
 

Kinetic Studies on the Effect of Skp and YaeT from 

Escherichia coli on the Insertion and Folding of Outer 

Membrane Protein A into Lipid Membranes 
 

 

Dissertation 

 

zur Erlangung des akademischen Grades 

des Doktors der Naturwissenschaften 

 

an der Universität Konstanz 

Mathematisch -Naturwissenschaftliche Sektion 

Fachbereich Biologie 

 

 
 
 

vorgelegt von 

Geetika J. Patel 

 

Tag der mündlichen Prüfung: 19.06.2009 
 

Referent 1: PD Dr. Jörg H. Kleinschmidt 
        Referent 2: Prof. Dr. Wolfram Welte 

http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-82063
http://kops.ub.uni-konstanz.de/volltexte/2009/8206/


 i 

 

 
I hereby declare that all the experiments in this thesis were performed by me and all 
the chapters of the thesis were written by me under the supervision of PD Dr. Jörg 
Kleinschmidt. The exceptions are listed below. 
 
Lipopolysaccharide (LPS) used in Chapter 2, 3 and 4 was provided by Prof. Otto 
Holst, FZ Borstel, Leibniz-Center for Medicine and Biosciences, Borstel, Germany. 
 
The plasmid for expressing Skp was provided by Dr. Susanne Behrens-Kneip, 
Robert-Koch-Institut, Nosocomial Infections of the Elderly, Berlin, Germany. The 
plasmid for expressing wt-YaeT and YfiO were purchased from Trenzyme GmbH, 
Germany.  
 
 
 
Geetika J. Patel      Konstanz, 06.04.09  



 ii 

Acknowledgements 
 

I thank my supervisor PD Dr. Jörg. H. Kleinschmidt for giving me interesting 
projects and guiding me during my doctoral study. I also thank him for providing me 
opportunities to present my research work at various scientific conferences.  

 
I gratefully acknowledge Prof. Dr. Hans-Jürgen Apell for his guidance on 

single-channel conductance experiments and his help whenever asked for. I also 
appreciate Prof. Derek Marsh and Dr. Jutta Nesper for fruitful collaborations. 

 
I thank my colleagues Dr. Shanmugavadivu B. and Dr. Jian Qu, who 

introduced me to most of the research techniques during my early years in the lab. I 
also express my gratitude to my colleague and good friend, Dr. Regina Pape for all 
the help she extended. I thank my colleague Vijay for his suggestions in molecular 
biology work. I also thank my colleagues Esther and Meenakshi and friends from 
AG/Przybylski, especially Dr. Marilena Manea for help with CD and Dr. Andreas 
Marquardt with mass spectrometry measurements. I also thank my friends in the 
department of biology at M9, M10, P11 and M12 who may have helped me in some 
form.  

 
I want to again thank my colleague and a very good friend Shanmu, for her 

support especially during my initial period in Konstanz. My friends Mona, Rahul and 
Neha deserve special appreciation for their love and concern towards me.  

 
Very soulful thanks to my mom for her love, care, invaluable efforts and 

sacrifices to bring me up and educate me to this level. The word ‘thanks’ cannot 
describe my feelings for her. I dedicate my education to you ‘Papa’ and wish you 
were with us. I want to thank my sister for being a hearty support and also my 
parents-in-law for their love and understanding. I cannot thank my husband Jignesh 
enough for being such a wonderful friend, without whose encouragement, love and 
complete support this degree would not have been possible. I also pray and thank God 
for everything I cherish in my life. 

 



 

 iii 

Table of Contents 
 

Abbreviations ………………………………………………………………… 

 

vii 

1 Introduction  

 1.1 Membrane Lipids …………………………………………………… 1 

 1.2 Membrane Proteins………………………………………………….. 2 

 1.3 Bacterial Cell Envelope …………………………………………….. 7 

 1.4 Outer Membrane Biogenesis in Escherichia coli …………………… 8 

 1.5 Outer membrane protein A …………………………...……………... 10 

 1.6 The periplasmic chaperone Skp ……………….……………………. 12 

 1.7 The YaeT Complex……………………………..…………………… 13 

 1.8 Lipopolysaccharide………………………………………………….. 15 

 1.9 Motivation and Aims of the study…………………………………… 17 

 1.10 Methods and Scientific Background 18 

  1.10.1 Sodium Dodecyl Sulfate-Polyacrylamide Gel 
Electrophoresis (SDS-PAGE)……………………………… 

18 

  1.10.2 Circular Dichroism Spectroscopy………………………….. 20 

 

