposomes are reported in Fig. 1A . 

We initially observed that samples contained high levels of macroscopically visible 

aggregated protein and/or vesicles, usually in conditions of lower pH and higher salt 

concentrations. The negative effect of low pH on sample quality is illustrated by the DOPC 

sample, which produced small and aggregated vesicles (Fig. 1B , pH 7.0).  Based on the 

reconstitution trials, we concluded that, independently of the chosen LPR and ionic strength, 

the lower pH (HEPES at pH 7.0) does not appear to be as suitable for the formation of 

proteoliposomes as the higher pH (Tris at pH 8.5). This result agrees with previous 

observations that OmpA (as well as several other Omps) exhibits improved folding in slightly 

basic conditions [36, 37]. We therefore excluded the samples at pH 7.0 from further 

experiments. 

Because NMR is a demanding technique in terms of sensitivity, it is imperative to keep 

the LPR to a minimum in order to maximize the quantity of protein in the sample. We 

systematically observed aggregated samples at very low LPRs (i.e., 0.1-0.3 w/w) for any 

buffer condition, and to a lesser extent for smaller LPRs (i.e., 0.3 and 0.4) at higher pH and 

salt concentrations. As an illustration of the lack of sample homogeneity at low LPR values, 

Fig. 1C  shows an aggregated DMPC sample with an LPR of 0.2 and a high pH (8.5). Such a 

low LPR (corresponding to ~6 lipid molecules per protein molecule), in the absence of 2D 

protein crystallization, threatens overall sample homogeneity and might lead to aggregation of 

at least part of the protein population. All of the lipids tested produced usable samples in 

conditions where neither the pH nor the LPR were too low. An LPR of 0.5 (w/w, 

corresponding to about 15 lipids per protein molecule) is acceptable for our purposes, as this 

condition significantly reduces the probability of protein aggregation and still enables the 

preparation of a sample for NMR containing more than 20 mg of protein. For example, Fig. 

1D demonstrates the homogeneity of a typical sample at this LPR value in E. coli PLE. 

Control 1D and 2D PDSD 13C NMR spectra were performed at LPR = 1 and no difference 

was observed with those at LPR = 0.5. Therefore, samples with an LPR of 0.5 were selected 

for use in ssNMR experiments, and samples with an LPR above this value and a high salt 

concentration were discarded (see gray squares in Fig. 1A ). 
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Further examination of the different pilot samples led to the conclusion that the most 

suitable lipid type for our purposes was the E. coli PLE, although we concluded that all three 

lipids tested were appropriate for the dialysis-based reconstitution of KpOmpA in these 

conditions. However, the substantially longer chains of DOPC (18:1/18:1) form bilayers with a 

thickness (~5.5 nm at room temperature [38]) that does not correlate closely with the section 

of the protein known to be embedded in the membrane (~2 nm), and this hydrophobic 

mismatch could result in altered dynamics at the interface between the β-barrel and the 

loops. Conversely, DMPC has the disadvantage of a higher gel to fluid phase transition 

temperature (~23°C). However, the E. coli PLE is usable at room temperature and should 

mimic the protein’s natural environment in the outer membrane of Gram-negative bacteria in 

terms of polar-head composition. 

Finally, in the range of 100-300 mM NaCl, no significant influence of the ionic strength 

on protein reconstitution was observed by electron microscopy. The electron diffraction 

experiments provided no evidence, in any sample preparations, of the existence of 2D-

crystals, such as those observed with OmpG [39]. The monomeric nature of KpOmpA and the 

geometrical symmetry of its β-barrel, combined with the lack of structural features provided by 

the loops [40] presumably contribute to this lack of long-range 2D order. Based on the 

screening of experimental conditions, we finally decided to reconstitute the KpOmpA TM 

domain in E. coli PLE at an LPR of 0.5 (w/w) and in buffer C (i.e. pH 8.5) without salts, in 

order to prevent sample heating during the NMR experiments. The large-scale 

proteoliposome preparation for NMR spectroscopy was first performed with unlabeled protein 

and the full-scale sample was further characterized by sucrose gradient centrifugation. The 

gradient centrifugation produced a single, well-defined band at ~45-47% sucrose that was 

subsequently analyzed with protein and phospholipid colorimetric assays. The LPR of the 

isolated band was confirmed to be ~0.5 (w/w). The proteoliposomes generated, regardless of 

their variation in size and aggregation state, possess the same LPR, as demonstrated by the 

single band in the sucrose gradient centrifugation. The folded and unfolded states of the 

reconstituted protein were also verified with SDS PAGE (Fig. 1E , lanes 5 and 6). 

 

3.3.2. ssNMR characterization of KpOmpA TM domain in E. coli PLE vesicles. 
 
Fig. 2A  shows the 2D (13C,13C) proton-driven spin diffusion (PDSD) correlation 

spectrum of (U-13C,15N)-KpOmpA/PLE proteoliposomes (LPR of 0.5, w/w) recorded at 20°C 

with 40 ms mixing time. Under these conditions, the lipid bilayer is fluid and the ssNMR 

spectrum is dominated by the intraresidue correlation network of the protein. Characteristic 
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one- to three-bond intraresidue CC connectivities were identified for several amino-acid 

types, including Thr, Ser, Pro, Ala and Ile (Fig. 2A , boxes). As an example, the complete 

correlation network between the α, β and γ2 carbons of two Thr residues is shown (solid and 

dashed lines). According to standard amino acid-peak positions [41] and the overall 

correlation pattern, the PDSD spectrum of KpOmpA reflects predominantly β-sheet and 

random coil protein segments, in accordance with the topological profile of the protein in 

detergent micelles. Spectral resolution is given by 13C line-widths of 0.6-0.9 ppm for isolated 

resonances (Fig. 2B ). This is in agreement with the literature, where the typical 13C line-

widths observed by ssNMR vary from 0.5 to 0.7 ppm for small (<100 residues) uniformly [13C, 
15N]-labeled proteins in micro-crystalline form [42-44] and seven-helix receptors (NpSRII) in 

native membranes [45], respectively. Although the spectral resolution is high, the CC 

correlation spectrum is characterized by a significant resonance overlap resulting from the 

high frequency of occurrence of particular residue types in β-sheet TM segments (e.g., Leu 

and Val) and loop regions (e.g., Ser and Arg), which significantly hampered the resonance 

assignment procedure and residue-specific analysis. We thus compared our results with data 

obtained using the perdeuterated KpOmpA TM domain in DHPC micelles (BMRB accession 

code 15651). Prior to chemical-shift analysis, 13Cα⁄Cβ chemical shifts were corrected for the 
2H-isotope effect as described by Venters et al. [46]. The intraresidue correlation network was 

then calculated from the corrected solution NMR chemical shifts and the prediction was 

overlaid with the 2D PDSD spectrum of KpOmpA (Fig. S1). A remarkable agreement 

between the solution NMR chemical shifts and the overall CC correlation pattern of KpOmpA 

was observed, suggesting that the global fold of the protein in DHPC micelles is well 

preserved in PLE bilayers. Notably, isolated backbone resonances corresponding to Thr, Ser, 

Val, Ala and Leu residues within KpOmpA TM segments were readily observed in the vicinity 

of peak positions predicted from solution NMR chemical shifts (Fig. S1 , solid squares). In 

contrast, significant deviations between ssNMR and solution NMR data were observed for a 

set of residues located in the unstructured N-terminal extremity (Ile3, Ile7) and in the first 

(Asn63 and Pro64) and second (Pro103 and Ile104) periplasmic turns, suggesting that 

conformational and/or dynamical changes may occur around these residues in the lipid 

environment. Finally, correlations corresponding to residues within extracellular loops were 

also visible, suggesting a reduced mobility within unstructured protein segments in the lipid 

environment (Fig. S1 , dashed squares). 

The contribution of the unstructured extracellular loops to the KpOmpA PDSD spectrum 

was investigated in more detail by examining the spectral region of the Cα-Cβ resonances of 
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the Thr and Ser residues (Fig. 3A ), which are well-distributed within the extracellular loops 

(from L1 to L4) and β-sheet TM segments (TM1, TM3-TM8) of the protein (Fig. 3C  and D). 

Taking into account the number of residues forming the cross-peaks, the intensity is 

systematically smaller when the residue is located in the loop than in the β-sheet (Fig. 3B ). 

Considering the Thr residues, the intensity of the Cβ-Cα cross-peak is much smaller for the 

five residues constituting the loops (T-33,47,130,174,177) compared with the seven residues 

of the β-barrel (T-18,97,105,112,139,154,159). Similarly, the signals of Ser residues within 

the loops is smaller compared with Ser signals in the β-sheet protein segments, and only 

three of eight assigned Ser residues are located into the β-barrel. This difference in the 

intensities is obviously induced by different dynamic regimes in two distinct moieties of the 

protein: the TM domain and the loops. Thus the CP + PDSD transfer schemes select a 

subset of the loops’ resonances, attenuating but not completely suppressing the most mobile 

signals arising from the loop region. Further characterization of these remaining resonances 

is presented in the following section. 

 

3.3.3. Dynamics of KpOmpA over different NMR time scales 
 
The rotational diffusion correlation times of membrane embedded proteins are much 

slower than for small soluble proteins (typically above microseconds [47]) and NMR 

relaxation rates are thus sensitive to dynamics up to microsecond timescales. Various 

ssNMR methods have been developed to measure R1, R1ρ, and heteronuclear NOEs [48-

50]. Using extended model free formalism, spectral density functions could be expressed in 

terms of order parameters and correlations times for slow and fast motions and dynamics 

time scale could be determined [51, 52]. 

To investigate the different degrees of molecular mobility within the KpOmpA TM 

domain, we recorded a series of three 13C-detected 1D spectra using different excitation 

schemes (i.e., direct 13C excitation, 1H-13C refocused-INEPT and 1H-13C CP, Fig. 4). The 

direct 13C excitation spectrum (Fig. 4A ) constitutes the reference spectrum, in which signal 

intensities are most directly related to the number of carbons. Accordingly, Thr Cβ resonances 

revealed similar peak intensities for residues within the β-sheet (B peak at 71.8 ppm, 7 Thr) 

and random coil segments (L peak at 70 ppm, 5 Thr). In contrast, the 1H-13C INEPT spectrum 

(Fig. 4C ) displays signal intensity only at 70 ppm, which arises from the loop regions. Indeed, 

the 1H-13C INEPT type experiments employ a magnetization transfer step mediated by 1H-13C 

scalar (through-bond) coupling. This coupling takes a few milliseconds to establish, during 
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which time the magnetization transfer mediated by strong dipolar couplings vanishes due to 

fast R2 relaxation for rigid segments. Therefore, only protein segments undergoing fast (ns) 

isotropic motions persist in the INEPT spectrum. In contrast, CP-based experiments filter out 

magnetization from spins in fast motional regimes, and thus signals from rigid protein regions 

dominate the spectrum. As expected, in the CP spectrum an intense peak was observed at 

71.8 pm, characteristic of rigid protein TM segments (Fig. 4B ). Interestingly, a signal of lower 

intensity is still observed at 70 ppm in the CP spectrum, indicating the presence of restricted 

protein motions in the unstructured extracellular loops. These results suggest the presence of 

multiple motional regimes within the extracellular loops of KpOmpA. 

Next, we measured the 13C spin-lattice relaxation time (T1) of the Cα and Cβ of the Ser 

and Thr residues from 2D PDSD 13C-13C spectra by incorporating a longitudinal relaxation 

delay between the CP and the first 13C time evolution. 13C T1 relaxation is dominated by the 

C-H dipolar interaction mechanism and depends on the motional regime. The results of this 

experiment can only be discussed qualitatively, because they are averaged over several 

overlapping residues and because of the contribution of proton driven carbon-carbon 

spin diffusion [53]. We systematically observed shorter T1 values for the residues constituting 

the loops compared with those in the β-sheets (Fig. 5A ). For example, for the Thr Cα 

carbons: T1-Cα = 0.46 ± 0.16 s in the loops, and T1-Cα
 = 1.14 ± 0.07 s in the β-barrel. For the 

Ser Cα carbons: T1-Cα = 0.32 ± 0.18 s in the loops and T1-Cα = 1.63 ± 0.30 s in the β-barrel. 

This result reveals that there are increased motions in the loops around the 13C Larmor 

frequency, because the R1 longitudinal relaxation rate (1/T1) is enhanced by these motions, 

with characteristic times in the nanosecond and sub-nanosecond range. 

The dynamics of the CP were examined by using contact times from 50 µs to 8 ms on 

the 2D 13C-13C spectrum. The CP dynamics are described most simply by a two-stage model. 

The “build-up” phase starts at very short contact times and is caused by the initial CP transfer 

from 1H to the closest 13C via 1H-13C dipolar interactions. This CP transfer is usually 

characterized by a constant time, called TCP. This initial phase is followed by a “decay” phase 

caused by the relaxation of the spin-locked 1H, with a characteristic time T1ρ [32]. We 

observed that TCP values for each residue and carbon type are systematically longer when 

the Ser and Thr residues are located in a loop rather than in the β-barrel (Fig. 5B ). For 

example, TCP for the Thr Cβ is equal to 51 ± 10 µs in the β-barrel and increases to 108 ±14 µs 

in the loops. Similarly, TCP for the Ser Cβ is 26 ± 10 µs in the β-barrel and 82 ±14 µs in the 

loops. This slower polarization transfer in the loop regions is caused by partial averaging of 
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the 1H-13C dipolar interaction by the greater mobility of the loops in the sub-microsecond 

range. 

The T1ρ values extracted from the 2D CP dynamic experiment analysis vary from 1.6 to 

3.6 ms depending on the carbon and residue types (Fig. 5C ). These values are in agreement 

with values reported for proteorhodopsin in a lipid environment [54]. For the analysis of the 

spin-lattice relaxation in the laboratory frame (T1) analysis, the comparison was restricted to 

T1ρ values for the same carbon in two distinct secondary structure elements. In these 

conditions, both the Cα and Cβ of the Thr residues exhibited larger T1ρ values for residues in 

the β-barrel compared with the loops (i.e., Thr Cα T1ρ = 3.72 ± 0.48 ms and 1.75 ± 0.29 ms, 

respectively). The faster average R1ρ relaxation rate in the loops is probably related to the Thr 

localization: three of five Thr residues constituting the loops (T33, T174 and T177, in orange 

in Fig. 6) are located in the region of the loops that undergo restricted mobility with motions in 

the ms to µs range, which are known to be important for R1ρ relaxation. In contrast with the 

Thr residues, the Cα of the Ser residues present in the loops exhibited less efficient R1ρ 

relaxation and the majority of the Ser residues participating in the loop cross-peak are located 

in the C-terminal region of L3 (S129, S133 and S135), which is highly flexible. These Ser 

residues are expected to be dominated by fast isotropic motions, outside the millisecond to 

microsecond range, and therefore to give less efficient R1ρ relaxation. 

 

3.4. Discussion 
 
The structure and dynamics of KpOmpA have been studied by NMR in two distinct 

environments: in DHPC micelles [9]; and in E. coli polar lipids extract (PLE) proteoliposomes 

(present work). Careful optimization of the reconstitution protocol has permitted the 

preparation of homogeneous liposomes with a large lipid to protein ratio (LPR = 0.5, typically 

22 mg protein for 11 mg lipid, molar ratio of 1 to 15) that is compatible with a detailed ssNMR 

characterization, which is quite demanding in terms of sensitivity. Electron microscopy 

demonstrated the samples to be homogeneous under these conditions, with no indication of 

2D crystallization of the protein in the lipid bilayer planes. 2D PDSD showed good resolution 

of the 13C resonances and significant similarity between 13C chemical shifts in bilayers and in 

DHPC micelles, revealing that the overall fold of the protein is identical in both environments. 

2D PDSD acquired at a LPR of 1 and 0.5 were identical, suggesting that the molecular 

crowding did not affect much the protein dynamics in this range of protein concentration.  The 

lipid to protein ratio in Gram negative bacteria outer membranes is estimated to in the 0.5 to 1 
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range [55-57], i.e. not so far from our experimental conditions. The KpOmpA TM domain has 

been demonstrated to exhibit ns- to µs-timescale molecular motions when embedded in 

detergent micelles [9]. Heteronuclear 1H-15N NOE relaxation of the backbone 15N spins was 

used to probe the picosecond to nanosecond dynamic fluctuations of individual N-H bonds, 

chemical exchange line-broadening of the backbone amide resonances were sensitive to 

microsecond to millisecond backbone motions, and 2H2O/H2O solvent exchange experiments 

were used to probe slower dynamic processes (seconds to days). A mobility gradient was 

observed, from the rigid β-barrel embedded in the hydrophobic core of the micelles to the 

disordered and highly dynamic loops. At the boundary of these two regions (i.e., the interface 

region), residues exhibited intermediate motions with characteristic times of micro- to 

milliseconds, as reflected by the extended conformational exchange-induced line broadening. 

In most of the β-barrel-to-loop interface, and despite the large heteronuclear NOE values  that 

reflect an ordered structure, residues belonging to the β-barrel (Fig. 6 , squares in orange) 

exhibit conformational exchange, characterized by line-broadening at different temperatures 

and static magnetic field strengths. This conformational exchange is propagated toward the 

loops, in which regions the induced line-broadening increased to the extent that it hampered 

the assignment of resonances (Fig. 6 , orange circles filled with gray). Moreover, restricted 

mobility was measured from heteronuclear NOE values (average value of 0.6 ±0.1) for 

residues with random coil chemical shifts from S28 to N38 in L1, from D122 to Y127 in L3 

and for the entire L2 and L4 loops (Fig. S3 in [9]). 

In lipid bilayers, KpOmpA dynamics had to be studied by ssNMR approaches, such as 

T2-filter, dipolar- and scalar-based polarization transfer, to identify mobile and static moieties 

[54, 58]. Several approaches to assess internal dynamics in a site-specific manner have been 

reported, such as 15N spin-lattice relaxation rates and averaged dipolar and/or CSA 

interactions [49, 50, 59].  However, due to the relatively large molecular weight of KpOmpA, a 

residue type specific approach was used, with observations focused on the Thr and Ser 

resonances, which are well-distributed within the 3D fold, as shown in Fig. 3 . All of the 

evidence described in the results section indicates that KpOmpA has an identical structure 

and dynamics in micelles and in lipid bilayers. The 2D PDSD experiments demonstrate that 

the carbon chemical shifts are highly similar in both environments, as shown in Fig. S1. Ser 

and Thr are well-distributed throughout the β-sheet and random coil environments. The 

resonances from residues in the β-barrel possess all of the characteristics of rigid segments; 

for example, shorter TCP build-up rates, the absence of signal in INEPT-based excitation and 

longer T1 relaxation times. Loops L2 and L4, and the N-terminal parts of loops L1 and L3 are 
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subjected to millisecond to microsecond motions (as revealed by longer TCP and shorter T1ρ 

times for Thr signals), whereas the C-terminal part of loops L1 and L3 are subjected to 

motions of higher frequency and/or higher amplitude (as revealed by the Thr signals 

observed in an INEPT excitation scheme, and by the longer T1ρ of the Ser 129, 133, 135 

resonances in L3). 

Taken together, the differences observed in the behavior of the Ser and Thr residues 

suggest that the dynamics with an intermediate time scale that were observed for KpOmpA in 

micelles [9] persist at the membrane interface in presence of lipid bilayers, where there are 

specific constraints such as lipid lateral pressure and  membrane strain curvature. This 

conservation of dynamics in different conditions could be related to the amino acid 

composition of the protein at the interface. Indeed, it has been demonstrated that the 

mutation of Trp residues to Phe in OmpA from E. coli reduces the conformational exchange 

phenomena [19] and allows the assignment of more residues at the interface. However, no 

conformational exchange processes probed by relaxation dispersion experiments in the 

millisecond to microsecond range were revealed for any of the observable residues of E. coli 

OmpA, suggesting the absence of global backbone conformational changes [60]. Such global 

changes have been reported for PagP in micelles [61]. 

The C-terminal halves of L1 and L3 in KpOmpA exhibit typical loop behavior, with 

random coil chemical shifts, few unassigned residues and fast isotropic dynamics (Fig. 6). 

Approximately half of the residues in L2 and L4 remain unassigned, due to millisecond to 

microsecond conformational exchange processes. These exchange phenomena seem to 

propagate up to the center of the loops that presents a restricted mobility. Interestingly, the 

alignment of KpOmpA with its E. coli homologue shows a high level of similarity between their 

respective loops L2 and L4, whereas the other two loops (L1 and L3) are more diverse (Fig. 

S2). It is unclear whether the conservation of L2 and L4 is the result of evolutionary pressure, 

similar to that exerted on the conserved β-barrels of these molecules. The structural 

importance of the extracellular loops is still discussed. Datta et al. [62] suggested that inter-

loop interactions are critical for maintaining the 3D structure of OmpA from E. coli, whereas 

Koebnik claimed that the structural integrity of the protein is entirely attributed to the β-barrel 

and turns region, because loop-truncated mutants did not exhibit thermal instability [40]. 

Surprisingly, in the same study by Koebnik et al, these highly disordered loops were not 

digested by subtilisin, provided that the full complement of loops was present, although the 

truncated mutants were more susceptible to digestion. We also observed (data not shown) for 

KpOmpA that Lysine-C endoprotease is not able to cleave the loops, despite the fact that 
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there are two Lys residues in L2 and one in the L3 N-terminal half. Hence, our NMR data 

correlates well with the results of biochemical experiments. It was previously reported that E. 

coli OmpA and KpOmpA are necessary for invading brain endothelial cells [63] and bronchial 

epithelial cells [64], respectively, and that both proteins participate in bacterial survival in 

macrophages. A detailed study with a variety of mutants established the importance of the 

different loops of E. coli OmpA during these immunological processes [65, 66]. L2 contributes 

to bacterial survival in dendritic cells and polymorphonuclear lymphocytes, as well as 

influencing the immune response by binding, together with the more conserved L4, to the 

complement pathway regulator C4bp. Interestingly, the loop mutants that exhibited reduced 

invasiveness were those with altered amino acids in the interfacial, less dynamic regions of 

L2 and L4, as well as the less flexible segment of L1 emanating from the β-barrel immediately 

after the first β-sheet (Fig. 6). 

Taken together, these data suggest that the reduced mobility in certain loop areas 

correlates with their level of evolutionary conservation (highest in L4) and their propensity for 

involvement in bacteria invasion. This could be explained either by the contribution of these 

regions to the stability of the underlying, and similarly well-conserved β-barrel and/or by their 

function as “antigen presenting” segments, responsible for proper positioning of the host 

receptor-binding motifs found in the highly disordered extremities of the loops. The residues 

found “on top” of the loops are both the most variable and the most mobile. More precisely, 

our observations in solution and ssNMR indicate that two regions of loop L1 (from G39 to 

T47) and of loop L3 (from A128 to E136) are the most mobile segments of the outer surface 

of KpOmpA. 
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Fig. 1:  Screening for the reconstitution of KpOmpA TM domain in lipid vesicles. (A)  Summary of 
experimental conditions screened for the reconstitution of KpOmpA in lipid vesicles. Positive hits are 
identified with a white box and a black dot. Black boxes represent rejected conditions in which the 
samples were heavily aggregated. Gray boxes represent intermediate conditions: sample exhibiting 
moderate aggregation and/or presenting a threat to the overall homogeneity (too low LPR) or to the 
efficiency of centrifugation (too high LPR). Reconstitution buffers are labeled from A to E: Buffer A, 20 
mM Hepes (pH 7.0), 140 mM NaCl; Buffer B, 20 mM Hepes (pH 7.0), 300 mM NaCl; Buffer C, 20 mM 
Tris-HCl (pH 8.5), 100 mM NaCl; Buffer D, 20 mM Tris-HCl (pH 8.5), 140 mM NaCl; Buffer E, 20 mM 
Tris-HCl (pH 8.5), 300 mM NaCl. (B-D) Electron micrographs of negatively-stained KpOmpA-
containing vesicles with different conditions (the scale bar is 200 nm); (B) The lower pH reduces the 
sample quality, resulting in small, aggregated vesicles when the protein is reconstituted at LPR of 0.4 
(w/w) in DOPC (20 mM HEPES at pH 7.0, 140 mM NaCl). (C) Sample aggregation at LPR of 0.2 (w/w) 
in DMPC (20 mM Tris at pH 8.5, 100 mM NaCl). (D) Vesicle with reconstituted KpOmpA TM domain at 
LPR of 0.5 (w/w) in E. coli polar lipids extract (PLE, 20 mM Tris at pH 8.5, 140 mM NaCl). (E) 
Coomassie stained SDS PAGE gel of KpOmpA TM domain in different environments. The KpOmpA 
TM domain purified in 0.1% Zwittergent 3-14 (lanes 1 and 2), in 2% OG after detergent exchange 
(lanes 3 and 4) and in E. coli PLE after reconstitution for ssNMR experiments (lanes 5 and 6). The 
aliquots on lanes 1, 3 and 5 represent the native fold of the β-barrel, whereas those on lanes 2, 4 and 6 
are heat-denatured (100°C, 5 min) and the protein b ands appear at their expected positions (~23.4 
kDa) from the marker ladder on the left lane. 
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Fig. 2:  (A) Carbonyl and aliphatic regions of the 2D 13C,13C PDSD correlation spectrum (40 ms mixing 
time) recorded on reconstituted (U-13C,15N)-labeled KpOmpA TM domain in E. coli polar lipids extract 
(PLE) vesicles at a sample temperature of 20°C with MAS 12 kHz and a proton Larmor frequency of 
700 MHz. Amino acid-specific assignments are indicated. Dashed lines indicate the characteristic 
intraresidue CC connectivities of Thr within β-sheet and loop protein regions, respectively. (B) Series of 
1D slices extracted from the 2D 13C,13C PDSD correlation spectrum at different ω1 

13C frequencies. The 
carbon line-widths of the Thr Cα and CH3 resonances are indicated in ppm. The NMR samples typically 
contained 22 mg of protein, 11 mg of lipids and 17 mg of water (lipid/protein molar ratio = 15/1). 
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Fig. 3: (A)  Selected region of the 2D 13C,13C PDSD correlation spectrum showing backbone Cβ-Cα 
correlations of the Thr and Ser residues of KpOmpA TM domain.. Solution NMR assignments are 
indicated when available. Open rectangles represent spectral regions used for signal integration, 
expected correlations were obtained from available solution NMR chemical shifts of KpOmpA TM 
domain (BMRB 15651 [9]) after correction due to 2H isotope effect. (B) Integrations of spectral regions 
corresponding to Thr and Ser residues within random-coil (red bars) and β-sheet-like (blue bars) 
protein segments plotted onto the number of residues. (C) Distribution of Ser residues within KpOmpA 
TM domain (PDB ID: 2K0L). (D) Distribution of Thr residues within KpOmpA TM domain. For (C) And 
(D) the color code is: residues within β-sheet TM and turns segments are in blue, those within the 
extracellular loops are in red. Two unassigned residues are labeled in dark gray. 
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Fig. 4:  1D proton decoupled, 13C-detected MAS NMR spectra of reconstituted (U-13C,15N)-labeled 
KpOmpA in E. coli PLE vesicles recorded at a MAS frequency of 12 kHz and a sample temperature of 
20°C. (A) Direct excitation recorded with a 90° pulse on 13C and accumulated 2K scans; (B) Cross-
polarization (CP) transfer MAS recorded with a CP contact time of 400 µs, with 2K scans; (C) 
Refocused-INEPT excitation recorded with 12K scans. NMR chemical shifts of Thr Cβ resonances 
characteristic of β-sheet TM and random coil protein regions (loops) are labeled B and L, respectively. 
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Fig. 5:  (A) 13C spin-lattice relaxation time (T1) of Cα and Cβ of serine (S) and threonine (T) residues. (B) 
and (C) correspond respectively to the cross-polarization build-up (TCP) and proton spin-lattice 
relaxation time in the rotating frame (T1ρ) determined from the cross-polarization dynamics. Gray bars 
correspond to carbons within β-sheet TM and turns segments; white bars correspond to carbons within 
the extracellular loops. 
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Fig. 6:  Dynamics of KpOmpA TM domain in lipid bilayers. Topological representation of KpOmpA TM 
domain (PDB ID: 2K0L) illustrating residue-specific mobility within distinct protein segments. Residues 
within β-sheet and random coil regions are represented by squares and circles, respectively. Amino 
acids are given in single-letter notation. In both DHPC micelles and E. coli polar lipids extract bilayers, 
residues that experience fast isotropic motions are colored in red and rigid protein segments are 
colored in blue. Residues that exhibit restricted mobility in DHPC micelles are highlighted; they 
correspond to residues in conformational exchange (dark orange) and characterized by 1H-15N NOEs 
at 0.6 ±0.1 (light orange). Unassigned residues are colored in gray. 
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Fig. S1. (A) Two-dimensional 13C-13C PDSD correlation spectrum of the membrane-embedded 
KpOmpA TM domain reconstituted in E. coli PLE vesicles (PLR=0.5, w/w) recorded with a PDSD 
mixing time of 40 ms at a MAS frequency of 12 kHz and at 20°C (sample temperature). Expected 
intraresidue C-C correlations predicted from solution NMR chemical shifts of KpOmpA TM domain 
(BMRB accession code: 15651) after correction for isotope effect (squares). (B) Cartoon 
representation of the solution NMR structure of KpOmpA TM domain (PDB accession code: 2K0L). 
Color-coding in (A) and (B): red, extracellular loops (L1 to L4), N- and C-term extremities; blue, 
transmembrane β-sheets (β1 to β8) and periplasmic turns (T1 to T3). Residues with backbone Cα/Cβ 
correlations that could not be observed at similar peak position than those predicted by solution NMR 
chemical shifts are labeled in green. 
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Protein    Extracellular loop 

      L1 
     □□□□○○○○○○○●●●●●●* ●●●●●● 
K.pneumoniae OmpA  SQYHDTGFYGNGFQNNNGPTRNDQ 
E.coli ompA1    QYHDTGFI-----NNNGPTHENQ 
E.coli ompA2    QYHDTGFI----- PNNGPTHENQ 
 
      L2 
     □□□○○○○○○○○○○○□□□ 
K.pneumoniae OmpA  LGRMAYKGSVDNGAFKA 
E.coli ompA1   LGRMPYKGSVENGAYKA 
E.coli ompA2   LGRMPYKGDNINGAYKA 
 
      L3 
      ○○○○○○●●●●●●●●●● 
K.pneumoniae OmpA   D SKGNYASTGVSRSEH 
E.coli ompA1   ADTK SNVYG-----K NH 
E.coli ompA2   ADTK ANVPG-GASFKDH 
 
      L4 
     □□□□□□□○○○○○○○○○□□□□ 
K.pneumoniae OmpA  QWVNNIGDAGTVGTRPDNGM 
E.coli ompA1    WTNNIGDAHTIGTRPDNGM 
E.coli ompA2    WTNNIGDAHTIGTRPDNGM 

 

Fig. S2. Alignment of the loop regions of OmpA proteins from K.pneumoniae and the two OmpA alleles 
found in E.coli. “K.pneumoniae OmpA” denotes the sequence of KpOmpA used in this study. This 
sequence is derived from K.pneumoniae strain Rv 308 and exhibits 100% sequence identity with 
KpOmpA from K.pneumoniae subsp. rhinoscleromatis (ATCC 13884), causing rhinoscleroma (a 
respiratory tract infection). The loop segments are according to the solution state NMR structure of 
KpOmpA (PDB ID: 2K0L, [1]). “E.coli ompA1” denotes the “classic” OmpA sequence from the 
“domesticated” E.coli K12 laboratory strain. The loop segments of ompA1 are according to the solution 
state NMR structure of OmpA (PDB ID: 2GE4, [2]), which was acquired on artificially expressed 
transmembrane domain of OmpA with identical to the E.coli K12 loop regions. “E.coli ompA2” denotes 
the OmpA sequence from the E.coli strain ABU 83972, responsible for bacteriuria. The four loop 
frames in ompA2 are considered the same as in ompA1. The variable amino acids on each chain are 
indicated with white letters on a black background. For clarity and to emphasize the more significant 
variations within the amino acid compositions, the homologous pairs of I-V, F-Y and D-E are not 
indicated. For the KpOmpA sequence only, unassigned residues experiencing restricted mobility due to 
conformational exchange processes (in the ms-µs timescale) are indicated with open squares (□); 
assigned residues with random coil chemical shifts that still exhibit restricted mobility are denoted with 
open circles (○); finally, the most mobile residues (with isotropic motions in the ps/ns to µs timescale) 
are indicated with filled circles (●). The asterisk (*) denotes a single residue (G45) that belongs to the 
highly dynamic region of L1 but remained unassigned. Note that the variable dynamic behavior of the 
different regions correlates with their levels of evolutional preservation. 
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Summary 

 

This chapter describes enzyme-based digestion/proteolysis 

experiments of unfolded and folded KpOmpA in different environments (i.e. 

detergent micelles and lipid bilayers) and buffer solutions. The 

susceptibility or the resistance of the KpOmpA extracellular loops to 

protease cleavage is discussed in relation to the dynamic behavior of this 

protein region. It is shown that, despite their overall higher mobility levels 

(in comparison to the barrel core) found in Chapter 3 for both the micellar 

and bilayer environments, the loops of the protein are resistant to a large-

scale cleavage by the Lysine-C endoprotease which is specific for Lysines. 

Trypsin however may cleave an Arginine residue which is located in the 

most mobile part of loop L3.  
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4.1. Introduction 

 

As shown in Chapter 1, the proper β-barrel fold of N- and F-KpOmpA is preserved when 

these protein constructs are reconstituted in PLE liposomes by dialysis-driven detergent 

removal. This was further confirmed for N-KpOmpA in Chapter 3 and, in addition, the mobility 

of the extracellular loops of N-KpOmpA was evaluated and compared to that in micellar 

environment [1]. It was thus revealed that the increased (compared to the barrel core of the 

molecule) dynamics of the extracellular region is an intrinsic property of the molecule and not 

just a function of its environment. However, it was also determined that these loops do not 

exhibit a homogenous dynamics (i.e. random coil behavior for the entire loops region), but 

they follow a gradient of dynamics emanating from the center of the barrel and in a direction 

of the outmost segments of the molecule (parallel to the bilayer normal). It is thus interesting 

to ask how stable, or unstructured, are those segments and do they play a role in the overall 

stability of the molecule, apart from possessing inter-molecular recognition properties. One 

possible approach in this direction is observing the gradual protein digestion (or 

fragmentation) by limited proteolysis ([2, 3]). The appearing protein fragments can then be 

tracked by mass spectrometry and gel electrophoresis, thus pointing to the enzyme-

accessible points on the polypeptide chain. Such data can establish the ‘protection’ value of 

the environment at the level of the transmembrane protein section (such as detergent micelle 

or lipid bilayer), it can explore the propensity of the protein loops (outside of this environment) 

to get cleaved and, finally, it can explore the susceptibility of the soluble protein domain (C-

KpOmpA) to the same enzyme digestion. Masae Sugawara, during her PhD in the lab ([4]), 

had realized preliminary experiments with the Lys-C endoprotease and she had shown that 

specific fragments may indeed be observed and identified by mass spectrometry. 

 

 

4.2. Material and methods 

 

4.2.1. Commercially available proteases used in this chapter 
 
(A) The highly purified commercial product ‘Endoproteinase Lys-C sequencing grade’ 

(Roche) is a 269 a.a. (~28 kDa) enzyme derived from Lysobacter enzymogenes and provided 

in 5-µg lyophilized stocks (stored at 4°C). Following the  manufacturer’s instructions, each 

such powder stock was resuspended in 50 µl Milli-Q water, which results in the following 

buffer: 50 mM HEPES (pH 8), 10 mM EDTA, 5 mg/ml raffinose and 0.1 mg/ml Lys-C enzyme. 
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This 50-µl stock solution was divided in 5x10-µl aliquots (each containing 1 µg of the enzyme) 

and frozen at –20°C until used. Only fresh preparat ions or first-time defrosted enzyme 

aliquots were used for each experiment. Every digestion reaction (with a single exception, 

mentioned below) was performed with N-, F- or C-KpOmpA buffer solutions of at least an 

order of magnitude larger volume compared to the used Lys-C aliquot, in order to ensure 

reaction conditions determined by the KpOmpA buffer and not by the enzyme buffer. Every 

digestion reaction was performed at a temperature not higher than 37°C, in order to avoid 

autolysis (Lys-C itself has five Lysine residues). 

(B) The Sequencing Grade Modified Trypsin (Promega) is a product with high activity, 

high specificity to C-terminal cleavages after both Lysine and Arginine residues and 

resistance to autolysis. The lyophilized powder of 20 µg Trypsin was dissolved in 200 µl of 

commercially supplied buffer (50 mM acetic acid), distributed in 10-µl aliquots (1 µg enzyme) 

and frozen at –20°C until used. Only fresh preparat ions or first-time defrosted enzyme 

aliquots were used for each experiment. 

 

4.2.2. Lys-C digestion of urea-denatured F-KpOmpA 
 
100 µl of F-KpOmpA stock solution (14.7 mg/ml in 0.1% Zwittergent 3-14 buffer, pH 8.5) 

were precipitated by adding 5.3 µl of 5M NaCl and 2 ml cold ethanol, after which the mixture 

was left for 4 hours at –20°C. Upon removal of the ethanol supernatant (5000 g, 10 min, 4°C), 

three steps of 2-ml Milli-Q water washings and centrifugations (20 000 g, 10 min, 4°C) 

removed the rest of the ethanol and separated the precipitated protein pellet, which was then 

solubilized in ~35 µl of 7M urea. The protein concentration was estimated to be 8.8 mg/ml. 

From this protein/urea solution, 22.7 µl (~200 µg F-KpOmpA) were brought up to 100 µl (2 

mg/ml F-KpOmpA) by dilution with 77.3 µl of 150 mM NaCl, which also diluted the urea down 

to 1.6M. An aliquot of 25 µl (~50 µg F-KpOmpA) was further diluted with 25 µl 150 mM NaCl 

and 10 µl of Lys-C stock solution (1 µg enzyme) were added, thus giving a 60-µl sample 

containing ~0.7M urea, 150 mM NaCl as a predominant salt component, 50 µg F-KpOmpA 

and 1 µg Lys-C (protein-to-enzyme ratio of 50:1 w/w, equivalent to ~30:1 mol/mol). The stock 

buffer of Lys-C in this experiment, by exception, was diluted only 6 times, rather than the 

usual (at least) an order of magnitude dilution, described above. The mixture was left 

overnight at 37°C. 
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4.2.3. Lys-C digestion of folded N- and F-KpOmpA 
 
For the micellar samples, 50-500 µg (indicated in text) of N- or F-KpOmpA (in 0.1% 

Zwittergent 3-14 buffer, brought to the desired protein concentration of 1-3 mg/ml) were 

directly mixed with 10 µl Lys-C stock solution (1 µg enzyme) and incubated overnight at 37°C. 

The protein-to-enzyme ratio, varying from 50:1 to 500:1 (w/w), is indicated in text. 

For the liposomes samples, 50-500 µg (indicated in text) of N- or F-KpOmpA 

reconstituted in PLE liposomes and found in 20 mM Tris (pH 8.5) were mixed with 10 µl Lys-

C stock solution (1 µg enzyme) and incubated overnight at 37°C. The lipid-to-protein ratio 

(LPR, varying from 0.5 to 5 w/w) and the protein-to-enzyme ratio (varying from 50:1 to 500:1 

w/w) are indicated in text. 

 

4.2.4. Buffer exchange and digestion of F-KpOmpA in micelles 
 
Purified F-KpOmpA in 0.1% Zwittergent 3-14 buffer was diluted (with the same buffer) 

down to a protein concentration of 1 mg/ml, distributed in 500-µl aliquots (500 µg protein in 

each) and dialyzed (12-14 kDa cutoff, SpectraPor) overnight at 4°C against 0.5L of 1 from 9 

different buffers, all of which contained 0.1% Zwittergent 3-14. Essentially, each of these 

solutions differs in its pH-value and in the concentration of NaCl, and represents a 10 mM Na-

phosphate buffer brought at the desired pH by mixing and diluting different proportions of 

0.2M NaH2PO4 and 0.2M Na2HPO4 stocks. The monitored pH did not differ with more than 

0.1 units for every buffer. The nine buffers, encoded alphabetically, are as follows (the buffers 

are also described in text): 

Buffer      NaCl  pH 

   A      0 mM  6 
   B      0 mM   7 
   C      0 mM    8 
   K  150 mM  6 
   L  150 mM   7 
   M  150 mM    8 
   X  300 mM  6 
   Y  300 mM   7 
   Z  300 mM    8 

The nine 500-µl samples were then collected, centrifuged (20 000 g, 10 min, 4°C) to 

remove eventual precipitates and the protein concentrations were measured 

spectrophotometrically. The protein concentrations differed within ~10% among the nine 

samples. Calculated small amounts of the nine buffers (from A to Z) were then added to 
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some of the corresponding samples in order to equilibrate all concentrations. At the end, 100 

µg F-KpOmpA were contained in 106 µl of buffer for each of the nine samples. 15-µl aliquots 

were then collected from each sample before subjecting it to enzyme digestion. The rest ~90 

µl of each sample (~85 µg F-KpOmpA) were mixed with 2 µl of enzyme stock solution (0.2 µg 

Lys-C), giving protein-to-enzyme ratio of about 430:1 (w/w), equivalent to ~300 F-KpOmpA 

molecules per enzyme molecule. These nine reaction mixtures were incubated in conditions 

of ‘complete digestion’ (~16 hours at 37°C). At the  end, two 15-µl aliquots were taken from 

each sample and one of them was heat-denatured (5 min, 100°C). In this way, a total of 3 

aliquots from each of the nine buffers/reaction conditions were collected. 

 

4.2.5. Buffer exchange and digestion of F-KpOmpA in liposomes 
 
Purified F-KpOmpA in 0.1% Zwittergent 3-14 buffer was used for dialysis-driven protein 

reconstitution as described in Chapter 1, with several modifications: (1) the detergent 

exchange step (from 0.1% Zwittergent 3-14 to 2% OG) was performed with 10 mM Na-

phosphate buffer at pH 8 (rather than 25 mM Tris at pH 8.5) with 100 mM NaCl. The same 

buffer, supplemented with 400 mM imidazole, was used for the elution of F-KpOmpA in 2% 

OG micelles. (2) The LPR of the ternary mixture was set to 2 (w/w), equivalent to ~100 lipid 

molecules per protein molecule. (3) The dialysis for detergent removal was performed in 3 

times of 1L 10 mM Na-phosphate buffer (pH 8) containing 100 mM NaCl, with reduction of the 

NaCl concentration down to zero in two 50-mM steps. Finally, the dialyzed liposomes were 

collected (3000 g, 5 min, 15°C) and resuspended in 0.5 ml 10 mM Na-phosphate buffer (pH 

8). The protein concentration (~4.4 mg/ml) was checked photometrically in an aliquot from the 

sample upon vesicles destruction with 10 times volume excess of 1% Zwittergent 3-14 buffer. 

The final proteoliposomes stock thus contained ~2.2 mg reconstituted F-KpOmpA at LPR of 2 

(w/w), in 10 mM Na-phosphate buffer (pH 8). 

The proteoliposomes stock was then divided into nine 25-µl aliquots (each containing 

100-110 µg F-KpOmpA) and diluted with 475 µl of one of the nine buffers, thus shifting the 

final solution composition 20 times in favor of the particular buffer (A-Z). The same 9 buffers 

(as used with the micellar samples above) were prepared, without the addition of Zwittergent 

3-14. The pH of the solutions with higher salt content (buffers X, Y and Z) was found to 

deviate with around 0.3 units from the expected values. Those buffers had their pH-values 

adjusted with small amounts of the 0.2M Na-phosphate stock solutions, until all of the nine 

buffers reached their expected pH-values within 0.1 units of difference. 
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For the enzyme digestion, 2 µl of enzyme stock solution (0.2 µg Lys-C) were added to 

each of the nine 500-µl samples (giving protein-to-enzyme ratio of ~500:1 w/w) and incubated 

overnight at 37°C with gentle shaking (to avoid gra vitational pelleting of the sample material). 

The nine digestion reactions were then centrifuged (10 000 g, 10 min, 4°C) and their 

supernatants discarded to remove the enzyme. Each proteoliposomes pellet was 

resuspended in fresh ~100 µl of its corresponding buffer. 

 

4.2.6. Digestion kinetics of N- and F-KpOmpA in different environments 
 
N- or F-KpOmpA was subjected to treatment with Lys-C as described above. The 

protein-to-enzyme ratio and the temperature of the reaction are indicated in text for each 

particular case. At certain time-points, aliquots from the reaction mixture were collected and 

either immediately added to equal volume of SDS/loading dye and boiled for 5 min (for SDS 

PAGE), or added to equal volume of 0.1% TFA / 50% AcN (1:1 v/v) and frozen at –20°C (for 

MALDI-TOF). The same procedure was applied for N- and F-KpOmpA either in micelles or in 

bilayers. 