2 The periplasmic chaperone Skp requires a negative membrane surface 
potential to target and to facilitate insertion and folding of outer 
membrane protein A 

 

 2.1 Abstract……………………………………………………………… 22 

 2.2 Introduction………………………………………………………….. 23 

 2.3 Materials and Methods………………………………………………. 25 

  2.3.1 Purification of Skp, OmpA, and R-LPS…………………..…. 25 

  2.3.2 Preparation of lipid vesicles…………………………………. 25 

  2.3.3 Kinetics of tertiary structure formation by electrophoresis….. 26 

 2.4 Results……………………………………………………………….. 26 

  2.4.1 pH strongly influences the folding kinetics of OmpA into 
lipid bilayers…………………………………………………. 

26 

  2.4.2 The pH-dependence of OmpA folding indicates two parallel 
folding processes…………………………………………….. 

28 

  2.4.3 Effect of Skp on OmpA folding depends on pH…………….. 29 



 

 iv 

  2.4.4 LPS promotes folding of OmpA from the complex with Skp 
over a broad pH-range………………………………………. 

30 

  2.4.5 pH-Dependence of OmpA folding into neutral lipid bilayers.. 31 

  2.4.6 Skp strongly inhibits folding of OmpA into 
phosphatidylcholine bilayers………………………………… 

33 

  2.4.7 Periplasmic Skp and electrostatic attraction promote the 
faster folding process of OmpA……………………………... 

34 

 2.5 Discussion…………………………………………………………… 37 

  2.5.1 Skp binding and release of OmpA depends on charge-charge 
interactions…………………………………………………... 

38 

  2.5.2 OmpA folds via Parallel Folding Pathways…………………. 40 

  2.5.3 The chaperone and the membrane targeting function of Skp 
are both needed to facilitate OmpA folding…………………. 

40 

  2.5.4 A mechanism for Skp assisted targeting and folding of 
OMPs into a membrane……………………………………… 

41 

 

3 Comparison of Skp-assisted folding of OmpA into lipid membranes of 
varied composition and hydrophobic thickness 

 

 3.1 Abstract……………………………………………………………… 43 

 3.2 Introduction………………………………………………………….. 43 

 3.3 Materials and Methods………………………………………………. 46 

  3.3.1 Purification of Skp, OmpA, and R-LPS……………………... 46 

  3.3.2 Preparation of lipid vesicles…………………………………. 46 

  3.3.3 Kinetics of tertiary structure formation by electrophoresis….. 46 

 3.4 Results and Discussion………………………………...…………….. 47 

  3.4.1 OmpA folds via parallel folding processes independent of 
lipid bilayer properties………………………………………. 

47 

  3.4.2 LPS enhances folding of Skp-bound OmpA into short chain 
lipid bilayers more strongly………………………………….. 

49 

  3.4.3 Kinetics of folding of Skp-bound OmpA into membranes 
composed of short chain phospholipids is sigmoidal in 
absence of LPS………………………………………………. 

52 

  3.4.4 Sigmoidal folding kinetics is caused by charge-charge 
interactions…………………………………………………... 

55 

 

4 The Lipid-Bilayer Inserted Membrane Protein YaeT of Escherichia coli 
facilitates Insertion and Folding of Outer Membrane Protein A from its 
complex with Skp 

 

 4.1 Abstract……………………………………………………………….. 60 



 

 v 

 4.2 Introduction…………………………………………………………… 61 

 4.3 Materials and Methods……………………………………………….. 63 

  4.3.1 Over expression of wt-YaeT………………………………… 63 

  4.3.2 Over expression of TMD-YaeT………………….………….. 63 

  4.3.3 Isolation of wt-YaeT and TMD-YaeT………………………. 63 

  4.3.4 Purification of OmpA, Skp, and R-LPS………...…………… 64 

  4.3.5 Preparation of lipid bilayers……...………………………….. 64 

  4.3.6 Folding of wt-YaeT and TMD-YaeT into lipid bilayers…….. 64 

  4.3.7 Preparation of homogeneous phospholipid membranes 
containing YaeT by sucrose density gradient centrifugation... 

65 

  4.3.8 Folding of OmpA into lipid bilayers containing YaeT……… 65 

  4.3.9 CD Spectroscopy…………………………………………….. 66 

  4.3.10 Proteolysis…………………………………………………… 67 

 4.4 Results………………………………………………………………… 67 

  4.4.1 Wt-YaeT and TMD-YaeT fold into DLPC lipid bilayers to 
high yields (>90%)…………………………………………... 

67 

  4.4.2 Bilayer-inserted YaeT facilitates insertion and folding of 
outer membrane proteins like OmpA………………………... 

70 

  4.4.3 Membrane-inserted YaeT strongly facilitates folding of 
OmpA into phospholipid bilayers containing 
phosphatidylethanolamine…………………………………… 