 

4.2.7. Digestion kinetics of C-KpOmpA 
 
The C-KpOmpA protein at concentration of 1.5 mg/ml is found in 10 mM Na-phosphate 

buffer (pH 7.5) and 50 mM NaCl. 320 µl of this solution (~500 µg C-KpOmpA) were mixed 

with 10 µl of Lys-C stock (1 µg enzyme), giving protein-to-enzyme ratio of 500:1 (w/w). The 

reaction was held at 16°C. At certain time-points, aliquots from the reaction mixture were 

collected and either immediately added to equal volume of SDS/loading dye and boiled for 5 

min (for SDS PAGE), or added to equal volume of 0.1% TFA / 50% AcN (1:1 v/v) and frozen 

at –20°C (for MALDI-TOF). 

 

4.2.8. Trypsin digestion of N-, F- and C-KpOmpA 
 
Stock solutions of N-KpOmpA (1.7 mg/ml) and F-KpOmpA (1.8 mg/ml) in 0.1% 

Zwittergent 3-14 (25 mM Tris (pH 8.5), 150 mM NaCl) were diluted in the same buffer down 

to 1.5 mg/ml. A stock solution of C-KpOmpA (6.1 mg/ml) was diluted in 10 mM Na-phosphate 

buffer (pH 7.5) with 50 mM NaCl down to 1.5 mg/ml as well. 120 µg of each protein construct 

were then mixed with 6 µl Trypsin stock (0.6 µg enzyme), giving protein-to-enzyme ratio of 

200:1 (w/w). The three mixtures were left for 2.5 hours at 37°C and then aliquots were 

collected for SDS PAGE and MALDI-TOF, similarly to the previous preparations. 
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4.2.9. MALDI-TOF samples preparation and measurement 
 
Aliquots of the different digestion reactions were mixed with equal volume of a two-

component solution composed of 0.1% trifluoroacetic acid (TFA) and 50% acetonitrile (AcN) 

in 1:1 (v/v) ratio, as described above. If the sample material was considered too diluted, this 

mixture was dried under vacuum (miVac Duo Concentrator, GeneVac) and resuspended in 

10 µl of the same TFA/AcN solution. 1 µl of the sample (1-2 µg KpOmpA) was then deposited 

on a MALDI-plate and mixed with 1 µl of matrix solution (either dihydroxybenzoic acid (DHB), 

α-cyano-4-hydroxycinnamic acid (CHCA, Fluka Analytical) or 3,5-dimethoxy-4-

hydroxycinnamic acid (SPA), as indicated in text). Upon drying at room temperature, the plate 

was loaded into the vacuum chamber of the spectrometer. 

All mass spectrometry measurements were performed on a Voyager DE-STR (Applied 

Biosystems) MALDI-TOF spectrometer, using Voyager Instrument Control Panel software for 

data acquisition and Data Explorer software for data processing and analysis. The spectra 

were acquired either in linear (1-50 kDa range, 25 kV accelerating voltage, 300 ns delay time) 

or in reflectron (0.8-1 kDa range, 20 kV accelerating voltage, 240 ns delay time) mode, with 

positive ion detection and 1000 shots per spectrum in each case. Spectral calibration was 

achieved by using commercial compounds of known sizes, such as peptides mixtures (for 

reflectron mode acquisitions) or BSA (for linear mode). 

 

 

4.3. Basic concept 

  

The endoprotease Lysine-C (hereby abbreviated as Lys-C) is a sequence-specific 

proteolytic enzyme that cleaves unstructured polypeptide chains C-terminally after a Lysine 

(K) residue. The enzyme specificity of cleavage after only K-residues is quite high (~90% [5]) 

which is important if one is to analyze appearing protein fragments from a limited database of 

possibilities (explained below). The ability of Lys-C to retain its activity in the harsh 

environment of various denaturing agents (109% activity in 0.1% (w/v) SDS, 90% activity in 

1M urea, 86% activity in 4M urea) makes possible the digestion experiments at such 

conditions. 

The N-KpOmpA protein construct possesses a total of 7 Lysine residues (found in the 

barrel and loops regions) and F-KpOmpA has 18 such K-sites (found in one or the other 

domain of the molecule), as shown below. 



 

Chapter 4 (Proteolysis and MS) - 113 - 

The K-sites present on the chain of N-KpOmpA are thus 

ARIMKAIFVLNAAPKDNTWYAGGKLGWSQYHDTGFYGNGFQNNNGPTRNDQLGAG

AFGGYQVNPYLGFEMGYDWLGRMAYKGSVDNGAFKAQGVQLTAKLGYPITDDLDI

YTRLGGMVWRADSKGNYASTGVSRSEHDTGVSPVFAGGVEWAVTRDIATRLEYQW

VNNIGDAGTVGTRPDNGMLSLGVSYRFGQEDAAPVVAPAPAPAPEHHHHHH 
 

 

and the K-sites on the chain of F-KpOmpA are: 

MKATVAQAAPKDNTWYAGGKLGWSQYHDTGFYGNGFQNNNGPTRNDQLGAGAFGG

YQVNPYLGFEMGYDWLGRMAYKGSVDNGAFKAQGVQLTAKLGYPITDDLDIYTRL

GGMVWRADSKGNYASTGVSRSEHDTGVSPVFAGGVEWAVTRDIATRLEYQWVNNI

GDAGTVGTRPDNGMLSLGVSYRFGQEDAAPVVAPAPAPAPEVATKHFTLKSDVLF

NFNKATLKPEGQQALDQLYTQLSNMDPKDGSAVVLGYTDRIGSEAYNQQLSEKRA

QSVVDYLVAKGIPAGKISARGMGESTPVTGNTCDNVKARAALIDCLAPDRRVEIE

VKGYKEVVTQPAALELVPRGSVEHHHHHH 

 

 

In each case above, the Lysine residues (K) are indicated with bold and underlined 

letters, while the eight β-sheets (according to the solution state NMR structure [1]) are in 

black boxes and the four extracellular loops are in red characters. Since a structure of the C-

terminal domain is not available, the positions of the Lysine residues as a function of the 

secondary structure elements in that domain are unknown. Fig. 4.1  shows the positions of 

the K-sites on the membrane topology map of N-KpOmpA, as determined from the structure 

elucidation by NMR. For N-KpOmpA (as well as for the barrel region of F-kpOmpA) there are 

two Lysine residues found in the first and in the fourth β-sheets, respectively. These two K-

sites are termed ‘protected’, because they belong to the hydrophobic section of the molecule 

and are normally found in micellar or bilayer surrounding, which leaves them inaccessible for 

the enzyme. All other K-sites are considered potential targets for Lys-C, since they belong 

either to the surface-exposed areas of the barrel, or to the C-terminal domain with unknown 

topology. Theoretically, if N-KpOmpA is digested by the enzyme to the maximal possible level 

(i.e. every one of the seven K-sites is cleaved), this will separate the protein chain into 8 

fragments (named from N1 to N8) with different masses, as sequentially listed below (for 

clarity, the initial residues of the longest fragments are omitted): 
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Fragment ( N-KpOmpA)   amino acids    M.W.[Da] 

 N1. ARIMK        5    617.80 

 N2. AIFVLNAAP K     10   1043.26 

 N3. DNTWYAGGK      9   1011.06 

 N4. ...VNPYLGFEMGYDWLGRMAYK   57   6402.94 

 N5. GSVDNGAFK      9    893.95 

 N6. AQGVQLTA K      9    915.05 

 N7. LGYPITDDLDIYTRLGGMVWRADSK  25   2856.24 

 N8. ...FGQEDAAPVVAPAPAPAPEHHHHHH  92   9755.58 

TOTAL SUMMED M.W. = 23496 - 7x H 2O = 23370 Da (intact chain). 

 
 

 
 

Fig. 4.1. Topology map of N-kpOmpA in DHPC micelles according to the solution state NMR data [1]. 
The approximate limits of the outer membrane, the four extracellular loops (L1-4) and the three 
periplasmic turns (T1-3) are indicated. Residues in squares are found in the β-barrel and those in 
circles - in the more flexible parts of the molecule. The first and the last amino acid in each β-sheet are 
numerated (black numbers). The Lysine residues are indicated with red background and numerated 
(red numbers) according to the putative fragment which ends with the respective K-site. Together with 
the Lysines, the Arginines (blue background) represent targets for Trypsin. Following a simplified 
adaptation of Fig. 6  from Chapter 3, residues in the loops/turns areas that exhibit restricted mobility 
monitored by conformational exchange and those characterized by intermediate 1H-15N NOEs of 0.6 
±0.1 are encircled in orange. 



 

Chapter 4 (Proteolysis and MS) - 115 - 

Respectively, complete digestion of F-KpOmpA will produce a total of 19 such 

fragments (named from F1 to F19): 

 

Fragment ( F-KpOmpA)   amino acids    M.W.[Da] 

 F1. M K       2    277.38 

 F2. ATVAQAAP K      9    855.99 

 F3. DNTWYAGGK      9   1011.06 

 F4. ...VNPYLGFEMGYDWLGRMAYK   57   6402.94 

 F5. GSVDNGAF K      9    893.95 

 F6. AQGVQLTA K      9    915.05 

 F7. LGYPITDDLDIYTRLGGMVWRADSK  25   2856.24 

 F8. ...FGQEDAAPVVAPAPAPAPEVAT K  90   9332.23 

 F9. HFTLK        5    644.78 

F10. SDVLFNFN K      9   1083.21 

F11. ATL K       4    431.53 

F12. PEGQQALDQLYTQLSNMDPK   20   2276.50 

F13. DGSAVVLGYTDRIGSEAYNQQLSEK  25   2700.89 

F14. RAQSVVDYLVAK     12   1348.56 

F15. GIPAGK        6    541.65 

F16. ISARGMGESTPVTGNTCDNVK   21   2137.36 

F17. ARAALIDCLAPDRRVEIEVK   20   2238.63 

F18. GY K       3    366.42 

F19. EVVTQPAALELVPRGSVEHHHHHH   24   2716.99 

TOTAL SUMMED M.W. = 39031 - 18x H 2O = 38707 Da (intact chain). 

 
 

As in the case of N-KpOmpA (23 370 Da) shown previously, fragments 1-8 of F-

KpOmpA also compose the β-barrel (in this case the barrel is 22 419 Da) with some 

differences found in N1/F1 and N2/F2 (different initial sequence in each construct), and in 

N8/F8 (different composition of the flexible hinge region, which in the case of F-KpOmpA 

does not end with a His-tag but continues towards the C-terminal domain). Fragments 3-7, 

however, are identical for the two constructs. Fragments 9-19 in F-KpOmpA compose its C-

terminal domain (16 306 Da). For the sake of clarity and due to the fact that the two protein 

constructs would have different numbering in essentially the same amino acids (i.e. W19 in 

N-KpOmpA is the same as W15 in F-KpOmpA), we will now numerate only the Lysine 

residues in the order of their appearance on the polypeptide chain. For instance, the end of 
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the first fragment (either N1 or F1) will be marked as K1, while the end of the second 

fragment (N2 or F2) will be K2, etc. This nomenclature was used on Fig. 4.1  as well. 

Note that the masses of several fragments (particularly in the more complex case of F-

KpOmpA) are quite close to each other, which can obstruct the data analysis at a later point. 

However, several other fragments are of larger sizes and are easily distinguished from the 

rest. Such fragments are N4/F4 which is bordered by one ‘protected’ Lysine (K3) and N8/F8 

which is the sole individual fragment with such notably large size. These can serve as 

‘reference points’ during the mass spectroscopy measurements. 

Nevertheless, an incomplete enzyme digestion (for example, when certain K-sites are 

‘protected’) will produce not only individual fragments, but also a variety of sequential 

combinations of these fragments. Therefore one needs to consider all possible such 

combinations, which can later be found (or not) on the spectra. Complete sets of these 

theoretical combinations (as well as the sizes of the individual fragments) are shown for N- 

and F-kpOmpA on Table 4.1  and Table 4.2, respectively. 
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Table 4.1. N-KpOmpA  - all possible fragment combinations after Lys-C digestion. 

Start N1 Start N2 Start N3 Start N4 Start N5 Start N6 Start N7 Start N8 

Frag M.W. Frag M.W. Frag M.W. Frag M.W. Frag M.W. Frag M.W. Frag M.W. Frag M.W. 

N1-2 1643                             
N1-3 2636 N2-3 2036                         
N1-4 9021 N2-4 8421 N3-4 7396                     
N1-5 9897 N2-5 9297 N3-5 8272 N4-5 7279                 
N1-6 10794 N2-6 10265 N3-6 9169 N4-6 8176 N5-6 1791             
N1-7 13632 N2-7 13032 N3-7 12007 N4-7 11014 N5-7 4629 N6-7 3753         
N1-8 23370 N2-8 22770 N3-8 21745 N4-8 20752 N5-8 14367 N6-8 13491 N7-8 12594     

N1 = 618 N2 = 1043 N3 = 1011 N4 = 6403 N5 = 894 N6 = 915 N7 = 2856 N8 = 9756 

 

 

‘Frag ’ denotes the combination of fragments (ex. N1-2, N1-3, etc.) from the chain, starting from (and including) a given 

fragment (ex. N1). 

‘Start ’ denotes the number of the starting fragment (ex. N1, N2, etc.), after which the weights of all combinations are 

estimated. 

‘M.W.’ denotes the molecular weight (in Daltons) of each combination of fragments. 

The sizes of the individual fragments (shaded in grey) are shown at the bottom. 
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Table 4.2. F-KpOmpA  - all possible fragment combinations after Lys-C digestion (the indications are as in Table 4.1). 

Start F1 Start F2 Start F3 Start F4 Start F5 Start F6 Start F7 Start F8 Start F9 
Frag M.W. Frag M.W. Frag M.W. Frag M.W. Frag M.W. Frag M.W. Frag M.W. Frag M.W. Frag M.W. 

F1-2 1115                                 
F1-3 2108 F2-3 1849                             
F1-4 8493 F2-4 8234 F3-4 7396                         
F1-5 9369 F2-5 9110 F3-5 8272 F4-5 7279                     
F1-6 10266 F2-6 10007 F3-6 9169 F4-6 8176 F5-6 1791                 
F1-7 13105 F2-7 12845 F3-7 12007 F4-7 11014 F5-7 4629 F6-7 3753             
F1-8 22419 F2-8 22159 F3-8 21321 F4-8 20328 F5-8 13943 F6-8 13068 F7-8 12170         
F1-9 23046 F2-9 22786 F3-9 21948 F4-9 20955 F5-9 14570 F6-9 13694 F7-9 12797 F8-9 9959     
F1-10 24111 F2-10 23851 F3-10 23013 F4-10 22020 F5-10 15635 F6-10 14760 F7-10 13862 F8-10 11024 F9-10 1710 
F1-11 24524 F2-11 24265 F3-11 23427 F4-11 22434 F5-11 16049 F6-11 15173 F7-11 14276 F8-11 11438 F9-11 2124 
F1-12 26783 F2-12 26523 F3-12 25685 F4-12 24692 F5-12 18307 F6-12 17432 F7-12 16534 F8-12 13696 F9-12 4382 
F1-13 29466 F2-13 29206 F3-13 28368 F4-13 27375 F5-13 20990 F6-13 20114 F7-13 19217 F8-13 16379 F9-13 7065 
F1-14 30796 F2-14 30537 F3-14 29699 F4-14 28706 F5-14 22321 F6-14 21445 F7-14 20548 F8-14 17710 F9-14 8395 
F1-15 31320 F2-15 31061 F3-15 30223 F4-15 29230 F5-15 22845 F6-15 21969 F7-15 21072 F8-15 18233 F9-15 8919 
F1-16 33439 F2-16 33180 F3-16 32342 F4-16 31349 F5-16 24964 F6-16 24088 F7-16 23191 F8-16 20353 F9-16 11038 
F1-17 35660 F2-17 35401 F3-17 34563 F4-17 33570 F5-17 27185 F6-17 26309 F7-17 25412 F8-17 22573 F9-17 13259 
F1-18 36008 F2-18 35749 F3-18 34911 F4-18 33918 F5-18 27533 F6-18 26657 F7-18 25760 F8-18 22922 F9-18 13608 
F1-19 38707 F2-19 38448 F3-19 37610 F4-19 36617 F5-19 30232 F6-19 29356 F7-19 28459 F8-19 25621 F9-19 16307 
F1 = 277 F2 = 856 F3 = 1011 F4 = 6403 F5 = 894 F6 = 915 F7 = 2856 F8 = 9332 F9 = 645 
Start F10 Start F11 Start F12 Start F13 Start F14 Start F15 Start F16 Start F17 Start F18 
Frag M.W. Frag M.W. Frag M.W. Frag M.W. Frag M.W. Frag M.W. Frag M.W. Frag M.W. Frag M.W. 

F10-11 1497                                 
F10-12 3755 F11-12 2690                             
F10-13 6438 F11-13 5373 F12-13 4959                         
F10-14 7769 F11-14 6703 F12-14 6290 F13-14 4031                     
F10-15 8292 F11-15 7227 F12-15 6814 F13-15 4555 F14-15 1872                 
F10-16 10412 F11-16 9346 F12-16 8933 F13-16 6674 F14-16 3992 F15-16 2661             
F10-17 12632 F11-17 11567 F12-17 11154 F13-17 8895 F14-17 6212 F15-17 4882 F16-17 4358         
F10-18 12981 F11-18 11916 F12-18 11502 F13-18 9244 F14-18 6561 F15-18 5230 F16-18 4706 F17-18 2587     
F10-19 15680 F11-19 14615 F12-19 14201 F13-19 11943 F14-19 9260 F15-19 7929 F16-19 7405 F17-19 5286 F18-19 3065 
F10 = 1083 F11 = 432 F12 = 2277 F13 = 2700 F14 = 1349 F15 = 542 F16 = 2137 F17 = 2239 F18 = 366 
                F19 = 2717 
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As a starting point (and before initiating the enzyme digestion experiments), the 

visualization of the two protein constructs in different environments was tested by MALDI-

TOF. Fig. 4.2 shows spectra of N- and F-KpOmpA in Zwittergent 3-14 micelles or 

reconstituted in E. coli Polar Lipids Extract (PLE) bilayers. 

 

 
 

Fig. 4.2. MALDI-TOF spectra (acquired in linear mode) of different KpOmpA preparations. (A) N-
KpOmpA spectrum (matrix: SPA) in 0.1% Zwittergent 3-14 micelles exhibiting the protein peak at the 
expected molecular weight and a ‘double ion’ peak with twice smaller mass-to-charge ratio. (B) F-
KpOmpA spectrum (matrix: SPA) in 0.1% Zwittergent 3-14 showing the protein at 38 719 Da and a 
‘double ion’ peak with twice smaller size. (C) F-KpOmpA spectrum (matrix: CHCA) of the protein 
reconstituted in PLE liposomes, exhibiting similar values as in (B). 

 

The measured values are slightly different than the theoretically calculated ones due to 

the lower accuracy of the MALDI-TOF linear measurement mode. Significantly higher 

resolution can be obtained by using the reflectron mode of the spectrometer, as exemplified 

on Fig. 4.3 . In this case, only the detergent buffer of 1% Zwittergent 3-14 (25 mM Tris (pH 

8.5), 150 mM NaCl) was measured in the range of small molecular weights. It is noticeable 

the large amount of signals (Fig. 4.3A ) emanating from the simple mixture of the detergent 

buffer and the matrix (in this case - dihydroxybenzoic acid, DHB). Some of this variance is 

produced by the very same chemical compounds, detected as their sodium salts and/or as a 

function of their isotopic distribution. For instance, the peak of the Zwittergent 3-14 molecules 

(M.W. 363.6) is identified on Fig. 4.3A  and a zoom-in on that area (on Fig. 4.3B ) shows 

another signal from the detergent, but shifted with the mass of one sodium atom (~22 Da). 

Further zoom-in into the main detergent peak (Fig. 4.3C ) reveals the 1-Da differences among 

the isotopic distributions of the atoms which compose the Zwittergent 3-14 molecule. 
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Fig. 4.3.  Reflectron mode spectrum (matrix: DHB) of 1% Zwittergent 3-14 buffer (25 mM Tris (pH 8.5), 
150 mM NaCl). (A), (B) and (C) are three subsequent zooms on the indicated encircled areas. The 
main detergent peak (364 Da, shown on (C)) is denoted with an asterisk on (A). 

 

 

It is thus clear that adding protein fragments to such a sample and acquiring under 

reflectron mode will produce heavily overcrowded spectra, turning its great resolution into a 

double-edged knife. On the other hand, the sizes of the observed protein fragments and 

combinations of fragments will often expand beyond the instrumental range of the reflectron 

mode (up to ~10 kDa). Therefore the linear mode was used for the most of the MALDI-TOF 

measurements throughout this chapter, with some complementary acquisitions in reflectron 

mode when that was necessary and appropriate. One possibility to reduce the overcrowding 

of the spectra is to subject the digested protein sample to a chromatography in a reversed 

phase column, in order to remove the detergent/lipids prior to the measurement. However, as 

it is shown further down this chapter, very often the protein was subjected to incomplete 

digestion (particularly during the digestion kinetics experiments) which left large population of 

full-size molecules (or protein domains) that appeared to be difficult to elute from such 

columns by the acetonitrile (AcN) solution. Considering the non-quantitative nature of the 

MALDI-TOF, one such additional scrambling with the total amount of eluted material (and the 

proportions of the different protein fragments) interfered heavily with the observable signals, 

sometimes to the extent of complete disappearance of certain fragments from the spectra 

(data not shown). This type of sample treatment was therefore avoided and all samples were 

prepared as described in Material and methods. 

The non-quantitative nature of the MALDI-TOF arises most prominently from the fact 

that the different proteins or protein fragments have different excitation maxima as a function 

of the laser power. For this reason, an attempt was made for each measurement to visualize 

as many components of the sample as possible, by slowly modifying the laser power 
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throughout the 1000 shots of acquisition. Using such a ‘sweep mode’ did not, of course, 

provide quantitative value to the measurement, but only aimed to qualitatively detect the 

maximal number of protein fragments contained in the sample. In addition to the laser power, 

the type of utilized matrix can also influence the measurement by preferentially visualizing 

certain fragments at the expense of others. An effort was made for each sample to be 

measured in at least two matrix environments (usually SPA and CHCA, in the majority of the 

cases), with subsequent presentation of the stronger signals for any given protein fragment or 

combination of fragments. 

Since the Lys-C enzyme is highly active (particularly at reaction temperature of 37°C), 

the fragmentation of the protein chain usually happened within minutes or 1 hour. In general, 

longer reaction times often lead to complete degradation of the digested protein down to its 

individual fragments, thus masking the sequential steps of cleavage and preventing the 

observation of the protein digestion as a function of time, i.e. the kinetics of the digestion. 

This type of experiments is discussed separately in this chapter. The next section analyzes 

the KpOmpA digestion after long times at high temperature, allowing maximal fragmentation 

of the polypeptide chain. These can be described as conditions of ‘complete digestion’ of the 

protein. Since Lys-C is an enzyme with high specificity for Lysine residues, the smallest 

protein pieces that can be produced in this way are the individual fragments described above. 

These fragments, regardless of their variation in size, are the ‘building blocks’ of the protein 

chain in the context of the digestion experiments. Larger protein segments (containing more 

than one fragment) found at the end of the ‘complete digestion’ process can be considered as 

‘infinitely stable’ (if present at all). With other words, the inability of the enzyme to cleave 

certain K-sites for one reason or another can be monitored at such reaction conditions. This 

is useful in the case of folded membrane proteins, whose hydrophobic core is embedded 

within the detergent micelle or lipid bilayer - environments that physically obstruct the access 

of the enzyme to some sections of the protein, while still allowing access to others (Fig. 4.1 ). 
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4.4. Complete enzyme digestion of KpOmpA with Lys-C 

 

4.4.1. Digestion of urea-denatured F-KpOmpA 
 
Before analyzing the enzyme cleavage on KpOmpA in different hydrophobic 

environments, the protein was subjected to ‘complete digestion’ in its denatured form in order 

to probe the visualization of all individual fragments. F-KpOmpA was urea-denatured and 

subjected to digestion as described in Material and methods. As seen on Fig. 4.4, the 

majority of the individual fragments could be tracked down and nearly complete 

reconstruction of the protein chain could be established (Table 4.3 ). Interestingly, despite of 

the long reaction time and high temperature, the enzyme did not manage to cleave certain K-

sites even on a completely denatured protein chain. Fragments F11, 12 and 13 were not 

observed alone but in combination, and the same was sometimes observed for fragments 

F16 and 17. A possible explanation for this may be found in a work investigating statistically 

large databases of produced protein fragments after digestion with the Lys-C enzyme [5]. Of 

note, the authors point out that certain amino acids combination on the chain, found in close 

proximity to the K-site, may affect the cleavage capacity of the enzyme. For instance, protein 

fragments (ending with a given K-site) are very rarely observed when there is a Proline or 

Glutamate residue immediately after the targeted Lysine (position +1). Similar is the outcome 

when there is a Glutamate or Aspartate residue at position +2 after the Lysine. 
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Fig. 4.4. Complete digestion of unfolded F-KpOmpA in ~0.7M urea and tracking of the individual 
fragments. Each fragment (FX) or combination of fragments is indicated on the corresponding 
truncated spectrum. Compare with Table 4.3 on the next page. 
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Table 4.3. Details related to the tracking of the individual F-KpOmpA fragments presented on Fig. 4.4 . 
The individual fragments are listed in the first column, while the second column denotes their 
calculated (i.e. expected) molecular weights (M.W.theor). The third column presents the measured 
mass-to-charge ratios (M.W.meas), if available. ND stands for ‘not detected’. Note that some fragments 
(in bold letters) are often found in combinations (as shown at the bottom of the table), regardless of the 
denatured state of the protein during the digestion. The column ‘Mode’ denotes if the fragment was 
detected during acquisition in linear (L) or in reflectron (R) mode. 
 

Fragment M.W. theor  M.W.meas Mode 

F1 277 ND ---- 

F2 856 857 R 

F3 1011 1012 R 

F4 6403 6383 L 

F5 894 895 R 

F6 915 916 R 

F7 2856 2856 R 

F8 9332 9374 L 

F9 645 ND ---- 

F10 1083 1083 R 

F11 432 ND ---- 

F12 2277 ND alone ---- 

F13 2700 ND alone ---- 

F14 1349 1349 R 

F15 542 ND ---- 

F16 2137 ND alone ---- 

F17 2239 ND alone ---- 

F18 366 ND ---- 

F19 2717 2717 R 

F11-13 5373 5386 L 

F16-17 4358 4372 L 

 

A close inspection on the F-KpOmpA chain in the area surrounding K11, K12 and K16 

(which are the borders between fragments F11/12, F12/13 and F16/17, respectively) reveals 

the presence of such unfavorable (for enzyme cleavage) combinations, as shown below: 

 

Lysine   Border       Surroundings 

K11   F11/12       ATLKPEGQ 

K12   F12/13   …SNMDPKDGSA 

K16   F16/17   …NTCDNVKARAA 
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The fragments-bordering K-sites are denoted with bold and underlined letters, while 

amino acids that obstruct the enzyme cleavage when present in a particular position are 

denoted in black boxes. The presence of Proline immediately after K11 is particularly 

unfavorable for a Lys-C cleavage, even if this segment is physically exposed to the enzyme. 

The case of K12 is not so restrictive [5], but still fragment F13 is rarely observed (if at all). 

Surprisingly, the surroundings of K16 should not interfere heavily with a digestion at that 

point. This may represent a new ‘forbidden for cleavage’ site for the Lys-C enzyme in the 

presence of urea, or the explanation lies elsewhere. Of note, digestion of the folded C-

KpOmpA construct with Lys-C (described further down this chapter) managed to cleave 

efficiently this K-site. 

 

4.4.2. Digestion of N- and F-KpOmpA in detergent micelles 
 
With the signals of the individual fragments established, the digested experiments can 

be performed on folded protein in order to compare the cleavage patterns of folded and 

unfolded polypeptides in conditions of ‘complete digestion’. As seen on Fig. 4.1 , the 

hydrophobic environment (micelle or bilayer) surrounding the barrel core of the protein should 

protect some of the Lysine residues by denying access to the enzyme. Such residues are K3 

and K6 (bordering fragments 3/4 and 6/7, respectively), while all others K-sites are 

considered potentially cleavable targets. As observed during the denatured protein digestion, 

K3 and K4 are also cleavable points, provided that Lys-C has access to unfolded chain in 

these areas. Therefore, in this nomenclature, K-sites like K11 are termed ‘forbidden’ (Lys-C 

does not cleave them even if it has access to them), while K-sites like K3 are termed 

‘protected’ (cleavable by Lys-C, but only if reached). In particular, the potentially cleavable K-

sites found on the extracellular loops of KpOmpA (K4, K5 and K7, Fig. 4.1) can be thus 

analyzed in terms of enzyme accessibility and the related to that mobility of the loops area. 

Fig. 4.5  compares linear mode spectra of the two digested KpOmpA constructs in their 

folded state with the previously discussed digestion of denatured F-KpOmpA (in 0.7M urea). 

The signal of Peak 1 on each spectrum corresponds to fragment No. 4 which is bordered by 

one ‘protected’ Lysine residue (K3) found in the first β-sheet of the barrel. This fragment is 

with identical size in the two protein constructs (F4 = N4 = 6403 Da). The presence of F4 

alone on Fig. 4.5A  (unfolded F-KpOmpA) is indicative for missing protection (i.e. exposure) of 

the protein chain to the Lys-C, as expected. The properly folded β-barrel will keep K3 hidden 

in the micelle, but it will expose the previous K2 (N-terminus) and the following K4 (Loop 2) to 

the enzyme, thus producing the combination of fragments F3-4. In fact, K2 itself falls to a 
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certain extent into the ‘forbidden for cleavage’ category, because this Lysine is bordered by 

Proline and Aspartate residues - a situation that does not favor cleavage by Lys-C [5]. Since 

F2 was detected in the urea-denatured sample, perhaps not only the amino acids 

composition of the chain but also the presence of the detergent micelle in close proximity to 

K2 further enhances the miss-cleavage of that K-site. Hence the actually observed ‘protected’ 

combination of fragments in the micellar sample is F2-4, which is detected only in the case of 

folded protein (Peak 2 on Fig. 4.5B , missing on A). It should be noted that F4 alone is also 

detected in the micellar sample. It is likely that small fraction of the protein population looses 

the fold of the β-barrel and becomes susceptible to digestion, especially after ~16 hours at 

37°C during the reaction incubation. The amount of this fraction can not be estimated with 

these experiments since quantitative values can not be attributed to the MALDI-TOF. It is 

thus possible that the method preferentially visualizes this subpopulation. For the moment it 

can only be mentioned that the combination F2-4 is found exclusively in the micellar sample 

and not in the urea-denatured one, which provides a way to distinguish between these two 

states. The same conclusions apply for the digestion of the transmembrane domain alone, N-

KpOmpA, shown on Fig. 4.5C . The third signal described on Fig. 4.5 (Peak 3) belongs to 

fragment No. 8 (F8 or N8). F8/N8 is used as a good reference point since it is the largest 

individual fragment (>9000 Da) and it is bordered by two potentially cleavable Lysine residues 

(in F-KpOmpA) or only one such residue (in N-KpOmpA), i.e. this fragment can always be 

observed, regardless of the sample particularities. Of note, the sizes of F8 and N8 are slightly 

different, as are those of F2 and N2. This is reflected as a visible difference between the peak 

positions of F2-4 and N2-4, and between these of F8 and N8 on Fig. 4.5 B  and C, 

respectively (compare the values presented to the right of each spectrum). Such a small (but 

detectable) ‘shift’ of these peaks further confirms that they were correctly assigned and points 

out their suitability to serve as reference signals. 
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Fig. 4.5. Comparison of the digestion patterns of folded and unfolded KpOmpA on three spectra 
acquired in linear mode. In each case, the protein-to-enzyme ratio is 50:1 (w/w). (A) Denatured F-
KpOmpA digested in 0.7M urea. (B) Folded F-KpOmpA digested in 0.1% Zwittergent 3-14. (C) Folded 
N-KpOmpA digested in 0.1% Zwittergent 3-14. 
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4.4.3. Digestion of N- and F-KpOmpA in liposomes 
 
Up to this point, the micellar KpOmpA preparations were analyzed and the ‘protective 

effect’ of the detergent micelle was visualized. The presence of both F4 (alone or in the F2-4 

combination) and F8 pointed out that K4 and K7 (found in the loops area of the β-barrel) are 

subjected (at least to a certain extent) to enzyme cleavage, as expected. However, K5 (on 

Loop 2) was not found to be digested, which often produced the combination F5-7 (data not 

shown). In this combination, K6 itself is ‘protected’ since it belongs to the fourth β-sheet (Fig. 

4.1). In micelles, the very close proximity of K5 to the structured barrel core is presumably the 

reason for the miss-cleavage at that point. This brings the question whether the cleavage 

pattern (of the protein in general and of the loops in particular) will remain the same when the 

protein is digested after reconstitution in liposomes - a different environment that can provide 

different constraints on the extracellular loops. For this reason, dialysis-driven reconstitution 

of N- and F-KpOmpA in Polar Lipids Extract (PLE) was performed as described in Chapter 1. 

The digestion experiments of these samples are described in Material and methods, with the 

lipid-to-protein ratios (LPR) indicated in text for the individual samples. 

Fig. 4.6 shows the resulting linear mode spectra for N- and F-KpOmpA digested at 

protein-to-enzyme ratio of 50:1 (w/w). Cleavages on Lysine sites K4 and K7 were again 

detected, suggesting that the extracellular loops of the proteins are still (at least partially) 

accessible to the enzyme. Surprisingly, in both cases of reconstituted proteins the signals 

from fragment No. 4 (lack of protection on K3) were clearly distinguished, while these 

indicating combinations of fragments 2-4 were greatly reduced. With other words, the 

cleavage patterns of the reconstituted proteins resembled more closely those from the 

digestion of the denatured protein (in 0.7M urea), rather than the expected similarity with the 

micellar samples. Weaker signals attributed to the nearly complete transmembrane domains 

(N2-8 and F2-8) were also detected at higher molecular weights. Interestingly, similar results 

were obtained previously with another KpOmpA construct ([4]). The outcome of the 

proteoliposomes digestion presented above was thus not new, and yet it was unexpected 

since the protein reconstitution was considered successful, as described in Chapter 1. 

Nevertheless, the same outcome was systematically observed for both N- and F-KpOmpA 

and at different LPRs as well (data not shown). The possible explanation for this is twofold: (i) 

The reconstitution of the protein is perhaps not 100% efficient which traps certain (albeit 

rather small) protein population outside the membranes, leaving these molecules vulnerable 

to enzyme digestion. (ii) The MALDI-TOF is not a quantitative method and may, under certain 

conditions, preferentially visualize a population in the sample which is not the main one. 
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Since the experimental interest up to this point was mostly focused in observing the protein 

fragments in the range of 1 to 10 kDa, the laser power was manually adjusted throughout 

each measurement for maximal appearance of those signals, eventually leaving the intact 

barrel (which is with larger molecular weight) nearly invisible (Fig. 4.6 A and B , the spectra 

on the right). The abovementioned considerations thus raise the question for the true state of 

the majority of the protein population and what is the large-scale response of this population 

(in general) and the extracellular loops (in particular) to the enzyme treatment. To answer 

these questions one needs to couple the non-quantitative (but sensitive) mass spectrometry 

with another, bulk-sample representative method. 

 

 

 
 

Fig. 4.6. Complete digestion of N- and F-KpOmpA reconstituted in PLE lipid bilayers at LPR of 0.5 
(w/w). For the two cases, the protein-to-enzyme ratio is 50:1 (w/w). (A) Digestion of N-KpOmpA 
exhibiting the main reference peaks as indicated (left spectrum; matrix: SPA) and the nearly entire 
barrel section of the molecule (right spectrum; matrix: CHCA). (B) Digestion of F-KpOmpA exhibiting 
the main reference peaks as indicated (left spectrum; matrix: SPA) and the nearly entire barrel section 
of the molecule (right spectrum; matrix: CHCA). The measured weights (m/z) are indicated next to 
each peak and the theoretical ones - on the right side of the figure. 
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Fig. 4.7  shows SDS PAGE image of aliquots of 3-5 µg protein from each of the 

digestion experiments described previously. Unlike the MALDI-TOF aliquots that were mixed 

with TFA/AcN solution, these aliquots (from the same reaction mixtures) were added to the 

SDS-containing loading dye as a preparative step before the gel electrophoresis. As 

expected, the urea-denatured F-KpOmpA (lane 1) was completely digested by Lys-C during 

the reaction time. In contrast, the micelle-embedded protein (either N- or F-KpOmpA) did not 

disappear entirely even after an overnight incubation with the enzyme (lanes 2-5). For both N- 

and F-KpOmpA, their β-barrel domains are found at the end of the respective reactions. In 

the case of N-KpOmpA, the entire molecule virtually consists of the β-barrel, while F-

KpOmpA initially contains in addition the C-terminal domain. 

 
 

 
 

Fig. 4.7. SDS PAGE gel of aliquots from the digestion reactions described in text: lane 1 - urea-
denatured F-KpOmpA; lanes 2 and 3 - N-KpOmpA in Zwittergent 3-14 micelles; lanes 4 and 5 - F-
KpOmpA in Zwittergent 3-14 micelles; lane 6 - N-KpOmpA reconstituted in PLE (LPR 0.5 w/w); lanes 7 
and 8 - F-KpOmpA reconstituted in PLE (LPR 0.5 w/w). M - marker ladder. The letter ‘B’ (on lanes 3, 5, 
6 and 8) denotes that the aliquot was heated for 5 min at 100°C. All digestion reactions were 
performed at 37°C for ~16 hours, with protein-to-en zyme ratio of 50:1 (w/w). 
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a well known feature of the β-barrel proteins [6]. It should be noted at this point that eventual 

cleavage in the extracellular loops area of the barrel can remain ‘invisible’ in the SDS PAGE 

gel, because the folded barrel core structure will still migrate as an intact molecule (lanes 2 

and 4). However, if the aliquot is heat-denatured, any such chemical interruption of the 

polypeptide chain should be visualized as disappearance of the full-length protein band and 

its substitution by at least two other bands of smaller sizes. Since this is not observed (lanes 

3 and 5), the remaining conclusion is that the protein loops avoid enzyme cleavage on a large 

scale, although some minor protein population is subjected to digestion, occurring 

predominantly on Lysines K1, K4 and K7 (Fig. 4.5). 

Similar is the outcome from the digestion reactions with reconstituted N- and F-

KpOmpA (Fig. 4.7 , lanes 6-8). Again, the β-barrels of both protein constructs remain largely 

intact and again, cleavage on the loops is not observed. A notable difference is the presence 

of two bands in the gel aliquots of the reconstituted F-kpOmpA (lanes 7 and 8). The smaller 

fragment corresponds to the barrel core of the molecule and the larger one - to the entire 

polypeptide chain (the presence of the β-barrel in both bands is confirmed by their migrational 

shift after boiling of the aliquot - lane 8). The reason for this observation is found in the 

conditions for protein reconstitution. Since the procedure relies on dialysis-driven detergent 

removal from the mixed protein / detergent / lipid micelles and the formation of lipid bilayers 

entrapping the protein, it is expected that the positioning of the protein molecules in the newly 

formed membranes is random. The absence of preferred oriented insertion leaves about one 

 

 
 

Fig. 4.8. Schematic representation of the enzyme accessibility to the soluble C-terminal domain 
(orange color) of F-KpOmpA. In detergent micelles (left side), that domain will always be vulnerable to 
enzyme digestion, but when the protein is reconstituted in liposomes (right side) around one half of the 
C-terminal domains will remain protected in the vesicle lumen. 
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half of the protein population with the loops facing the outside of the vesicles, while the other 

half points those inwards. Respectively, about one half of the C-terminal domains will remain 

protected in the liposome’s lumen, while the other half will be exposed to the external 

environment and therefore to the Lys-C enzyme (Fig. 4.8 ). Of note, the extracellular loops 

avoid enzyme cleavage when the proteins are reconstituted in PLE (even when the loops 

point towards the vesicle exterior), similarly to the micellar samples. Another aspect of 

similarities between these two kinds of samples is the complete digestion of the C-terminal 

domain, if it is accessible to the enzyme. 

It was thus shown that the majority of the protein populations, for both N- and F-

KpOmpA and for both the micelle and bilayer environments remain largely intact after 

treatment with Lys-C, with well preserved loops regions and vulnerable C-terminal domains. 

The complete disappearance of the soluble C-terminal domain (when exposed to the Lys-C) 

is somewhat expected in the conditions of ‘complete digestion’ (~16 hours at 37°C). On the 

other hand, the ability of the micelle- or lipids-protected barrel core of KpOmpA to resist 

cleavage even at such longer times is perhaps not surprising as well, albeit formidable in 

terms of protein/micelle stability. However, the lack of a large scale cleavage in the loops 

region of the β-barrel, even if the mass spectrometry clearly suggests a small scale digestion 

of that area, is rather intriguing. It appears that Lysine sites K4, K5 and K7 are not prone to 

fragmentation, presumably due to inaccessibility of the enzyme. 

 

4.4.4. Influence of pH and ionic strength on the F-KpOmpA digestion 
 
The digestion experiments described so far were each performed in a single buffer 

condition - either the 0.1% Zwittergent 3-14 solution (25 mM Tris (pH 8.5), 150 mM NaCl) of 

the micellar protein stocks, or the 20 mM Tris (pH 8.5) of the proteoliposomes preparations. 

Since the mobility of the extracellular loops (and their enzyme digestion as a function of that) 

may be influenced by the reaction conditions, it is interesting to probe the protein vulnerability 

to Lys-C in different buffers, such as varying in salt concentration and acidity. Aliquots of F-

KpOmpA in micelles had their buffer environment exchanged to 1 from 9 different Na-

phosphate buffers, as described in Material and methods. The reason for substituting the so-

far used Tris is based on the more flexible pH-range obtainable with the Na-phosphate 

buffers (especially below pH of 7). In this way the chemical nature of the buffering compound 

itself is eliminated as a variable parameter, leaving that function only to the pH-value and the 

NaCl concentration. For the same reason, the pH was not adjusted with external compounds 

(such as HCl or NaOH) after the addition of NaCl and Zwittergent 3-14 powders. The 
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monitored pH did not differ with more than 0.1 units for every buffer. For simplicity, these 9 

different buffers are encoded in ‘smaller alphabetic steps’ as a function of their pH and in 

‘larger alphabetic steps’ as a function of the NaCl concentration, as schematized in Table 4.4 . 

Fig 4.9  shows the outcome of the nine digestion reactions, concluding that the final digestion 

products from each reaction condition are all identical with the previous observations (Fig. 

4.7). 

 

[NaCl]  pH 6 7 8 

0 mM A B C 

150 mM K L M 

300 mM X Y Z 
 

The variation in salt concentration and acidity (within the physiological range of pH 6-8) 

apparently did not provoke large scale cleavage in the loops area, as before. Again, the C-

terminal domain is completely digested in all reaction conditions. The preservation of the β-

barrel is confirmed by the ‘heat modifiable’ band present at the end of the experiment (the 

second and the third lane for each buffer condition). The weaker band intensities of the non-

boiled enzyme-digested aliquots can be explained by: (i) smaller binding area for the 

Coomassie dye when the molecule preserves its barrel fold; (ii) sample concentration via 

water evaporation during the heating of the respective denatured aliquots. Therefore it is 

correct to compare band intensities only between the heat-denatured non-digested and 

digested aliquots (the first and the third lane for each buffer condition). 

To probe the response to digestion of the protein in lipid bilayers as a function of the 

same 9 buffer conditions, essentially the same experiment was performed with F-KpOmpA-

containing PLE liposomes (described in details in Material and methods). The LPR in this 

case was increased to 2 (w/w), aiming to allow easier accommodation of the protein in the 

newly formed bilayers, especially since this type of sample is not as requiring in terms of high 

protein content, as is the ssNMR sample (LPR of 0.5 w/w). 

 

Table 4.4.  Set of the 9 different Na-
phosphate buffers used for exploring the 
F-KpOmpA digestion with Lys-C in 0.1% 
Zwittergent 3-14 micelles. Each buffer is 
encoded with a single letter. 
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Fig. 4.9. Coomassie-stained SDS PAGE gel of the nine digestion reactions. The buffer conditions 
(from A to Z, as in Table 4.4 ) are indicated on top. The absence or presence of the enzyme (Lys-C) 
and of heat-denaturation (100°C) for the different aliquots are denoted with ‘–’ and ‘+‘, respectively. 
Lane ‘S’ represents the heat-denatured F-KpOmpA starting stock solution (in 0.1% Zwittergent 3-14, 
25 mM Tris (pH 8.5) and 150 mM NaCl). 

 
 
Upon mixing of the prepared liposomes aliquots with one of the 9 buffers, a certain level 

of vesicles aggregation was macroscopically observed in some of the reaction conditions, 

predominantly in those at higher salt concentrations (Table 4.5 ). The higher pH, on the other 

hand, tended to counteract this precipitation. This effect was detected previously and 

discussed in Chapter 2. 