73 

  4.4.4 Effect of YaeT on folding of OmpA is diminished when the 
membrane is negative charged………………………………. 

75 

  4.4.5 YaeT facilitates folding of Skp-bound OmpA into lipid 
bilayers containing phosphatidylethanolamine more strongly. 

76 

  4.4.6 Folding of Skp-bound OmpA from its complex with LPS is 
enhanced into membranes containing YaeT………………… 

78 

 4.5 Discussion…………………………………………………………….. 78 

  4.5.1 YaeT facilitates folding of OmpA into membranes…………. 79 

  4.5.2 YaeT- mediated folding of OmpA from a chaperone bound 
state…………………………………………………………... 

80 

  4.5.3 A model for Skp-assisted delivery of OmpA to the 
periplasmic domain of YaeT………………………………… 

81 

 

5 Isolation, Purification and Folding of an Essential Lipoprotein YfiO, of 
the E. coli outer membrane 

 

 5.1 Abstract……………………………………………………………… 83 

 5.2 Introduction………………………………………………………….. 83 



 

 vi 

 5.3 Materials and Methods………………………………………………. 85 

  5.3.1 Expression, Isolation and Purification of YfiO……………… 85 

  5.3.2 Mass Spectrometry…………………………………………... 86 

  5.3.3 Preparation of lipid bilayers…………………………………. 86 

  5.3.4 Folding of YfiO into detergent micelles and lipid bilayers….. 86 

  5.3.5 Sucrose Density Gradient Centrifugation…………………… 87 

  5.3.6 Circular Dichroism Spectroscopy…………………………… 87 

 5.4 Results……………………………………………………………….. 87 

  5.4.1 Extraction and Purification of an essential lipoprotein YfiO... 87 

  5.4.2 YfiO forms significant secondary structure in aqueous 
solution………………………………………………………. 

89 

  5.4.3 Effect of pH on folding of YfiO into LDAO micelles………. 89 

  5.4.4 Folding of YfiO in various detergent micelles monitored by 
CD spectroscopy…………………………………………….. 

91 

  5.4.5 YfiO forms predominantly β-sheet secondary structure in 
lipid bilayers…………………………………………………. 

94 

 5.5 Discussion…………………………………………………………… 98 

 

Summary ……………………………………………………………………….. 101 

 

Zusammenfassung ……………………………………………………………. 106 

 

References …………………………………………………………………….. 111 

 

List of Publications ………………………………………………………….... 120 

 



 vii 

Abbreviations  
 
 

Å   Angstrom 
Af   Relative contribution of the faster folding process 
β-OG    β-Octylglucoside 
CD   Circular Dichroism 
CMC   Critical micellar concentration 
Cys   Cysteine 
DLPC   1,2-Dilauroyl-sn-glycero-3-phosphocholine  
DLPE   1,2-Dilauroyl-sn-glycero-3-phosphoethanolamine 
DLPG   1,2-Dilauroyl-sn-glycero-3-phosphoglycerol    
DMPC   1,2-Dimyristoyl-sn-glycero-3-phosphocholine  
DOPC   1,2-Dioleoyl-sn-glycero-3-phosphocholine  
DOPE   1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 
DOPG   1,2-dioleoyl-sn-glycero-3-phosphoglycerol  
EDTA    Ethylenediaminetetraacetic acid  
Eq.    Equation  
F   Folded 
h   Hour 
HD   High density 
HEPES   4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid  
IM   Inner membrane 
IPTG    Isopropyl-β-D-thiogalactopyranoside 

kDa    Kilo Dalton  
kf   Rate constant of the fast process 
ks   Rate constant of the slow process 
λ    Wave length  
l   Litre 
LB   Luria-Bertani media 
LD   Low density 
LDAO   N-Lauroyl-N,N-dimethylammonium-N-oxide  
LPS    Lipopolysaccharide 
LUVs    Large unilamellar vesicles  
MD   Mid density 
μM    Micromolar 
min   Minute 
mM   Millimolar 
NMR    Nuclear magnetic resonance 