 

[NaCl]  pH 6 7 8 

0 mM A B C 

150 mM K L M 

300 mM X Y Z 
 

Aliquots (heat-denatured or not) from the nine digestion reactions were visualized on 

SDS PAGE (Fig. 4.10). The ‘heat-modifiable’ two-band cleavage pattern observed before 

(Fig. 4.7) appeared again, thus pointing towards similar conclusions. Namely, in all of the 

nine reaction conditions, the β-barrel of the molecule remains as an ‘infinitely stable’ unit with 

intact extracellular loops, while around one half of the C-terminal domains is completely 

degraded. The complete (or nearly complete) absence of the β-barrel band in all salt-

‘S’        A          B          C          K           L          M          X           Y          Z        Buffer 

–     –  + +  –  + +  –  + +  –  +  +  –  +  +  –  +  +  –  +  +  –  +  +  –  +  +    Lys-C  

+     +  – +  +  –  +  +  –  +  +  –  +  +  –  +  +  –  +  +  –  +  +  –  +  +  –  +    100°C  [kDa]  
 

55 
43 
34 
26 

17 
 

10 

Table 4.5.  Macroscopically observed 
proteoliposomes aggregation in the 9 
buffers, formally divided into three groups: 
heavy precipitation (black background), 
moderate precipitation (grey background) 
and no observed precipitation (white 
background). 
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containing buffers (K-Z) is not a meaningful difference since it only reflects the aggregation 

propensity of these samples and the subsequent obstruction for the Lys-C to reach the 

exposed half of the C-terminal domains, leaving more than a half of the protein population as 

intact full-length chains. It is notable how this effect is counteracted by the increase in pH, as 

the β-barrel band partially reappears throughout the sequences K-to-M and X-to-Z. The three 

samples without NaCl (A, K and X) exhibited two additional and very weak bands (around 26 

and below 17 kDa), but only when boiled. These bands represent small amounts of non-

specific, thermal-induced cleavage of the denatured full-length protein somewhere in the area 

of its hinge region (presumably a DP-site in the beginning of the C-terminal domain). 

However, increasing the salt concentration and in the same time the pH (M and Z) produced 

one additional band (immediately below that of the full-length protein at ~39 kDa), which is 

present on both the heated and not heated aliquots. The appearance of this band occurs in 

parallel with the appearance of the β-barrel band in the sequences K-to-M and X-to-Z. Since 

the enzyme accessibility is reduced at higher salt but partially compensated at higher pH, this 

nearly intact F-KpOmpA chain is perhaps reflecting cleavage of the most enzyme-accessible 

piece of the molecule, presumably somewhere close to the C-terminus of the C-terminal 

domain (i.e. K17 or K18). This suggestion is further discussed below in this chapter. 

 

 

 
 

Fig. 4.10. SDS PAGE gel of the nine digestion reactions (F-KpOmpA in liposomes). The buffer 
conditions (from A to Z, as in Table 4.4  but without detergent) are indicated on top. The absence or 
presence of heat-denaturation (100°C) for the diffe rent aliquots is denoted with ‘–’ and ‘+‘, respectively. 
M - marker ladder. 
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4.5. Enzyme digestion kinetics in different environments 

 

The long-time/high-temperature reaction conditions, used in all of the experiments 

above, ensure the maximal possible fragmentation of the polypeptide chain, thus leaving 

intact only the ‘infinitely stable’ sections of the molecule (the β-barrel). On the other hand, 

observing the gradual fragmentation of the protein as a function of time (i.e. the kinetics of 

digestion) may reveal which are the most sensitive, quickly degraded protein sections. An 

attempt for accomplishing this task is described below. 

 

4.5.1. Digestion kinetics of KpOmpA in detergent micelles 
 
In order to observe the gradual fragmentation of KpOmpA as a function of time, we 

optimized the temperature and enzyme/substrate ratio. Since N-KpOmpA does not exhibit 

cleavages in the loops area, the more suitable protein construct for these experiments is thus 

F-KpOmpA, which will allow observation of the reduction of the full-length polypeptide chain 

down to the β-barrel domain (i.e. the disappearance of the C-terminal domain). Fig. 4.11  

shows the digestion kinetics of F-KpOmpA within an hour of time at two different 

temperatures (37°C and 0°C). 

 

 
 

Fig. 4.11. Digestion kinetics of F-KpOmpA in 0.1% Zwittergent 3-14 micelles at protein-to-enzyme ratio 
of 450:1 (w/w), at 37°C ( A) and 0°C ( B). The fastest appearing cleavage products are denoted with red 
arrows. The intact (full-length) chain is marked as ‘F’ and the β-barrel as ‘N’. The time points (in 
minutes) are indicated above the respective gel wells. The ‘zero time-point’ (0 min) indicates that the 
aliquot was collected immediately after addition of the enzyme. ‘S’ denotes the protein stock solution 
before subjecting it to digestion. All aliquots were heat denatured (5 min, 100°C). M - marker ladder.  
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Clearly the high temperature (Fig. 4.11A ) promotes high speed of the reaction with 

complete degradation of the C-terminal domain within 20 min of time. The red arrows indicate 

the fastest cleavage products - the protein fragments that are produced first upon cleavage 

on a certain K-site, presumably somewhere close to the C-terminus of the C-terminal domain. 

The very low molecular weight piece consists of more than one single fragment, since it 

disappears in the time course. The low temperature (Fig. 4.11B ), on the other hand, 

considerably slows down the reaction and further confirms the accumulation of the first 

cleavage products (red arrows). 

 

 
 

Fig. 4.12. Digestion kinetics of F-KpOmpA in 0.1% Zwittergent 3-14 micelles at protein-to-enzyme ratio 
of 450:1 (w/w) at 16°C. ( A) SDS PAGE image of the complete transition of the protein from full-length 
chain to the stable β-barrel. The fastest appearing cleavage products are denoted with red arrows. The 
intact (full-length) chain is marked as ‘F’ and the β-barrel as ‘N’. The time points (in minutes) are 
indicated above the respective gel wells. The ‘zero time-point’ (0 min) indicates that the aliquot was 
collected immediately after addition of the enzyme. ‘S’ denotes the protein stock solution before 
subjecting it to digestion. All aliquots were heat denatured (5 min, 100°C). M - marker ladder. ( B), (C) 
and (D) show MALDI-TOF linear mode spectra (matrix: SPA) at time-points 0, 10 and 60 min, 
respectively. ‘F’ denotes the full-length of the protein and ‘N’ - the β-barrel alone. The asterisk (*) 
indicates the 2+ ion of ‘F’. 
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Exactly the same experiment held at the intermediate temperature of 16°C showed the 

better resolved, full kinetic window of the F-KpOmpA digestion within an hour (Fig. 4.12A ). 

The degradation of the intact full-length polypeptide (‘F’) down to the stable β-barrel (‘N’) is 

tracked by MALDI-TOF for each time-point and representative spectra for 0, 10 and 60 min 

are shown on Fig. 4.12 B , C and D, respectively. 

The intermediate cleavage products of large sizes (between ‘F’ and ‘N’ on Fig. 4.12A ) 

were not clearly identified on the mass spectra. Their weak signals, observed on Fig. 4.12C  

(10 min of digestion reaction), prevented the more accurate determination of the sizes of 

these fragments, although they appear to correspond to the β-barrel with a piece of the C-

terminal domain still attached to it. It is speculated that the higher molecular weight 

intermediate product resembles one of the combinations F1-16 or F2-16, while the lower 

molecular weight product might be F1-13 or F2-13. The degradation of the entire protein thus 

follows a pathway starting from its C-terminus and reducing the polypeptide in several 

discrete steps towards its N-terminus, leaving the stable β-barrel intact at the end. The 

products identification from these first digestion steps is analyzed further below with the help 

of the C-KpOmpA construct. 

 

4.5.2. Digestion kinetics of KpOmpA in lipid bilayers 
 
For comparison of the digestion pathways in detergent micelles and in lipid bilayer 

environment, the same experiment was conducted with F-KpOmpA reconstituted in Polar 

Lipids Extract (PLE) at LPR of 5 (w/w). The reconstitution did not differ from the previously 

described procedure. In the case of this sample, the reaction at temperatures of 16°C and 

even 30°C appeared too slow (data not shown) and wa s therefore conducted at 37°C. Fig. 

4.13 shows the outcome of this experiment. As before, the two-band pattern at the end of the 

reaction is observed again, since half of the C-terminal domains are protected in the vesicle 

lumen. The first cleavage point (red arrows) resembles the one from the micellar sample and 

in this context refers to the exposed C-terminus of half of the soluble domains. Conducting 

the same experiment with micellar (at 16°C) and rec onstituted (at 37°C) N-KpOmpA did not 

produce any fragmentation on the SDS PAGE image (data not shown), further confirming the 

C-terminal origin of the first cleavages. As before, the extracellular loops remained 

inaccessible to the enzyme due to the presence of K4, K5 and K7 in not highly mobile loop 

areas (Fig. 4.1 ). Note that the lower molecular weight product found in the micellar sample 

above (speculated to be F1-13 or F2-13) is not seen in this case. 
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Fig. 4.13. Digestion kinetics of F-KpOmpA in PLE liposomes at protein-to-enzyme ratio of 450:1 (w/w) 
at 37°C. The fastest appearing cleavage product is denoted with a red arrow (the lower molecular 
weight fragment is not seen). The intact (full-length) chain is marked as ‘F’ and the β-barrel as ‘N’. The 
time points (in minutes) are indicated above the respective gel wells. The ‘zero time-point’ (0 min) 
indicates that the aliquot was collected immediately after addition of the enzyme. ‘S’ denotes the 
protein stock solution before subjecting it to digestion. All aliquots were heat denatured (5 min, 100°C). 
M - marker ladder. 

 

4.5.3. Digestion kinetics of C-KpOmpA 
 
The first cleavage products originating from the C-terminal domain of KpOmpA were 

defined by performing Lys-C digestion kinetics experiment on the C-KpOmpA construct 

(~17.2 kDa, expressed and purified as described in Chapter 1). All theoretical fragments (C1-

12) and fragments combinations that can originate from the K-sites of that construct are 

presented on Table 4.6 , similarly to the previous tables for N- (Table 4.1) and F-KpOmpA 

(Table 4.2 ). 

Fig. 4.14A  shows the SDS PAGE image from this experiment, exhibiting the first 

cleavage products of the digestion (red arrows). MALDI-TOF analysis of the two adjacent 

time-points (2 and 60 min, Fig. 4.14 B-E ) revealed that the first cleavage occurs at the C-

terminus of C-KpOmpA, releasing the fragment combination C10-12 (3383 Da). In the context 

of F-KpOmpA, that would correspond to F17-19. In the time course of the experiment, C10-12 

is gradually degraded down to C10-11 and individual C10 and this is coupled with the 

fragmentation of the rest of the protein as well, generating such fragments as C1, C2-3, C7 

and others (data not shown). It was shown previously that this domain is very vulnerable to 

digestion by Lys-C, presumably due to the absence of detergent or bilayer protective 

environment. Here we confirm that the fastest cleavages occur at the C-terminus of the 

molecule (either F- or C-KpOmpA), starting with the last three C-terminal fragments 

separated (individually or in combination) from the rest of the polypeptide. 
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Table 4.6. C-KpOmpA  - all possible fragment combinations after Lys-C digestion. 

Start 1 Start 2 Start 3 Start 4 Start 5 Start 6 Start 7 Start 8 

Frag M.W. Frag M.W. Frag M.W. Frag M.W. Frag M.W. Frag M.W. Frag M.W. Frag M.W. 

C1-2 3398                             
C1-3 4463 C2-3 1710                         

C1-4 4876 C2-4 2123 C3-4 1497                    

C1-5 7135 C2-5 4382 C3-5 3755 C4-5 2690                 
C1-6 9818 C2-6 7065 C3-6 6438 C4-6 5373 C5-6 4959             
C1-7 11148 C2-7 8395 C3-7 7769 C4-7 6703 C5-7 6290 C6-7 4031         
C1-8 11672 C2-8 8919 C3-8 8292 C4-8 7227 C5-8 6814 C6-8 4555 C7-8 1872     
C1-9 13804 C2-9 11051 C3-9 10425 C4-9 9359 C5-9 8946 C6-9 6687 C7-9 4005 C8-9 2674 
C1-10 16025 C2-10 13272 C3-10 12645 C4-10 11580 C5-10 11167 C6-10 8908 C7-10 6225 C8-10 4895 
C1-11 16373 C2-11 13620 C3-11 12994 C4-11 11928 C5-11 11515 C6-11 9256 C7-11 6574 C8-11 5243 
C1-12 17169 C2-12 14416 C3-12 13790 C4-12 12724 C5-12 12311 C6-12 10052 C7-12 7369 C8-12 6039 
C1 = 2771 C2 = 645 C3 = 1083 C4 = 432 C5 = 2276 C6 = 2701 C7 = 1349 C8 = 542 

                
Start 9 Start 10 Start 11 Start 12         
Frag M.W. Frag M.W. Frag M.W. Frag M.W.         
C9-10 4371                 
C9-11 4719 C10-11 2587             
C9-12 5515 C10-12 3383 C11-12 1162           
C9 = 2150 C10 = 2239 C11 = 366 C12 = 814         

‘Frag ’ denotes the combination of fragments (ex. C1-2, C1-3, etc.) from the chain, starting from (and including) a given 
fragment (ex. C1). 

‘Start ’ denotes the number of the starting fragment (ex. C1, C2, etc.), after which the weights of all combinations are 
estimated. 

‘M.W.’ denotes the molecular weight (in Daltons) of each combination of fragments. 

The sizes of the individual fragments (shaded in grey) are shown at the bottom. 
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Fig. 4.14. Digestion kinetics of C-KpOmpA with Lys-C at protein-to-enzyme ratio of 500:1 (w/w) at 16°C. 
(A) SDS PAGE image of the digestion reaction. The fastest appearing cleavage products are denoted 
with red and blue arrows (the inset shows contrasted lower molecular weight product for visualization 
purposes). The intact (full-length) chain is marked as ‘C’. The time points (in minutes) are indicated 
above the respective gel wells. The ‘zero time-point’ (0 min) indicates that the aliquot was collected 
immediately after addition of the enzyme. ‘S’ denotes the protein stock solution before subjecting it to 
digestion. All aliquots were heat denatured (5 min, 100°C). M - marker ladder. ( B-E) MALDI-TOF 
spectra (matrix: CHCA) at two time-points of the reaction, showing identified protein fragments: (B and 
D) Linear mode spectra at 2 and 60 min of digestion, respectively. ‘C’ denotes the intact C-KpOmpA, 
while the asterisk indicates its 2+ ion. The vertical red arrow shows the large section of the protein that 
accumulates over time (compare with A) and it is identified as fragment C1-9 (~13.8 kDa). Its 
corresponding ‘partner’, fragment C10-12, is shown by the horizontal blue arrow; (C and E) Reflectron 
mode spectra of B and D, respectively, showing fragment C10-12 at its expected mass (3383 Da). 
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4.6. Trypsin digestion of KpOmpA 

 

The previously described inability of Lys-C to cleave the extracellular loops of N- and F-

KpOmpA regardless of their folding environment, buffer composition and lipid-to-protein ratio 

most likely emanates from the specific positions of the monitored ‘probes’, i.e. the Lysine 

residues on the loops. All the three K4, K5 and K7 are found in loop areas with decreased 

mobility and therefore restricted accessibility to the enzyme. The Arginine residues on the 

loops, on the other hand, are present both in the very flexible segments of L1 and L3, as well 

as in the more rigid areas of L2 and L4 (Fig. 4.1 ). These positions, termed R-sites, appear to 

be excellent additional targets for probing the loops accessibility (and therefore dynamics) to 

enzyme cleavage in different environments. 

 

 

 
 

Fig. 4.15. Trypsin digestion (2.5 hours at 37°C) of the three  KpOmpA protein constructs. The presence 
or absence of Trypsin and of heat denaturation (100°C) of the aliquots are indicated respectively with  
‘+’ and ‘–‘ above each well. The red arrow indicates a fragment which is the result of cleavage in the 
loops area of the β-barrel. 

 

 

The three protein constructs, N-, F- and C-KpOmpA were Trypsin-treated in ‘complete 

digestion’ conditions, as described in Material and methods. Fig. 4.15  shows the gel image 

from the three digestion experiments, as well as non-enzyme treated stock solutions of the 

proteins. Note that the β-barrels of N- and F-KpOmpA are structurally preserved and after the 
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enzyme digestion they still migrate to their folded positions. However, upon boiling of the 

respective aliquots, the barrels of N- and F-KpOmpA exhibit interruptions on their chains. The 

larger fragment from this interruption is observed between 10 and 17 kDa. Although the 

‘partnering’ (smaller) fragment is not observed, this is clear indication that at least one 

Arginine in the loops area of the molecule has been cleaved (assuming that the K-sites are 

just as inaccessible as before). From its hand, the C-KpOmpA behaves similarly to the C-

terminal domain of F-KpOmpA - in conditions of ‘complete digestion’ it disappears at the end 

of the reaction, leaving no cleavage products of large sizes. 

The MALDI-TOF aliquots from the three digestion reactions were used to determine the 

exact cleavage point (i.e. the R-site) in the extracellular loops of the β-barrel. Fig. 4.16 shows 

the linear mode spectra of N- and F-KpOmpA after digestion with Trypsin. 

 

 
 

Fig. 4.16. MALDI-TOF linear spectra (matrix: CHCA) of N- and F-KpOmpA after Trypsin digestion. (A) 
Spectrum of digested N-KpOmpA exhibiting two main peaks at 14057 and 8814 Da. (B) Spectrum of 
digested F-KpOmpA exhibiting two main peaks at 13971 and 8398 Da. The table next to each 
spectrum shows the theoretical masses (M.W.theor) of the observed (M.W.meas) fragments. 
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In the case of N-KpOmpA (Fig. 4.16A ), the first peak (1) fits very well to a cleavage 

product starting after the first Lysine residue on the chain and ending with R134 - the R-site 

on L3 (14025 Da), while the second peak (2) represents the rest of the chain (8763 Da). It 

should be noted that the higher molecular weight peak has a value that is quite close to 

another putative combination, generated after cleavages on the R-sites of both L2 and L4 

(14009 Da). This possibility is overruled due to three reasons: (i) The resulting ‘partnering’ 

fragments after such cleavage are not observed; (ii) The signal at ~8.8/8.4 kDa can not be 

explained in this case; (iii) The R-site on L4 is immediately followed by a Proline residue 

which, as in the case of Lys-C, prevents cleavage even if that (‘forbidden’) site is exposed to 

the enzyme. 

In the case of F-KpOmpA (Fig. 4.16B ), the first peak (1) appears to consist of the same 

piece of the polypeptide (up to the R-site on L3), when taking into account the slight 

differences in the amino acids compositions at the N-termini of the two protein constructs. 

The expected value in this case would be 13966 Da. The lower molecular weight peak (2) 

has a different value compared to N-KpOmpA due to the same reasons - it expands from the 

same R-site, through the last three β-sheets of the barrel and the Proline/Alanine-rich hinge 

region that follows them, and terminates to the nearest K-site (PAPAPAPEVATK ). The 

expected mass of that fragment is 8339 Da. For both N- and F-KpOmpA, it was shown 

previously that these K-sites (K1 and K8) are accessible for Lys-C and it is assumed that they 

are for the Trypsin as well. Ultimately, K8 in F-KpOmpA was constantly cleaved by Lys-C in 

order to produce the stable barrel (~22.2-22.4 kDa) by separating it from the vulnerable C-

terminal domain. 

 

 

4.7. Conclusion 

 

The proteolysis experiments described above successfully combined the precision of 

the mass spectrometry with the quantitative SDS PAGE in order to identify several protein 

areas with different propensity for fragmentation, which was correlated with their mobility. 

Interestingly, the previously found native modification with oligo-hydroxybutyrate on the 

8th β-sheet of E. coli OmpA ([7]) was never observed in our experiments. The accumulation of 

the overexpressed polypeptide in cytoplasmic inclusion bodies still allows the modification, as 

shown in [7]. Such a covalent modification on KpOmpA would not escape detection even with 

acquisition in the MALDI-TOF linear mode, since its size is in the range of several hundreds 
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of Daltons (depending on the number of monomeric units attached) which would alter 

significantly the size of N8/F8. Presumably, the absence of such modification could be 

explained with the fact that KpOmpA is not a native protein for E. coli. 

With the help of the C-KpOmpA construct, the fastest appearing cleavage product of 

the molecule was identified (fragments C10-12 in the case of C-KpOmpA, corresponding to 

F17-19 in F-KpOmpA). The location of the cleaved K-site is not situated between the two 

domains of F-KpOmpA, as one might initially expect, but was shown to belong in a putative 

(i.e. modeled) unstructured loop in the periplasmic domain, outside of its conserved βαβαββ-

core motif. This core motif is seen in many other OmpA C-like domains (such as the RmpM 

protein, [8], PDB: 1R1M). The major variation among these proteins is found in the presence 

or absence of different additional amino acids inserted between the last two β-sheets, 

emanating out of the core motif and changing the global shape of the protein. Swiss-modeled 

(http://swissmodel.expasy.org/) C-KpOmpA based on the sequence of RmpM is shown in 

Fig. 4.17 . 

 

 

 

Fig. 4.17. Swiss-modeled (http://swissmodel.expasy.org/) C-KpOmpA based on the sequence of 
RmpM ([8], PDB: 1R1M), showing all K-sites in blue color and fragment C10-12 in orange color. The 
cleavage point for fragment C10-12 outside the core motif is indicated with a black arrow. The 
suggested K-site cleaved on a large scale only in the micellar samples (Fig. 4.12A ) is colored red. 
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The fastest cleavage point from the enzyme digestion experiments is found in the 

extension region between the last two β-sheets, which is predicted to be highly unstructured 

and exposed. This may account for the observed fast fragmentation in that area. The 

speculated cleavage product F1-13 (or F2-13) from the digestion of F-KpOmpA was seen 

only in the micellar environment (Fig. 4.12A ). On the modeled structure, the respective K-site 

(colored red on Fig. 4.17 ) for this fragmentation is found in the middle of the longest α-helix. 

Although the side chain of this residue points outwards from the core of the structure, such a 

K-site (which belongs to a secondary structure element) is not expected to be readily cleaved. 

Presumably the detergent introduces a certain level of destabilization on the C-terminal 

soluble domain of the protein, which leads to the observed larger amount of intermediate 

products and faster digestion (compare the time points on Fig. 4.12A  and Fig. 4.13  and note 

the difference in the temperature: 16 and 37°C in t he first and second cases, respectively). 

Lys-C systematically failed to produce a large scale cleavage of the three K-sites on the 

extracellular loops of N- and F-KpOmpA (K4, K5 and K7). To a certain extent this is expected 

for the abovementioned K5, which is positioned too close to (i.e. one residue away from) the 

fourth β-sheet. Furthermore, the crystal structure of E. coli OmpA [9] positions this Lysine 

inside the fourth β-sheet, although the solution state NMR structure does not [10]. Found in 

this interface region of the molecule (between the barrel core and the most mobile parts of 

the loops), K5 is perhaps inaccessible to the enzyme. However, K4 is found nearly ‘on the 

top’ of L2 (Fig. 4.1 ) and one would expect it to be cleaved, although lower mobility levels 

were attributed to this loop as a whole (Chapter 3). The K7 site is also found in one of the not 

highly dynamic regions of L3 and its proximity to the fifth β-sheet is again raising suspicions in 

regard to its enzyme accessibility. In this way, the NMR-derived information for the loops 

dynamics is coupled with the MALDI-TOF data and the electrophoresis images of the 

digested protein aliquots: the reduced mobility levels in particular loop areas were highly 

resolved (i.e. specifically appointed) by solution state NMR [1] and then confirmed in the solid 

state (Chapter 2), while the MALDI-TOF relates these mobility levels with the protein 

susceptibility to enzyme digestion and the SDS PAGE provides an overview of the bulk 

sample. In conclusion, the mass spectrometry and gel electrophoresis failed to detect a 

massive, Lys-C-induced cleavage in the loops area of the protein regardless of the used 

construct and folding environment. From point of view of these two methods (and when the 

Lys-C was used for sample treatment), the protein loops behaved as one monolithic object 

together with the β-barrel. The proposed explanation lies in the specific positions of the three 

K-sites in the loops, which are all found in areas with more or less restricted mobility. The 
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Arginine residue present in the highly mobile area of L3 (Fig. 4.1 ), on the other hand, was 

readily cleaved by Trypsin, further relating the enzyme access with the loops mobility. 

By performing the Lys-C-based proteolysis in several buffer conditions it was shown 

that, within the limits of the tested ranges of salt concentration and acidity, the extracellular 

loops of KpOmpA are still highly inaccessible to enzyme digestion. It is noted that these 

experiments do not cover broader ranges of the two parameters, as well as other factors that 

may or may not influence the cleavage pattern. Such factors might include further lowering of 

the pH (as in the environment of the digestion tract), or observing the influence of moderately 

high concentrations of chemical compounds like, for instance, urea (as in the urinary tract). 

Altered cleavage patterns of the K-sites in the loops (associated with altered dynamics in that 

region of the protein) can then be indirectly associated with OmpA-based invasion of 

Escherichia and Klebsiella species in those systems of the host organism and further probed 

by other means. Such expansion in the field of the KpOmpA enzyme digestion experiments 

may belong to a future work. The present work aimed in exploring the F-KpOmpA cleavage 

pattern in more native environments (0-300 mM NaCl and pH of 6-8) and concluded that, in 

these conditions, the extracellular Lysine residues (K4, K5 and K7, found on L2 and L3) are 

again not susceptible to a large scale digestion by Lys-C due to insufficient mobility and/or 

spatial inaccessibility of the enzyme (Fig. 4.1 ). 

The experiments in this chapter thus provide a direct biochemical evidence of what had 

been derived from the NMR data. Let us recall here what these evidences were (see Chapter 

3 and Fig. 4.1 ): from heteronuclear NOEs on the N-KpOmpA sample in DHPC micelles we 

observed that only the C-terminal halves of loops L1 and L3 gave weak NOEs (below 0.5) 

characteristic of highly mobile loops, while L2, L4 and the N-terminal halves of L1 and L3 

gave intermediate NOEs. Solid state NMR on liposome samples with reconstituted N-

KpOmpA confirmed the existence of several motional regimes within the loops and 

highlighted the high mobility of the three Serine residues present in the C-terminal half of L3. 

Since L2 and L4 are exhibiting limited mobility, their K- and R-sites are not accessible for Lys-

C and Trypsin (although it is noted that the R-site on L4 is ‘forbidden’ for cleavage). Similarly, 

the K-site on L3 (K7) is found in the more rigid half of that loop and therefore avoids digestion 

by both enzymes. By contrast, the R-site on L3 was readily cleaved by Trypsin, separating 

the β-barrel into two pieces. This loop segment appears to be one of the most accessible 

areas in the extracellular portion of the protein, thus provoking interest in the field of drug 

development and targeting of bacterial surface proteins. The R-site on L1 was not cleaved by 

Trypsin. This section of L1, albeit very mobile, contains its R-site fairly close to the second β-
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sheet. In addition, this section of L1 is facing the more rigid L2 and therefore might avoid 

exposure to Trypsin, while the R-site on L3 remains more accessible. 

As discussed in Chapter 3, the more rigid protein loops (L2 and L4) appear to be 

evolutionary better conserved, while the mobile L1 and (the cleavable) L3 are not. Recently, a 

novel allele of OmpA (termed ompA2) was identified in phage-resistant E. coli strains [11]. An 

alignment only on L3 of OmpA from different E. coli isolates and S. flexneri is presented 

below, following Fig. 1 in [11], with the L3 of KpOmpA added on the last line: 

 

Organism/strain      OmpA loop L3 region 

E. coli OmpA (GenBank no. ECOMPA)   DTKSNVYG-----KNH 

E. coli OmpA, isolate H474 (human)   DTKSNVYG-----KNH 

E. coli OmpA, isolate TA024 (Tasmanian devil)  DTKSNVYG-----KNH 

E. coli OmpA, isolate B194 (bird)    DTKANVPG-GASFKDH 

S. flexneri OmpA (GenBank no. AY305875)  DTKANVPG-GASFKDH 

K. pneumoniae OmpA (KpOmpA)    DSKGNYASTGVSRSEH 

 
 

The conserved residues above are presented in black boxes. The conserved K-site on 

L3 of KpOmpA (K7) that avoids digestion by both Lys-C and Trypsin is shaded in grey, while 

the cleavable (by Trypsin) R-site on L3 is on black background. The first three chains belong 

to isolates with the ‘classic’ ompA1 allele. The last three chains clearly exhibit longer central 

segment in their L3 loops. These belong to OmpA from the phage-resistant E. coli B194 (with 

ompA2 allele), to OmpA from the pathogenic S. flexneri, and to our OmpA from K. 

pneumoniae. The GAS-motif (bold letters) was proposed as one of the (among potentially 

many) reasons for phage resistance and it seems to be quite similar to the aligned KpOmpA 

sequence in that area (GVS). Considering that such a function would involve exposure of that 

segment to the extracellular environment, this further explains the Trypsin cleavage pattern 

observed in this work. Interestingly, the phage-receptor area on L3 of E. coli OmpA was 

identified previously ([12, 13]) and was found to be in very close proximity, N-terminally to the 

GAS/GVS motif (-SNVY-). Furthermore, loops L1, L2 and L3 were found to be necessary for 

recognition by the OmpA-specific phage K3, while all protein loops were needed for the 

process of F-conjugation to occur [14]. These data establish the functional value of the OmpA 

extracellular section in general, or dissected to the level of specific loops regions. The present 

work attempted to correlate the enzyme accessibility to the dynamics of certain loop areas of 

KpOmpA, showing that the less conserved, very mobile C-terminal half of L3 is exposed and 
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readily capable of interacting with other molecules. The fact that the R-site on L3 is the sole 

cleavage point in the extracellular section of KpOmpA (out of 7 potential targets for Trypsin in 

that area, Fig. 4.1 ) is intriguing. This represents an important feature of the otherwise 

unstructured protein loops, which apparently tend to protect each other from digestion, i.e. 

behave as if ‘partially structured’. Since the loops of OmpA were shown to be not essential for 

the β-barrel formation in the hydrophobic protein core ([14]), the partial organization of the 

loops section presumably does not contribute strongly to the overall stability of the molecule, 

but serves a functional role in the variety of intermolecular recognitions with the participation 

of OmpA. 
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Conclusions and perspectives 
 

The results presented in this work point towards several aspects of the structure and 

dynamic behavior of KpOmpA, which are related to its functions. 

As rigid, stable bacterial β-barrel-containing proteins from the outer membrane, the N- 

(~23 kDa) and F-KpOmpA (~39 kDa) constructs are readily expressed and accumulated in 

inclusion bodies in E. coli, easily purified in substantial amounts and well refolded in 

detergent micelles. These features of OmpA previously made it a suitable target for a range 

of studies, varying from investigating its folding kinetics, its structure and its immunological 

roles. Apart from the detergent solubilized studies, an important point is to examine a 

membrane protein in a more native environment, i.e. in lipid bilayers. Although the protein 

folding in detergent micelles is readily achieved and its spontaneous insertion into preformed 

vesicles is feasible, the incorporation of large protein content in lipid bilayers is still a 

challenge. We have explored the dialysis-driven approach in this regard and have established 

appropriate conditions for reconstitution of substantial protein amounts into the newly formed 

vesicles. The high protein content, the large vesicle size and the absence of salt in the final 

sample turned it into a suitable object for solid-state NMR experiments, through which the 

protein folding in the bilayers was confirmed and the dynamics of several protein regions was 

examined. 

In addition, the C-terminal periplasmic domain (~17 kDa) of KpOmpA was expressed as 

a separate product and its proper folding was confirmed by solution state NMR. A nice, well 

resolved and stable over time, 2D HSQC spectrum could be obtained. This result opens the 

path for a future 3D structure determination by solution state NMR. It will be possible to study 

this C-terminal domain alone in solution as well as in interaction with bilayers, bilayer 

mimetics and with the N-terminal domain. Since the full length protein is also available, it will 

be possible to compare the NMR spectra of the separated N- and C- terminal domains with 

the spectrum of the entire protein and thus visualize possible changes in the structures. 

Because it represents one of the smallest β-barrels with only 8 β-strands and tightly 

packed side chains in its lumen, KpOmpA was initially expected to behave as one rigid, 

monolithic entity in the membrane. However, unfolding experiments with SMFS have 

revealed that, like some other, larger β-barrel proteins, KpOmpA is also extracted from the 

membrane stepwise and not in a single rupture event. Furthermore, the N-terminal β-strand 

exhibited unusually strong resistance to extraction. These findings suggested that KpOmpA 

(if not other OmpA-proteins as well) may perform a force-relieving function in vivo, reducing 
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the mechanical stress on the bacteria in sequential manner with several intermediate steps. 

Supporting this hypothesis, we observed that upon a second extension of the AFM-tip the 

protein was able to spontaneously refold back into the membrane, after which the same (or 

similar) unfolding pattern was observed during the second retraction of the tip. Interestingly, 

the N-terminal (strongly anchored) β-strand appears to be the least preserved β-sheet among 

the OmpA family, as shown by multiple alignment of 1000 sequences with Phyre2 ([1], data 

not shown). It is still unclear if this is related with the ‘uniquely strong anchoring’ capacity of 

this β-sheet. Such an investigation may belong to a future work. 

In an attempt to correlate similarities and differences between the homologues in the 

OmpA family (and in the context of their functions), we investigated the dynamic behavior of 

KpOmpA by solid-state NMR and limited proteolysis. We showed that the mobility of the 

extracellular loops region is still preserved when the protein is reconstituted in lipid bilayers, 

similarly to the DHPC-solubilized sample ([2]), and that the C-terminal halves of L1 and L3 

are the most mobile areas on the extracellular side of KpOmpA. Recent studies with EPR on 

EcOmpA also revealed that different environments may influence the experimental outcome, 

but this is not necessarily related with altered protein dynamics ([3]). Hence the gradient of 

mobility observed from the barrel core to the loops of the protein is an intrinsic property of the 

molecule and not an artifact arising from the micellar environment. In the case of KpOmpA, 

this was extensively confirmed by our limited proteolysis experiments. The Lysine residues 

found in the more rigid loop segments systematically avoided digestion by Lys-C and Trypsin, 

while only Trypsin managed to cleave an Arginine on one of the most flexible and exposed 

loops area - the C-terminal half of L3. In EcOmpA, three residues on L3 were shown to be 

critical for the bacterial survival inside dendritic cells and macrophages ([4]). Interestingly, L3 

is considerably longer in KpOmpA and the ‘extension’ is found in the middle of the EcOmpA 

probed sequence in [4]. This opens the perspective for comparing the two cases by 

investigating K. pneumoniae invasion and survival in various immune cells. More 

appropriately, an OmpA-deficient E. coli strain transfected with KpOmpA (with its signal 

peptide) may be used for this purpose. Such an experiment would highlight the effect of the 

different loops sequences in the two proteins, found mostly on L1 and L3, and may suggest a 

structural basis for the different receptor recognition of EcOmpA (gp96 on neutrophils and Fc-

γ in macrophages, [4]) and KpOmpA (LOX-1 and SREC-I on macrophages and dendritic 

cells, [5]). The variable L1, from its hand, was shown as well to be very important for the 

bacterial survival. Mutations in the area of EcOmpA-L1 (which correlates with the most mobile 

segment of our KpOmpA-L1) reduced nearly completely the survival of E. coli in 
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macrophages. A peptide resembling that same sequence of L1 was able to block the E. coli 

invasion in brain microvascular endothelial cells - the first step in the development of 

meningitis ([6]). This highlights the immunological importance of the mobile loop areas in 

EcOmpA. In the case of KpOmpA, however, the Arginine site in the mobile C-terminal half of 

L1 was not cleaved by Trypsin. In a similar fashion, the two Lysine sites on L2 were also not 

cleaved. This was somehow expected for K5 (too close to the fourth β-strand), but not for K4 

(which was cleaved in minor amounts, observed only with MALDI-TOF). Although we 

observed it as a less flexible segment in both NMR and proteolysis experiments, the N-

terminal half of L2 was found to be crucial for the survival of E. coli in dendritic cells and 

polymorphonuclear leukocytes ([4]). Thus it appears that the mobility and the exposure of the 

different extracellular portions of KpOmpA (and perhaps EcOmpA as well) are not strictly 

related (i.e. overlapping) features of the protein. In this context, an interesting perspective for 

these studies would be further examination of the relation between dynamics and 

accessibility in the different loops regions, for instance by introducing single cleavable K- or 

R-sites in different loops positions. Of note, we point out that the miss-cleavage at the R-site 

on L1 may also be due to the proximity of this residue to the second β-sheet, which might 

obstruct the cleavage capability of the enzyme and not its access. Perhaps for similar 

reasons we did not observe cleavages on K2, found in the unstructured N-terminus of the 

molecule but positioned only 2 residues before the first β-sheet. 

The functional role of the protein loops is, of course, not limited in their most flexible 

regions. For instance, alterations in the beginning of L1 and the end of L4 (which are adjacent 

in the 3D space and correspond to more rigid loop segments in KpOmpA) partially reduced 

the E. coli survival in macrophages ([4]). Those loop areas are identical in EcOmpA and 

KpOmpA and are presumably related to the structuring of the underlying β-barrel, as 

suggested by their limited mobility. This suggests that preserving the native structural integrity 

of OmpA may also play a role in the various immunological processes, apart from the 

exposed and/or mobile loop segments. Alternatively, the closer-to-the barrel loops segments 

play a role of ‘antigen-presenting’ support units, responsible for proper positioning of the 

outmost loop sections. Some of these very flexible areas are close to the barrel and therefore 

inaccessible, while some others are perfectly exposed (the R-site on L3). In the same way, 

the more rigid but exposed parts of the loops also participate in recognition processes, like in 

the cases of the ‘top’ sides of L2 and L4 (conserved in EcOmpA and KpOmpA). Therefore we 

suggest a relation between the evolutional preservation and the mobility of the different loop 

segments of OmpA, for the moment extended only between E. coli and K. pneumoniae. 
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Searching among 1000 OmpA-like sequences (as mentioned above) certainly can not show 

such a correlation clearly, but even in that case L1 and L3 appeared, as overall, more 

variable than L2 and L4. Assuming that similar loops (in terms of sequence and dynamics) 

might serve similar purposes in different organisms (which can attack the same systems in 

the host), then their specific immunological features may be searched in the other, less 

preserved areas, which may explain the interactions with specific receptors and, eventually, 

allow specific targeting of a given pathogen. Such differences account not only at the 

species-, but at the strain-level as well, as was shown for two alleles of EcOmpA ([7]). In this 

case, a modification in L3 (similar to the ‘extension’ in the mobile half of KpOmpA-L3) is 

probably responsible for the phage resistance attributed to the novel ompA2 allele, which 

correlated well with findings nearly 20 years before ([8]). The ‘extension’ in KpOmpA-L1, on 

the other hand, is found partially in the less mobile part of the loop. The detailed study with 

different EcOmpA mutants mentioned previously ([4]) did not investigate that loop section. 

Hence it would be interesting to delete this sequence in both EcOmpA and KpOmpA and 

monitor the bacterial survival (or phage resistance), as well as to check its accessibility by 

mutation-introduced cleavable site. Of note, the same mutants can serve the purpose for 

exploring the adhesive capability of the bacteria against various surfaces, i.e. the formation of 

biofilms. 

 

In more practical terms (and achievable in more reasonable time), the future 

perspectives for investigation of KpOmpA are proposed to follow one of the possibilities: 

• Aiming at the ultimate step towards membrane protein analysis in native-like 

environment, whole bacteria cells (expressing KpOmpA on their surface) can be investigated 

with ‘in-cell NMR’ ([9, 10]). Alternatively, isolated outer membranes can serve that purpose. A 

choice of a suitable OMP-deficient E. coli strain for the protein expression is important. The 

major benefit of such a system would be the orientation of the protein in the membrane, so 

that the extracellular loops will always face the lipopolysaccharides in the highly asymmetric 

outer membrane. The dynamic behavior and the enzyme accessibility of the loops in this 

case may vary from the in vitro samples described here, which may reveal more precisely the 

loops behavior during attack on a host cell, interaction with a phage, etc. 

• The structure elucidation of the C-terminal, periplasmic domain of KpOmpA should 

now be feasible. Despite the abundant information available for the β-barrel of OmpA, little is 

known about this domain of the protein. In addition to its structure, a ‘functional assay’ for this 
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protein construct would be monitoring its interaction with peptidoglycan. The peptidoglycan 

can be isolated as large (polymeric) pieces or broken down to smaller units ([11]). If large 

(insoluble) glycan isolates are used, the bound protein can be pulled-down with them. Small 

(soluble) protein-bound glycan chains may be visualized by antibodies after extensive 

washing. The latter kind of samples can be also probed by solution state NMR for mapping 

the peptidoglycan-interaction site on the protein, which then can be compared with the 

simulated experiment with the homologous domain of RmpM from N. meningitidis ([12]) or 

with the detailed data on OmpA from A. baumanii ([13]) - two works with substantially 

different outcome in the context of protein-peptidoglycan binding. Furthermore, the proposed 

dimerization of the C-terminal domains of RmpM ([12]) and of MotB ([14]) can be explored in 

and compared with KpOmpA as well. Such a finding would be an interesting example of 

protein oligomerization at the level of the periplasmic domain, while the membrane domain 

remains monomeric. 

• Another direction for future work would be to study the interaction of KpOmpA with 

its molecular partners, i.e. with host cell receptors or secreted products of the immune 

system. Several candidates for KpOmpA have been identified so far, such as the long 

pentraxin PTX3 or the scavenger receptors LOX-1 and SREC-I on macrophages and 

dendritic cells ([5]). EcOmpA, on the other hand, was shown to bind to Ecgp (a gp96-like 

receptor on brain microvascular endothelial cells, [15]) and (presumably) to Fc-γ on 

macrophages ([16]). Interestingly, Serum Amyloid A (produced by the liver during 

inflammation) was shown to bind with high affinity to the OmpA proteins from several Gram-

negative bacteria, including E. coli and K. pneumoniae ([17]). KpOmpA-receptor interactions 

like those mentioned above could be studied by SMFS, in order to see if the profile of 

denaturation - renaturation is affected by the interaction. It could be examined also in terms of 

its impact on the loops mobility by NMR or by proteolysis-MS. Thanks to the advances in this 

thesis, the latter approach would now be extremely efficient, particularly if combined with the 

reintroduction of specific Lysine mutation in order to probe specific positions in the loops. 

 



 

Conclusions and perspectives - 156 - 

References 
 
 

1. Kelley, L.A. and M.J. Sternberg, Protein structure prediction on the Web: a case study using the 
Phyre server. Nat Protoc, 2009. 4(3): p. 363-71. 

2. Renault, M., et al., Solution state NMR structure and dynamics of KpOmpA, a 210 residue 
transmembrane domain possessing a high potential for immunological applications. J Mol Biol, 
2009. 385(1): p. 117-30. 

3. Jimenez, R.H.F., D.M. Freed, and D.S. Cafiso, Lipid and Membrane Mimetic Environments 
Modulate Spin Label Side Chain Configuration in the Outer Membrane Protein A. Journal of 
Physical Chemistry B, 2011. 115(49): p. 14822-14830. 

4. Prasadarao, N.V., et al., Deciphering the Roles of Outer Membrane Protein A Extracellular 
Loops in the Pathogenesis of Escherichia coli K1 Meningitis. Journal of Biological Chemistry, 
2011. 286(3): p. 2183-2193. 

5. Jeannin, P., et al., Complexity and complementarity of outer membrane protein a recognition by 
cellular and humoral innate immunity receptors. Immunity, 2005. 22(5): p. 551-560. 

6. Prasadarao, N.V., C.A. Wass, and K.S. Kim, Endothelial cell GlcNAc beta 1-4GlcNAc epitopes 
for outer membrane protein A enhance traversal of Escherichia coli across the blood-brain 
barrier. Infect Immun, 1996. 64(1): p. 154-60. 

7. Power, M.L., et al., A naturally occurring novel allele of Escherichia coli outer membrane protein 
A reduces sensitivity to bacteriophage. Appl Environ Microbiol, 2006. 72(12): p. 7930-2. 

8. Morona, R., C. Kramer, and U. Henning, Bacteriophage Receptor Area of Outer-Membrane 
Protein Ompa of Escherichia-Coli K-12. Journal of Bacteriology, 1985. 164(2): p. 539-543. 

9. Renault, M., et al., Cellular solid-state nuclear magnetic resonance spectroscopy. Proc Natl 
Acad Sci U S A, 2011. 

10. Renault, M., et al., Solid-State NMR Spectroscopy on Cellular Preparations Enhanced by 
Dynamic Nuclear Polarization. Angew Chem Int Ed Engl, 2012, 51: p. 2998-3001. 