 viii 

nm   Nanometer 
OM   Outer membrane 
OMLPs  Outer membrane lipoproteins 
OMP   Outer membrane protein 
OmpA   Outer Membrane Protein A 
PAGE   Polyacrylamide gel electrophoresis  
PC   Phosphatidyl choline 
PD   Periplasmic domain 
PE    Phosphatidyl ethanolamine 
PG    Phosphatidyl glycerol 
POTRA  Polypeptide transport associated 
RT   Room temperature 
Sarkosyl  N-lauroylsarcosinate  
SDS    Sodium dodecyl sulfate  
SDG   Sucrose density gradient 
Skp   Seventeen kilodalton protein 
SurA   Survival factor A 
SUVs    Small unilamellar vesicles  
TMPs   Transmembrane proteins 
Tris   Tris(hydroxymethyl)aminomethane  
U   Unfolded 
UV    Ultraviolet 
wt    Wild type 
Z-3-12   Zwittergent-3-12 

 
 
 
 
   
 



Introduction 

 1 

 
 
1.  Introduction 

 
 

All living organisms are made up of microscopic units called cells. Cells and 

cell organelles are surrounded by biological membranes (biomembranes), which are 

essential for sustaining life. Biomembranes are essential for the structural and 

functional integrity of the cell. They form a selectively permeable barrier by 

regulating the entry and exit of molecules into and out of the cell. They also play an 

important role in cell recognition, selective receptivity and signal transduction. 

Biomembranes are specialized as they contain specific lipids and proteins, which 

enable the cells or cell organelles to perform vital functions.  
 

1.1 Membrane Lipids 

 
 Lipids constitute a large group of naturally occurring organic compounds, 

which perform key biological functions like acting as structural components of cell 

membranes, energy storage sources and as intermediates in signaling pathways.  The 

cell membrane consists of a thin layer of amphipathic phospholipids, which 

spontaneously arrange such that the hydrophobic tail region is shielded from the 

surrounding polar fluid, leading to association of the hydrophilic head region with the 

cytosolic and extracellular side of the resulting lipid bilayer. The lipid bilayer forms 

the main structural component of biomembranes and like them is fluid and allows 

lateral diffusion of proteins and lipids. The three major classes of membrane lipids are 

phospholipids, glycolipids and cholesterol of which phospholipids are more abundant. 

A phospholipid molecule consists of two long, non-polar hydrocarbon chains linked 

to a polar head group. The head group is phosphorylated and consists of either 

glycerol or sphingosine. Choline, ethanolamine, serine, glycerol and phosphatidyl-

glycerol are examples of the polar head groups. Phosphatidyl choline and 

Phosphatidyl ethanolamine are more commonly found in biomembranes. The cell 

envelope of Escherichia coli contains 70-80% Phosphatidyl ethanolamine, 15-20% 
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Phosphatidyl glycerol and 5% or less Cardiolipin. The structures of some of the lipids 

used in this work are given in Figure 1.1 as examples. 

 

 

(A) 1,2-Dilauroyl-sn-Glycero-3-Phosphocholine (DLPC) 
 

 
 
 
(B) 1,2-Dilauroyl-sn-Glycero-3-Phosphoethanolamine (DLPE) 
 

 
 
 
(C) 1,2-Dilauroyl-sn-Glycero-3-Phosphoglycerol (DLPG) 
 

 
 
 
Figure 1.1 Examples of the major phospholipids of biomembranes 
 

 

1.2 Membrane Proteins 

 
 Proteins are linear polymers of amino acids joined together by peptide bonds 

formed between the carboxyl and amino groups of adjacent amino acid residues. The 

primary structure of a protein refers to these linear sequences of amino acids which 

from polypeptide chains. These polypeptide chains fold into regularly repeating 

structures stabilized by hydrogen bonds, referred to as the secondary structure of a 
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protein. The α-helix and the β-sheets are the most common examples of secondary 

structure formed in a protein. The α-helix is a right handed helical structure stabilized  

by hydrogen bond formation between the N-H group of an amino acid and the C=O 

group of the amino acid located four positions ahead in the sequence. (Figure 1.2(A)) 

The α-helix makes a complete turn every 3.6 amino acids. In β-sheets, hydrogen 

bonding occurs between the N-H and the C=O group of the amino acids located on 

neighboring polypeptide chain (β-strand). The adjacent β-strands may run in the same 

or opposite directions, thus forming parallel or antiparallel β-sheets (Figure 1.2(B)). 