11. Christensson, B., et al., Methodological Aspects of Staphylococcus-Aureus Peptidoglycan 
Serology - Comparisons between Solid-Phase Radioimmunoassay and Enzyme-Linked 
Immunosorbent-Assay. Journal of Clinical Microbiology, 1984. 19(5): p. 680-686. 

12. Grizot, S. and S.K. Buchanan, Structure of the OmpA-like domain of RmpM from Neisseria 
meningitidis. Molecular Microbiology, 2004. 51(4): p. 1027-1037. 

13. Park, J.S., et al., Mechanism of anchoring of OmpA protein to the cell wall peptidoglycan of the 
gram-negative bacterial outer membrane. Faseb J, 2012. 26(1): p. 219-28. 

14. Imada, K., et al., Stator assembly and activation mechanism of the flagellar motor by the 
periplasmic region of MotB. Molecular Microbiology, 2009. 73(4): p. 710-718. 

15. Prasadarao, N.V., Identification of Escherichia coli outer membrane protein A receptor on human 
brain microvascular endothelial cells. Infection and Immunity, 2002. 70(8): p. 4556-4563. 

16. Sukumaran, S.K., H. Shimada, and N.V. Prasadarao, Entry and intracellular replication of 
Escherichia coli K1 in macrophages require expression of outer membrane protein A. Infection 
and Immunity, 2003. 71(10): p. 5951-5961. 

17. Hari-Dass, R., et al., Serum amyloid A protein binds to outer membrane protein A of Gram-
negative bacteria. Journal of Biological Chemistry, 2005. 280(19): p. 18562-18567. 

 
 



 

 

 

 

 

 

 

ANNEXES 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

20

40

I 1 2 3 4 C A
 



 

 

 
 

 

 

 

 

Summary 

 

The ANNEXES section represents technical information related to 

Chapter 1. The four sections of ANNEXES, which correspond respectively 

to the four sections of Chapter 1, provide step-by-step protocols for the 

main procedures used. By having these protocols “all in one place”, the 

future KpOmpA investigator is believed to be facilitated in finding and 

applying the different procedures, and reproducing the results from the 

techniques used for purification and reconstitution of the different protein 

constructs. 
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Annex 1 

Construction and validation of the pET26bII-F-KpOmpA plasmid 

 

I. Cloning and purification of the kpOmpA gene 

1. Genomic DNA of K.p. strain 52145 is available (~50 ng/µl). The used primers are: 
kpompa5’ GTGGCACTGCATATGAAAGCTACCGTAGCGCAGGCCGCTCCGAAAGATAAC 
kpompa3’ GGTACCAGCTCGAGAGCCGCCGGCTGAGTTACAACTTCT 
The NdeI (CATATG) and XhoI (CTCGAG) restriction sites are underlined. 
The concentration of each primer is 100 µM. 

2. Mix 35.5 µl Milli-Q water, 2 µl genomic DNA, 2x 0.5 µl from each primer, 1 µl dNTPs (10 mM mix), 10 
µl 5x Phusion HF Buffer and 1 µl Phusion Hot Start II DNA Polymerase. 

3. Subject the 50-µl reaction mixture to PCR with the following scheme: 
● 30 sec of initial denaturation at 98°C. 
● 10 sec of denaturation at 98°C.  ├      40 x ┐ 
● 60 sec of annealing/extension at 72°C. ├      cycles ┘ 
● 5 min of final extension at 72°C. → Leave at 12°C until collected. 

4. Purify the amplified gene product with QIAquick PCR Purification kit. Briefly: 
● Add 5 volumes of Buffer PBI to 1 volume of the reaction. 
● Apply the sample to the provided QIAquick column, placed in 2-ml tube and centrifuge 1 min (all 
centrifugation are performed at ~18 000 g (~13 000 rpm of tabletop centrifuge). 
● Discard the flowthrough, add 750 µl Buffer PE (add ethanol) and centrifuge for 1 min. 
● Discard the flowthrough and centrifuge again for 1 min. 
● Place the column into a clean 1.5-ml tube and elute the PCR product with 25 µl Buffer EB and 
centrifugation for 1 min. Add 25 µl Milli-Q water to the column and centrifuge again, adding this 
volume to the EB-eluate. 
● Measure the concentration (UV) and check the purity (agarose gel) of the amplicon. 

 

II. Purification of the empty plasmid (pET26bII) 

1. Grow a stock of E. coli Top10 transfected with pET26bII in 50 ml LB medium (kanamycin). 
2. Inoculate a small aliquot of the culture into fresh 50 ml medium and grow again. 
3. Collect the bacteria (5000 g, 10 min, 4°C) and put the pellet on ice. 
4. Purify the plasmid with NucleoBond Plasmid Purification kit (MN). Briefly: 

● Gently resuspend the bacteria in 8 ml Buffer S1. 
● Add 8 ml Buffer S2 to the suspension and mix gently (no vortexing). 
● Leave for 3 min at room temperature (RT). 
● Add 8 ml of cold (4°C) Buffer S3 and mix quickly, but gently. 
● Leave on ice for 5 min. 
● Equilibrate (by gravity flow) a Nucleobond AX 100 column with 2.5 ml of Buffer N2. 
● Discard the flowthrough. 
● Centrifuge the cell lysate (13 000 g, 25 min, 4°C). Discard the pellet. 
● Load the cleared cell lysate onto the column. Leave for gravity flow. 
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● Wash the column with 12 ml of Buffer N3. Discard the flowthrough. 
● Elute the plasmid with 5 ml of Buffer N5. 
● Add 3.5 ml isopropanol for plasmid DNA precipitation. 
● Centrifuge (20 000 g, 30 min, 4°C) and discard the supernatant. 
● Add 2 ml of 70% ethanol to the pellet and vortex shortly. 
● Centrifuge (20 000 g, 10 min, RT) and discard the supernatant. Dry for 10 min at RT. 
● Dissolve the plasmid DNA in few tens of µl of Milli-Q water. 
● Measure the concentration (UV) and check the purity (agarose gel) of the plasmid. 

 

III. Restriction and ligation of pET26bII-F-KpOmpA 

1. Digest the pET26bII vector by mixing: 
● 10 µl purified plasmid (here at ~280 ng/µl). 
● 10 µl Milli-Q water. 
● 2.5 µl of 10x Buffer 4 (New England Biolabs). 
● 1 µl NdeI stock and 1 µl XhoI stock solutions (New England Biolabs). 
● Leave for 30 min at 37°C. 
● Add 1 more µl from each enzyme stock and leave for another 30 min at 37°C. 
● Inactivate the reaction for 10 min at 65°C. Visualize an aliquot on agarose gel. 

2. Digest the kpOmpA amplicon by mixing: 
● 10 µl purified PCR product (here at ~70 ng/µl) 
● 10 µl Milli-Q water. 
● 2.5 µl of 10x Buffer 4. 
● 1 µl NdeI stock and 1 µl XhoI stock solutions. 
● Leave for 30 min at 37°C. 
● Add 1 more µl from each enzyme stock and leave for another 30 min at 37°C. 
● Inactivate the enzymes for 10 min at 65°C. Visualize an aliquot on agarose gel. 

3. Ligate the two digested products by mixing: 
● 10 µl of the kpOmpA digestion reaction. 
● 5 µl of the pET26bII digestion reaction. 
● 2 µl Milli-Q water. 
● 2 µl of 10x T4 buffer (New England Biolabs). 
● 1 µl T4 DNA ligase stock solution (New England Biolabs). 
■ Repeat this step with 10 µl water instead of the kpOmpA gene, for ‘blank sample’. 
● Leave for 30 min at 16°C. Inactivate the enzyme for 10 min at 65°C. 
● Precipitate the two ligation reactions with ethanol and dry them. 

 

IV. Transformation of competent E. coli Top10 strain 

1. Cover the precipitated ligation reaction with ~50 µl competent E. coli Top10 suspension. 
2. Transfect the cells by electroporation (1 pulse of 12.5 kV/cm = 2.5 kV in a 2 mm cuvette). 
3. Dilute the cells with 900 µl LB medium and leave for 1h a 37°C. 
4. Spread the cells on LB/agar petri dishes supplemented with 30 µg/ml kanamycin. 
5. Repeat the above steps for the ‘blank sample’ as well and plant on other petri dishes. 
6. Pick up single colonies from the pET26bII-F-KpOmpA dishes and from the ‘blank’ dishes. 
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7. Screen the selected colonies by PCR by using (for instance) Dream Taq Polymerase and small 
amounts of the kpompa5’ primer and a commercial 3’ primer for the kanamycin-resistance gene. 
Use buffers and PCR conditions suitable for the used polymerase. 

8. Check the PCR-screening results on an agarose gel. 
9. Choose from the ‘positive hits’ and grow that same colony in 5 ml LB (with kanamycin). 
 

V. Isolation of the ligated pET26bII-F-KpOmpA 

1. Collect the bacteria (5000 g, 10 min, 4°C). Discard the supernatant. 
2. Purify the pET26bII-F-KpOmpA vector using QIAprep Spin Miniprep kit (QIAGEN). Briefly: 

● Resuspend the bacterial pellet in 250 µl of Buffer P1 and transfer it to a centrifuge tube. 
● Add 250 µl of Buffer P2 and mix gently for up to 5 min. 
● Add 350 µl of Buffer N3 and mix quickly, but gently. 
● Centrifuge (~18 000 g, 10 min, RT). Apply the supernatant to a QIAprep spin column. 
● Centrifuge (~18 000 g, 1 min, RT) and discard the flowthrough. 
● Add 750 µl of Buffer PE to the column and centrifuge (~18 000 g, 1 min, RT). 
● Discard the flowthrough and centrifuge for 1 more minute. 
● Place the column into a clean 1.5-ml tube. 
● Elute the plasmid by applying 25 µl of Buffer EB to the column, waiting for 1 min and centrifuging 
for 1 min (~18 000 g, RT). 
● Add 25 µl water to the column, wait for 1 min and centrifuge again for 1 min. 
● Measure the concentration (UV) of the purified KpOmpA-containing plasmid. 

 

VI. Restriction map of the isolated pET26bII-F-KpOmpA 

1. Visualize the integrated kpOmpA gene in the vector by restricting it. Mix: 
● 3 µl Milli-Q water. 
● 1 µl 10x Buffer 4. 
● 5 µl purified plasmid (here ~130 ng/µl). 
● 2x 0.5 µl from each NdeI and XhoI enzyme stocks. 
● Leave for 1h at 37°C. Visualize the restricted kpOmpA gene on an agarose gel. 
 

VII. Transfection of pET26bII-F-KpOmpA in an inducible E. coli strain 

1. Use, for instance, competent E. coli BL21 (DE3). Perform this as with the E. coli Top10 strain above 
(electroporation with the purified pET26bII-F-KpOmpA plasmid, resuspension in ~20 volumes of 
kanamycin-free LB medium for ~1h at 37°C and visualization of positive transformants after growth 
on LB/agar petri dishes with 30 µg/ml kanamycin). 

2. Select colonies and grow them in LB (with kanamycin). 
3. Confirm overexpression of the protein after 1mM IPTG-induction in small-scale cultures. 
4. Freeze non-induced cell aliquots for future work (in LB with 10% glycerol, sterile filtered). 
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VIII. Media and buffers compositions 
 
1. Luria-Bertani (LB) medium    Per 0.5L  Per 1L 

Bacto Peptone      5.0 g   10 g 
Bacto Yeast Extract     2.5 g     5 g 
NaCl (M.W. 58.44)     5.0 g   10 g 
Adjust to pH 7. Autoclave for sterilization. 
/For 1.5% agar petri dishes, add 1.5 g AGAR per 100 ml LB medium./ 
 
 
2. Commercial buffers used 

● FYNNZYMES / Thermo Scientific 
5x Phusion HF Buffer (contains 7.5 mM MgCl2, the exact composition is confidential). 
● QIAGEN 
Buffer PBI (contains Gdn/HCl and isopropanol, the exact composition is confidential). 
Buffer PE (add ethanol before use, the exact composition is confidential). 
Buffer EB (10 mM Tris, pH 8.5). 
Buffer P1 (50 mM Tris (pH 8), 10 mM EDTA, add 100 µg/ml RNase A before use). 
Buffer P2 (0.2M NaOH, 1% SDS). 
Buffer N3 (contains Gdn/HCl and acetic acid, the exact composition is confidential). 
● MACHEREY-NAGEL 
Buffer S1 (50 mM Tris (pH 8), 10 mM EDTA, add 100 µg/ml RNase A before use). 
Buffer S2 (0.2M NaOH, 1% SDS). 
Buffer S3 (2.8M K-acetate, pH 5.2). 
Buffer N2 (100 mM Tris (pH 6.3 ←H3PO4), 15% ethanol, 0.9M KCl, 0.15% triton X-100). 
Buffer N3 (100 mM Tris (pH 6.3 ←H3PO4), 15% ethanol, 1.15M KCl). 
Buffer N5 (100 mM Tris (pH 8.5 ←H3PO4), 15% ethanol, 1M KCl). 
● NEW ENGLAND BIOLABS 
10x Buffer 4 (0.5M K-acetate, 0.2M Tris-acetate (pH 7.9), 0.1M Mg-acetate, 10 mM DTT). 
10x T4 buffer (0.5M Tris (pH 7.5), 0.1M MgCl2, 0.1M DTT, 10 mM ATP). 
 
 
3. Agarose gel electrophoresis 

1x TAE buffer (40 mM Tris-acetate, 1 mM EDTA) supplemented with 1% agarose. 
6x Loading dye (0.25% Bromophenol blue, 15% Ficoll-400, in water). 
 
 
 
 
●      ●      ● 
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Annex 2 

Expression, refolding and purification of N- and F-KpOmpA 

 

The procedure takes around 1 week, starting with a bacterial pre-culture and 

ending with a purified protein in 0.1% Zwittergent 3-14 buffer. 

 

I. Bacterial culture and induction of the protein overexpression 

1. Thaw at room temperature a 50-µl frozen (–80°C) aliquot of E. coli BL21 (DE3), transformed with an 
N- or F-KpOmpA-containing plasmid. 

2. Inoculate the bacteria in 50 ml growth medium, either LB or TB (see below), supplemented with 50 
µg/ml Ampicillin (50 mg/ml stock) for N-KpOmpA or 30 µg/ml Kanamycin (30 mg/ml stock) for F-
KpOmpA. 

3. Leave the pre-culture overnight (30°C, 240 rpm). 
4. Measure the optical density at 600 nm (OD600). 
5. Inoculate some of the bacteria in 1L growth medium (LB/TB or M9, depending if a labelled or natural 

abundance protein is needed), so that the initial OD600 is ~0.1. 
6. Leave the cell culture at 37°C, 190 rpm. 
7. Check the OD600 every 20-40 min, until OD600 = 0.6-0.8. 
8. Remove 1 ml of cell suspension and keep it in eppendorf on ice. Mark it as NON-induced Cells.* 
9. Add 1 ml IPTG stock solution (1M) to the 1L of cell culture. 
10. Leave the cell culture (37°C, 190 rpm) for 4 hours in the case of rich media, or overnight in the case 

of minimal medium used. 
11. Remove 1 ml of cell suspension and keep it in eppendorf on ice. Mark it as Induced Cells.* 

* Optional steps for monitoring the protein overexpression with SDS PAGE. 
 

II. Protein purification 

A) Separating the inclusion bodies (IB): 

1. Centrifuge the bacterial culture (5000 g, 10 min, 4°C). Discard the supernatant. 
2. Measure the weight of the bacterial pellet. The procedure can be interrupted at this point and the 

pellet left overnight at –20°C. 
3. Resuspend the bacterial pellet in lysis buffer (see below), using ~10 ml buffer per 1 g of pellet. Use 

tissue grinder if necessary. 
4. Add lysozyme solution (20 mg/ml stock kept at –20°C) up to 0.5 mg/ml (40x dilution). 
5. Leave for 2 hours of incubation with gentle shaking at room temperature. 
6. Sonicate the lysate with a tip sonifier (5x1 min, 50% active cycle). Keep the sample on ice. 
7. Centrifuge the sonicated suspension (10 000 g, 30 min, 4°C). 
8. Keep 1 ml from the supernatant in an eppendorf at 4°C.* 
9. Homogenize the pellet in lysis buffer supplemented with 2M urea. Use tissue grinder. 
10. Perform the IB-washing (steps 7-9) two more times (3 centrifugations in total). After the final 

centrifugation, do not resuspend the IB-pellet. Measure the weight of the IB-pellet. 
The IB-pellet can be stored for long time (~months) at –20°C. 
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B) Dissolving the inclusion bodies (IB): 

11. Homogenize the IB in 4-5 ml of solution per 1 g of IB-pellet. This solution is: 
– if the IB are from bacteria grown in LB or TB media, then the solution is 7M urea with 10 mM 

DTT (added before use from 1M stock). Leave for 4 hours of gentle shaking at room 
temperature. The pellet must be dissolved slowly, do not sonicate. Avoid heating at more than 
50°C. If the pellet is not dissolved in 4 hours, it can be left overnight. 

– if the IB are from bacteria grown in M9 medium, then the solution is 6M Guanidine/HCl, 25 mM 
Tris (pH 8.3), 5 mM EDTA, with 10 mM DTT (added before use from 1M stock), Leave for 4-12 
hours of gentle shaking at room temperature, depending on the efficiency of dissolving of the 
pellet. Heat (~37°C) if necessary. 

12. Centrifuge the dissolved IB (10 000 g, 30 min, 4°C). Keep the supernatant for the next step. 
Optionally, keep the pellet at 4°C.* 

 

C) Protein renaturation in 1% Zwittergent 3-14 micelles: 

13. Add renaturation buffer 1 (see below) to the dissolved IB, with a volume = 14x the volume of the 
supernatant from step 12. In the beginning, add the detergent buffer dropwise to the chaotropic 
agent/protein solution while stirring on a magnet, until the total volume is at least doubled. At the 
end, leave the mixture overnight on a shaker at 4°C. 

 

D) Buffer exchange to 0.1% Zwittergent 3-14: 

14. Centrifuge the renaturation mixture (10 000 g, 30 min, 4°C) in order to remove aggregated protein. 
Optionally, keep any pellet at 4°C.* 

15. Dialyze (12-14 kDa cutoff) the supernatant for ~8-12 hours at 4°C against 2L of renaturation buffer 2 
(see below). Exchange to fresh 2L for another ~8-12 hours. 

16. Centrifuge the renaturation mixture (10 000 g, 30 min, 4°C) in order to remove aggregated protein. 
Optionally, keep any pellet at 4°C.* Proceed with the supernatant. 

 

E) Protein purification with discontinuous imidazole gradient: 

17. Estimate photometrically the approximate protein amount in the supernatant from the previous step. 
Mix the supernatant with washed nickel-charged resin (such as Ni-NTA Superflow, QIAGEN) at a 
ratio of 1 ml resin (= 2 ml slurry) for 5 mg protein. Batch the protein-resin mixture for 3-4 hours of 
gentle mixing at 4°C. 

18. Depending on its total amount (i.e. column volume, CV), load the resin in chromatography column of 
appropriate size. Initiate the washing/elution steps at ~1 ml/min speed, as follows: 
– Collect the flowthrough. 
– Wash with 6-8 CV of renaturation buffer 2 without imidazole. 
– Wash with 6-8 CV of renaturation buffer 2 with 20 mM imidazole. 
– Elute with renaturation buffer 2 with 400 mM imidazole. Depending on the amount of resin, this 

step can be fractionated or not. 
– If the resin is about to be re-used, wash with 10 CV of renaturation buffer 2 with 1M imidazole 

and then with 10 CV of imidazole-free renaturation buffer 2. If necessary, follow the 
manufacturer’s prescription for thorough resin washing and recharging. 
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19. The protein content in each chromatography step can be determined spectro-photometrically using 
the dependency: 

Cprotein [mg/ml] = A280 / ε, 

where ε is 2.18 L mol−1cm−1 for N-KpOmpA and 1.45 L mol−1cm−1 for F-KpOmpA 

Dialyze again the protein-containing eluate two times against 2L renaturation buffer 2 in order to 
remove the imidazole. 

20. Subject all the purification steps, the fractions and the pellets to SDS PAGE. Take aliquot of the 
eluate and heat it (100°C, 5 min) for tracking the unfolded state of the protein. 

 
* Optional step for monitoring eventual protein loss with SDS PAGE (see below for gel composition 
and sample preparation). 

 
III. Media and buffers compositions 

1. Luria-Bertani (LB) medium    Per 0.5L  Per 1L 

Bacto Peptone      5.0 g   10 g 
Bacto Yeast Extract     2.5 g     5 g 
NaCl (M.W. 58.44)     5.0 g   10 g 
Adjust to pH 7. Autoclave for sterilization. 
/For 1.5% agar petri dishes, add 1.5 g AGAR per 100 ml LB medium./ 
 
2. Terrific Broth (TB) medium    Per 0.5L  Per 1L 

Terrific Broth (Invitrogen)    23.5 g   47.0 g 
4 ml/L glycerol        2.0 ml     4.0 ml 
Autoclave for sterilization. 
 
3. M9 (minimal) medium with 13C and 15N  Per 0.5L  Per 1L 

Sterile solutions prepared in advance: 

Milli-Q water, autoclaved     395 ml   790 ml 
(5x M9 stock) (see below), autoclaved   100 ml   200 ml 
13C6 Glucose (powder)         1 g       2 g 
15NH4Cl (powder)         1 g       2 g 
MgSO4 (1M stock), filtered        1 ml       2 ml 
CaCl2 (1M stock), filtered        0.050 ml      0.100 ml 
Vitamins mix (1000x) (see below)       0.5 ml      1.0 ml 
Traces (see below)         5 ml      10 ml 
 

• 5x M9 stock     Per 0.5L  Per 1L 

450 mM Na2HPO4 (powder)    32 g     64 g 
(if as Na2HPO4 x 2H2O)    40.05 g     80.1 g 
(if as Na2HPO4 x 7H2O)    60.3 g   120.6 g 
KH2PO4 (powder)       7.5 g     15 g 
NaCl (powder)       1.25 g       2.5 g 



 

ANNEXES - 166 - 

• Vitamins Mix  [C]stock, mg/ml  Mix (1000x) [C]final, mg/ml 

Thiamine (vit. B1)   500  5 ml   0.23 
Riboflavin (vit. B2)   100  1 ml   0.009 
Nicotinamide (vit. B3)   100  1 ml   0.009 
Pyridoxal (vit. B6)     10  1 ml   0.0009 
Cobalamin (vit. B12)     10  0.1 ml   0.0001 
Biotin (vit. B7 / H)   100  1 ml   0.009 
Pantothenic acid (vit. B5)  100  1 ml   0.009 
Folic acid (vit. B9)   100  1 ml   0.009 

 
• Traces    Per 200 ml stock  [C]final, mg/ml 

EDTA     1 g    0.05 
CaCl2 x 2H2O    1.2 g    0.06 
CuSO4 x 5H2O    0.088 g    0.0044 
MnCl2 x 4H2O    0.24 g    0.012 
H3BO3     0.004 g    0.0002 
ZnSO4 x 7H2O    0.14 g    0.007 
FeSO4 x 7H2O    1.2 g    0.06 
Ascorbic acid (vit. C)    0.04 g    0.002 

 
 
 
4. Lysis buffer (pH 8.5)     Per 0.5L  Per 1L 

50 mM Tris (M.W. 121.14)    3.03 g     6.06 g 
200 mM NaCl (M.W. 58.44)    5.84 g   11.68 g 
5 mM EDTA      0.93 g      1.86 g 
0.2% Tween 20 (add immediately before use). 
 
5. Renaturation buffer 1 (pH 8.5)    Per 0.5L  Per 1L 

25 mM Tris (M.W. 121.14)    1.51 g     3.03 g 
150 mM NaCl (M.W. 58.44)    4.38 g     8.76 g 
1% (w/v) Zwittergent 3-14 (powder)   5.00 g   10.00 g 
 
6. Renaturation buffer 2 (pH 8.5)   Per 1L   Per 5L 

25 mM Tris (M.W. 121.14)    3.03 g   15.14 g 
150 mM NaCl (M.W. 58.44)    8.77 g   43.80 g 
0.1% (w/v) Zwittergent 3-14 (powder)   1.00 g     5.00 g 
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7. SDS PAGE gel     For 1 gel  For 2 gels 

(The calculations are made for 0.75 mm glasses interspace, chambers from Bio-Rad) 

• Running gel (10%) 

30% Acryl/Bis       2.0 ml       3.0 ml 
3M Tris (M.W. 121.14), pH 8.4     2.0 ml       3.0 ml 
50% Glycerol       2.0 ml       3.0 ml 
10% SDS      60.0 µl     90.0 µl 
10% APS      75.0 µl   112.5 µl 
TEMED        7.5 µl     11.3 µl 
 
• Stacking gel (7.5%) 

30% Acryl/Bis       0.75 ml    0.75 ml 
3M Tris (M.W. 121.14), pH 8.4     0.75 ml    0.75 ml 
Water        1.50 ml    1.50 ml 
10% SDS      30.0 µl   30.0 µl 
10% APS      30.0 µl   30.0 µl 
TEMED        3.0 µl     3.0 µl 
 
• Sample preparation (apply 5-10 µl per gel well) 

1M DTT           5 µl 
Sample         20 µl 
SDS-loading dye buffer (2x)       25 µl 

 
 
 
 
 

●      ●      ● 
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Summarized technical information for the two protein constructs, N- and F-
KpOmpA (such as total length and amino acids composition, molecular weight, 
sequence, isoelectric point, etc.) is presented below: 
 

Construct N-KpOmpA  
Length 216 a.a. 
Molecular Weight 23369.8 Da 
1 µg corresponds to 42.790 pmoles 
Molar extinction coefficient 50880 M-1cm-1 
A280 of 1 corresponds to 0.46 mg/ml 
A280 corresponding to 1 mg/ml 2.177 AU 
Isoelectric Point 6.24 
Charge at pH 7 -2.53 

 
Amino Acid(s) Number count % by weight % by frequency 

Charged (RKHYCDE) 57 32.77 26.39 
Acidic (DE) 20 10.08 9.26 
Basic (KR) 17 10.15 7.87 
Polar (NCQSTY) 54 27.29 25.00 
Hydrophobic (AILFWV) 70 31.99 32.41 
A Ala 23 7.52 10.65 
C Cys 0 0.00 0.00 
D Asp 14 6.84 6.48 
E Glu 6 3.24 2.78 
F Phe 8 4.85 3.70 
G Gly 31 8.54 14.35 
H His 8 4.56 3.70 
I Ile 6 2.89 2.78 
K Lys 7 3.76 3.24 
L Leu 12 5.78 5.56 
M Met 5 2.74 2.31 
N Asn 13 6.30 6.02 
P Pro 11 4.65 5.09 
Q Gln 8 4.29 3.70 
R Arg 10 6.39 4.63 
S Ser 9 3.47 4.17 
T Thr 12 5.25 5.56 
V Val 15 6.45 6.94 
W Trp 6 4.50 2.78 
Y Tyr 12 7.98 5.56 
B Asx (Asp + Asn) 27 13.15 12.50 
Z Glx (Glu + Gln) 14 7.53 6.48 

 
  1 ARIMKAIFVL NAAPKDNTWY AGGKLGWSQY HDTGFYGNGF QNNNGPTRND 
 51 QLGAGAFGGY QVNPYLGFEM GYDWLGRMAY KGSVDNGAFK AQGVQLTAKL 
101 GYPITDDLDI YTRLGGMVWR ADSKGNYAST GVSRSEHDTG VSPVFAGGVE 
151 WAVTRDIATR LEYQWVNNIG DAGTVGTRPD NGMLSLGVSY RFGQEDAAPV 
201 VAPAPAPAPE HHHHHH 
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Construct F-KpOmpA  
Length 359 a.a. 
Molecular Weight 38703.9 Da 
1 µg corresponds to 25.837 pmoles 
Molar extinction coefficient 56140 M-1cm-1 
A280 of 1 corresponds to 0.69 mg/ml 
A280 corresponding to 1 mg/ml 1.45 AU 
Isoelectric Point 6.16 
Charge at pH 7 -3.44 

 
Amino Acid(s) Number count % by weight % by frequency 

Charged (RKHYCDE) 100 34.11 27.86 
Acidic (DE) 38 11.67 10.58 
Basic (KR) 34 12.00 9.47 
Polar (NCQSTY) 94 28.12 26.18 
Hydrophobic (AILFWV) 117 31.24 32.59 
A Ala 38 7.50 10.58 
C Cys 2 0.54 0.56 
D Asp 23 6.78 6.41 
E Glu 15 4.89 4.18 
F Phe 10 3.66 2.79 
G Gly 42 6.98 11.70 
H His 9 3.09 2.51 
I Ile 9 2.61 2.51 
K Lys 18 5.83 5.01 
L Leu 24 6.97 6.69 
M Met 7 2.31 1.95 
N Asn 18 5.27 5.01 
P Pro 18 4.59 5.01 
Q Gln 17 5.50 4.74 
R Arg 16 6.17 4.46 
S Ser 18 4.19 5.01 
T Thr 22 5.80 6.13 
V Val 30 7.78 8.36 
W Trp 6 2.71 1.67 
Y Tyr 17 6.82 4.74 
B Asx (Asp + Asn) 41 12.05 11.42 
Z Glx (Glu + Gln) 32 10.39 8.91 

 
  1 MKATVAQAAP KDNTWYAGGK LGWSQYHDTG FYGNGFQNNN GPTRNDQLGA 
 51 GAFGGYQVNP YLGFEMGYDW LGRMAYKGSV DNGAFKAQGV QLTAKLGYPI 
101 TDDLDIYTRL GGMVWRADSK GNYASTGVSR SEHDTGVSPV FAGGVEWAVT 
151 RDIATRLEYQ WVNNIGDAGT VGTRPDNGML SLGVSYRFGQ EDAAPVVAPA 
201 PAPAPEVATK HFTLKSDVLF NFNKATLKPE GQQALDQLYT QLSNMDPKDG 
251 SAVVLGYTDR IGSEAYNQQL SEKRAQSVVD YLVAKGIPAG KISARGMGES 
301 TPVTGNTCDN VKARAALIDC LAPDRRVEIE VKGYKEVVTQ PAALELVPRG 
351 SVEHHHHHH 
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Annex 3 

Expression and purification of C-KpOmpA 
 

I. Bacterial culture and induction of the protein overexpression 

1. Thaw at room temperature a 50-µl frozen (–80°C) aliquot of E. coli BL21 (Star or DE3), transformed 
with a C-KpOmpA-containing plasmid (pJexpress411-C-KpOmpA). 

2. Inoculate the bacteria in 50 ml LB growth medium (see below), supplemented with 30 µg/ml 
Kanamycin (30 mg/ml stock). 

3. Leave the pre-culture overnight (30°C, 240 rpm). 
4. Measure the optical density at 600 nm (OD600). 
5. Inoculate some of the bacteria in 1L LB medium, so that the initial OD600 is ~0.1. 
6. Leave the cell culture at 37°C, 190 rpm. 
7. Check the OD600 every 20-40 min until OD600 = 0.6-0.8. 
8. Remove 1 ml of cell suspension and keep it in eppendorf on ice. Mark it as NON-induced Cells.* 
9. Add 1 ml IPTG stock solution (1M) to the 1L of cell culture. 
10. Leave the cell culture (37°C, 190 rpm) for 4 hours. 
11. Remove 1 ml of cell suspension and keep it in eppendorf on ice. Mark it as Induced Cells.* 

* Optional steps for monitoring the protein overexpression with SDS PAGE. 

 
II. Protein purification 

1. Centrifuge the bacterial culture (5000 g, 10 min, 4°C). Discard the supernatant. 
2. Measure the weight of the bacterial pellet. The procedure can be interrupted at this point and the 

pellet left overnight at –20°C. 
3. Resuspend the bacterial pellet in lysis buffer (see below), using ~10 ml buffer per 1 g of pellet. 
4. Leave for 2 hours of incubation with gentle shaking at room temperature. 
5. Sonicate the lysate with a tip sonifier (5x1 min, 50% active cycle). Keep the sample on ice. 
6. Centrifuge the sonicated suspension (10 000 g, 30 min, 4°C) in order to remove unbroken cells and 

large cellular debris. Continue working with the supernatant. The pellet can be kept for checking for 
protein loss due to incomplete cell lysis.* 

7. Optional: Dialyze the supernatant against 20 mM Na/PO4-buffer (pH 8) and 100 mM NaCl, in order 
to remove small cytoplasmic components and the Tween 20 detergent. 

8. Mix the supernatant with washed nickel-charged resin (such as Ni-NTA Superflow, QIAGEN) at a 
ratio of 1 ml resin (= 2 ml slurry) for 5-6 mg protein. 
Note: Since the protein concentration can not be estimated neither colorimetrically nor 
spectrophotometrically at this point (in addition to the problem with the very low molar extinction 
coefficient (ε = 7920 M-1.cm-1) of C-KpOmpA), it is advisable that an SDS PAGE is performed with 
the total cell supernatant in order to obtain (albeit subjective) feeling for the amount of C-KpOmpA in 
the cell lysate. A serie of dilutions of the gel-loaded aliquots may help to accomplish this task, since 
the detection limit of the Coomassie-stained gels is around 3-5 µg of protein in the band. After 
finding (even if quite inaccurately) the expected amount of C-KpOmpA, the nickel resin can be 
added in slight excess, in order to ensure complete binding and minimal loss of protein. 

9. Batch the protein-resin mixture for 3-4 hours of gentle mixing at 4°C. 
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10. Wash (washing buffer) and elute (elution buffer) the protein-bound resin as described for N- and F-
KpOmpA (Annex 2), by using the appropriate buffers (see below). 

11. Dialyze the purified protein two times against 2L of 20 mM Na/PO4-buffer (pH 8) and 100 mM NaCl, 
in order to remove the imidazole. Store at 4°C. 

12. Check the purification steps for protein loss and the purity of the eluate by SDS PAGE (the gel 
preparation is described in Annex 2) and estimate the protein concentration (either from a UV 
spectrum, if the protein concentration is high enough, or by Lowry titration). 

* Optional step for monitoring eventual protein loss with SDS PAGE. 
 
III. Medium and buffers compositions 

1. Luria-Bertani (LB) medium    Per 0.5L  Per 1L 

Bacto Peptone      5.0 g   10 g 
Bacto Yeast Extract     2.5 g     5 g 
NaCl (M.W. 58.44)     5.0 g   10 g 
Adjust to pH 7. Autoclave for sterilization. 
/For 1.5% agar petri dishes, add 1.5 g AGAR per 100 ml LB medium./ 
 
2. Lysis buffer (pH 8)     Per 1L 

20 mM Na/PO4  5.3 ml NaH2PO4 (0.2M stock) + 94.7 ml Na2HPO4 (0.2M stock) 
100 mM NaCl (M.W. 58.44)    5.84 g 
0.1% Tween 20 (add immediately before use). 
 
3. Washing buffers (pH 8)    Per 1L 

20 mM Na/PO4  5.3 ml NaH2PO4 (0.2M stock) + 94.7 ml Na2HPO4 (0.2M stock) 
100 mM NaCl (M.W. 58.44)    5.84 g 
[20 mM imidazole /second washing step/ (M.W. 68.08) 1.36 g] 
 
4. Elution buffer (pH 8)     Per 1L 

20 mM Na/PO4  5.3 ml NaH2PO4 (0.2M stock) + 94.7 ml Na2HPO4 (0.2M stock) 
100 mM NaCl (M.W. 58.44)      5.84 g 
400 mM imidazole (M.W. 68.08)    27.23 g 
 
 
 
 
 

●      ●      ● 
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Summarized technical information for the C-KpOmpA construct (such as total 
length and amino acids composition, molecular weight, sequence, isoelectric point, 
etc.) is presented below: 

 

Construct C-KpOmpA  
Length 159 a.a. 
Molecular Weight 17299.1 Da 
1 µg corresponds to 57.807 pmoles 
Molar extinction coefficient 7920 M-1cm-1 
A280 of 1 corresponds to 2.18 mg/ml 
A280 corresponding to 1 mg/ml 0.46 AU 
Isoelectric Point 6.71 
Charge at pH 7 -0.63 

 
Amino Acid(s) Number count % by weight % by frequency 

Charged (RKHYCDE) 50 37.68 31.45 
Acidic (DE) 18 12.52 11.32 
Basic (KR) 17 13.17 10.69 
Polar (NCQSTY) 46 29.88 28.93 
Hydrophobic (AILFWV) 49 28.54 30.82 
A Ala 15 6.63 9.43 
C Cys 2 1.20 1.26 
D Asp 9 5.95 5.66 
E Glu 9 6.57 5.66 
F Phe 4 3.28 2.52 
G Gly 13 4.84 8.18 
H His 7 5.39 4.40 
I Ile 5 3.26 3.14 
K Lys 11 7.98 6.92 
L Leu 12 7.81 7.55 
M Met 3 2.22 1.89 
N Asn 8 5.25 5.03 
P Pro 6 3.43 3.77 
Q Gln 9 6.53 5.66 
R Arg 6 5.19 3.77 
S Ser 13 6.78 8.18 
T Thr 8 4.73 5.03 
V Val 13 7.56 8.18 
W Trp 0 0.00 0.00 
Y Tyr 6 5.39 3.77 
B Asx (Asp + Asn) 17 11.19 10.69 
Z Glx (Glu + Gln) 18 13.10 11.32 

 
  1 MGSSHHHHHH SSGENLYFQG SEVATKHFTL KSDVLFNFNK ATLKPEGQQA 
 51 LDQLYTQLSN MDPKDGSAVV LGYTDRIGSE AYNQQLSEKR AQSVVDYLVA 
101 KGIPAGKISA RGMGESNPVT GNTCDNVKAR AALIDCLAPD RRVEIEVKGY 
151 KEVVTQPAA 
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Annex 4  

Reconstitution of N- and F-KpOmpA in E. coli Polar Lipids Extract 

 

I. Detergent exchange on the protein 

1. Estimate the necessary amount of N- or F-KpOmpA from the respective stock solution in 0.1% 
Zwittergent 3-14 (kept at 4°C). 

2. Add the estimated protein aliquot to washed nickel-charged resin (such as Ni-NTA Superflow, 
QIAGEN) at a ratio of 1 ml resin (= 2 ml slurry) for 5 mg of protein. Leave the protein-resin mixture 
for 3-4 hours at 4°C with gentle mixing. 

3. Centrifuge the protein-bound resin (3000 g, 10 min, 4°C) and discard the supernatant (it can be 
checked under UV for protein loss). 

4. Add ~50 ml of OG buffer (see below) to the pelleted resin and leave the mixture on a shaker at room 
temperature for 10-15 min. 

5. Centrifuge the resin (3000 g, 10 min, 4°C) and discard the supernatant. 
6. Repeat steps 4 and 5 two more times (3 centrifugations in total). 
7. Resuspend the pelleted resin in small amount (~few ml) of OG buffer and transfer it to a 

chromatography column. For small preparations, single-use columns can be utilized. 
8. Collect the flowthrough and wash the resin with ~5 column volumes (CV) of OG buffer. 
9. Elute the protein with OG buffer containing 400 mM imidazole. Essentially, this procedure represents 

affinity chromatography on the protein after the first chromatography with Zwittergent 3-14. Since the 
protein is already purified, the intermediate step of washing with 20 mM imidazole (to remove 
contaminants) can be omitted. 

10. Check the protein concentration in the eluate and store it at 4°C. 

Note: Alternative approach is to exchange the detergent while the protein-bound resin is loaded onto the 
column, by extensive washing (~20 CV) with the OG buffer. 
 
II. Lipids preparation and solubilization 

1. Transfer the cold-stored (–20°C) powder E. coli Polar Lipids Extract (PLE, Avanti Polar Lipids) to 
room temperature and wait for temperature equilibration without opening the bottle/vial, in order to 
avoid water condensation. 

2. Measure precisely (with analytical balance) the weight of an empty borosilicate glass vial. 
3. Transfer certain amount (i.e. 20-50 mg) of PLE powder to the glass vial and dissolve it in chloroform 

at approximately 20 mg/ml. 
4. Dry the lipid/chloroform mixture under a nitrogen (or argon) stream while spreading the solution on 

the walls and bottom of the glass vial. 
5. Place the glass vial in a vacuum chamber and continue drying the lipid film for at least 3 hours (or 

overnight). 
6. Measure precisely (with analytical balance) the weight of the glass vial and note the net weight of 

the lipids. 
7. Dissolve the lipid film in OG buffer at exact concentration (i.e. 5 or 10 mg lipids/ml). 
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8. Warm (up to 42°C) and sonicate (5 min in water bath) the solution several times, until the lipid film is 
entirely dissolved in the detergent buffer. This lipid stock solution can be stored at –20°C for long 
terms (~months). 
Note: Whether this solution looks completely transparent (mixed micelles) or opaque to a certain 
extent (some lipid vesicles) will depend on the detergent-to-lipid ratio and the ability of a given 
detergent (always above its CMC) to dissolve a given type of lipids. Observing opacity of this 
solution is not problematic, since the protein-detergent buffer (added before starting the 
reconstitution) is usually applied to a much larger volume than the lipid buffer. Having the same (or 
similar) detergent concentration as in the lipid-detergent stock, the protein-detergent buffer will 
greatly shift the detergent-to-lipid ratio in the final ternary mixture towards the detergent. This will 
destroy any remaining lipid vesicles and form homogenous, transparent mixture of protein molecules 
in detergent-lipid micelles. 

 
III. Protein reconstitution by dialysis 

1. Mix certain amounts from the protein-detergent and lipid-detergent buffers, so that the lipid-to-
protein ratio (LPR) and the total amount of protein are as desired. For example, mixing 5 ml of 2 
mg/ml protein in OG buffer with 0.5 ml of 10 mg/ml lipids in OG buffer will produce a ternary mixture 
of 10 mg protein and 5 mg lipids, at LPR of 0.5 (w/w). 

2. Leave the ternary mixture for ~15 min at room temperature with gentle shaking. 
3. Transfer the ternary mixture to a dialysis tube with an appropriate cutoff (i.e. 12-14 kDa SpectraPor, 

as used here) and dialyze it for 12 hours against 2L of detergent-free buffer (25 mM Tris (pH 8.5) 
and 150 mM NaCl). If the sample volume is uncomfortably small, increase it with a few ml of OG 
buffer. In the case of PLE as used lipids, the dialysis can be performed at room temperature or at 
37°C. For many lipid types this needs to be done at 37°C (or even higher temperature), in order to 
stay above the gel-to-liquid crystalline phase transition point of the lipid. 

4. Exchange the dialysis buffer with fresh 2L for another 12 hours. Continue the dialysis buffers 
exchange until white, powder-like substance is formed in the tube. 
To ensure maximal detergent removal, it is advisable to repeat the dialysis steps 3-4 times. 
In the case of ssNMR sample preparation, the NaCl needs to be removed as well. For this purpose, 
the exchange of dialysis buffers is done several more times (~6 hours per step is enough), with 25-
mM reduction steps of NaCl, from 150 mM down to zero. 

5. Collect the proteoliposomes from the tube (~15 000 g, 10 min, room temperature) and resuspend 
them in small amount (~few ml, depending on the total sample size) of 20 mM Tris (pH 8.5). 
In the case of ssNMR sample preparation, the proteoliposomes need to be further centrifuged at 
high speed (200 000 g, 90 min, 10°C), in order to stack them in as small as possible pellet. The 
weight of this pellet is compared with the total amount of starting material (mg protein + mg lipids) 
and is brought down (with controlled partial dehydration) to 2/3 of the NMR rotor volume (i.e 36 µl for 
3.2-mm rotor and 50 µl for 4-mm rotor), thus leaving 1/3 of water/buffer content. 

Example: For preparing an ssNMR sample, 22 mg protein were reconstituted in 11 mg PLE, giving an 
LPR of 0.5 (w/w) and total material amount of 33 mg. For a 4-mm rotor with 50 µl volume, dehydrating 
the sample down to 50 mg will leave 17 mg (~30%) of buffer. After the ultracentrifugation of the vesicles, 
the pellet weight is found to be 110 mg. This pellet is thus dehydrated under nitrogen stream until its 
weight drops down to ~50 mg, after which the sample is loaded into the rotor by centrifugation (3000 g, 
10 min, 10°C). 
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IV. Buffers compositions 

1. OG buffer (pH 8.5)     Per 0.2L  Per 0.5L 

25 mM Tris (M.W. 121.14)    0.61 g    1.51 g 
150 mM NaCl (M.W. 58.44)    1.75 g    4.38 g 
2% octylglucoside (OG, Carbosynth)   4 g   10 g 
[400 mM imidazole /elution step/ (M.W. 68.08)  5.45 g   13.62 g] 
 

2. Dialysis buffer (pH 8.5)    Per 2L   Per 5L 

25 mM Tris (M.W. 121.14)      6.06 g   15.14 g 
150 mM NaCl (M.W. 58.44)    17.53 g   43.83 g 

[For NaCl removal, gradually reduce its concentration in 25-mM steps/~6-12 hours each.] 
 
 
 
 
 

●      ●      ● 
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