Turns and loops link together the secondary structure elements like the α-helix and 

the β-strands to form the three-dimensional arrangement, commonly referred to as the 

tertiary structure of a protein. A β-turn is usually a 180° turn in the polypeptide 

chain involving four amino acid residues, where the C=O group of the first residue 

forms a hydrogen bond with the N-H group of the fourth. A loop is formed of longer 

stretches of amino acids than the turn. The arrangement of multiple folded protein 

subunits in a protein complex constitutes the quaternary structure. 

 

 
 

   A       B 
 

Figure 1.2 Secondary structures of protein. (A) A ribbon depiction of an α-helix with carbon atoms 
and side chains shown in green (left) and ball-and-stick model (right) showing hydrogen bonds (dashed 
lines) between N-H and C=O groups. (B) An antiparallel β-sheet depicting hydrogen bonding between 
N-H and C=O groups of adjacent β-strands (dashed lines). 
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 Membrane proteins constitute approximately 50% of the cell membrane and 

perform important roles in cell-cell contact, surface recognition, cytoskeleton contact, 

signaling, enzymatic activity and transporting substances across the membrane. They 

may be classified as integral, peripheral and lipid anchored membrane proteins. 

Integral membrane proteins, also known as transmembrane proteins span the entire 

membrane and have largely hydrophobic surfaces that interact extensively with the 

hydrocarbon chains of membrane lipids. Integral membrane proteins are β-barrels, α-

helical or a combination of both. The α-helical proteins are present in most of the 

biological membranes while the β-barrel proteins are found only in the outer 

membranes of Gram-negative bacteria, cell walls of few Gram-positive bacteria, and 

outer membranes of mitochondria and chloroplasts. Peripheral membrane proteins 

are attached either to the lipid bilayer surface or to integral membrane proteins 

temporarily by a combination of hydrophobic, electrostatic and other non-covalent 

interactions. These proteins have mostly hydrophilic surfaces and are dissociated from 

the membranes following treatment with a polar reagent, elevated pH or high salt 

concentrations. Lipid anchored membrane proteins bind to membranes via a 

covalently attached fatty acid such as palmitate or myristate, which hydrophobically 

inserts into the bilayer and anchors the protein. These proteins are post-translationally 

modified at the N-terminal cysteine residue. Lipid anchored proteins may be α-

helical, β-barrel or a combination of both. Here, I focus both on the integral and the 

lipid anchored membrane proteins and illustrate with examples. 

 

 The α-helical proteins are the most abundantly found class of proteins, which 

form very hydrophobic and stable transmembrane domains. A prominent example is 

bacteriorhodopsin (BR), a seven-α-helical membrane protein (Luecke et al., 1999; 

Pebay-Peyroula et al., 1997) (Figure 1.3(A)). In α-helical bundle proteins, multiple 

helices are aligned in the form of bundles and may contain polar residues at the 

interfaces between the helices that are not exposed to the lipid chains. Monomeric and 

oligomeric α-helix bundle membrane proteins are known. 
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              A                B 
 
Figure 1.3 Examples of two classes of integral membrane proteins. (A) α-helical Bacteriorhodopsin 
from Halobacterium salinarum (Faham et al., 2005); PDB entry 1xji. (B) β-barrel – neisserial surface 
protein A (NspA) from Neisseria meningitides (Vandeputte-Rutten et al., 2003); PDB entry 1p4t. The 
protein structures were generated with Pymol and the secondary structure elements (α-helix - blue, β-
strand – pink) are distinguished. 
 

 

The second class comprises proteins forming transmembrane β-barrels. 

Individual β-strands cannot exist in a lipid bilayer, and all known integral membrane 

proteins with transmembrane β-strands form barrel structures, where in at least eight 

neighboring β-strands are connected by hydrogen bonds. Common examples are 

OmpA, an 8-stranded β-barrel (Arora et al., 2001; Pautsch and Schulz, 2000), 

functions as an ion channel; OmpT, a protease that forms a 10-stranded β-barrel 

(Vandeputte-Rutten et al., 2001); NalP, an autotransporter forming a 12-stranded β-

barrel (Oomen et al., 2004) and also the iron transporter FhuA which forms a 22-

stranded β-barrel (Ferguson et al., 1998; Locher et al., 1998). The structure of NspA, 

a surface protein from Neisseria meningitides is shown as an example (Figure 1.3(B)). 

In transmembrane β-strands, only every second amino acid faces the apolar lipid 

phase and must be a hydrophobic residue, while the others face the interior of the β-

barrel and are mostly polar. Therefore, the average hydrophobicity of transmembrane 

β-barrels is low (–0.5 to –0.6 on the Kyte-Doolittle scale vs. > +0.5 for α-helix bundle 

transmembrane proteins). 
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 Another important class of membrane proteins are the lipid anchored 

membrane proteins or the lipoproteins. Bacterial lipoproteins possess a lipid-

modified cysteine residue at the N-terminus and are anchored to the membranes 

because of their hydrophobic nature. The most prominent example of a bacterial 

lipoprotein is LolB, which anchors to the outer membrane and acts as a receptor of 

lipoproteins-LolA complexes and aids in assembly of the lipoproteins into the 

membrane (Taniguchi et al., 2005). 

 

 
 

Figure 1.4 Structure of outer membrane lipoprotein LolB. LolB was isolated from Escherichia coli 
(Takeda et al., 2003a); PDB entry 1iwn. 
 
 
 

The structure of LolB is characterized by an 11-stranded antiparallel β-sheet 

forming an unclosed β-barrel, which is covered by three α-helices (Takeda et al., 

2003a) (Figure 1.4). The inner surfaces of the β-sheet and the α-helices form a 

hydrophobic cavity, which interacts with the lipoproteins prior to their assembly into 

the outer membrane. The localization of lipoproteins between membranes is an 

important event in pathogenic bacteria, since lipoproteins induce the immune 

response of host cells. 

 

Although investigation of insertion and folding of bacterial β-barrel membrane 

proteins into membranes has made progress in recent years, our knowledge about the 

entire process is still very limited. Many questions have arisen due to the discovery of 

outer membrane protein (OMP) targeting and/or assembly machinery located in the 
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periplasm as chaperones like Skp, and in the outer membrane as Omp85 complex. 

The factors and principles governing targeting of OMPs to the outer membrane (OM) 

and the detailed mechanism by which they assemble into the OM are still unclear. 

Investigation of these unresolved questions requires first, an understanding of the cell 

envelope and biogenesis of the outer membrane of E.coli, a Gram-negative bacteria 

the OM of which has been extensively studied. 
 

1.3 Bacterial Cell Envelope 

 
 A distinct feature of Gram-negative bacteria is their cell envelope, which is 

composed of two membranes, the inner and the outer membrane, separated by a 

compartment, the periplasm that contains a thin peptidoglycan layer (Figure 1.5). The 

inner membrane (IM) is in direct contact with the cytoplasm and periplasm, whereas 

the OM separates the periplasm from the external environment.  

 

 

 
 
 
 
Figure 1.5 General structure of the cell envelope of Escherichia coli. The cell envelope consists of 
two membranes, the inner membrane (IM) and the outer membrane (OM) separated by the periplasm, 
which contains a thin layer of peptidoglycan. The IM and the OM contain transmembrane α-helical 
and β-barrel membrane proteins (red), in addition to the lipoproteins (blue) anchored to the periplasmic 
face of the membranes. The outer leaflet of the OM contains lipopolysaccharide, which faces the 
extracellular environment. The figure is adapted from a review article (Ruiz et al., 2006). 
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The inner membrane is a bilayer composed of phospholipids, transmembrane 

α-helical proteins, and lipoproteins, attached to its outer leaflet. IM of E.coli is quite 

similar to the eukaryotic organelles like mitochondria and chloroplasts not only in 

structural arrangement but also in performing biochemical processes like lipid 

biosynthesis, protein translocation, electron transport and ATP synthesis. The 

periplasm is a highly viscous, aqueous compartment occupied by soluble proteins 

and the peptidoglycan layer. It constitutes ∼ 10% of the total cell volume. These 

soluble periplasmic proteins like Skp, SurA and FkpA serve as chaperones in 

preventing the OMPs from misfolding/aggregation prior to their assembly into the 

OM, whereas another periplasmic protein DegP performs a dual role, that of a 

chaperone and also a protease to clear the periplasm of any misfolded proteins. The 

periplasm is devoid of ATP and quite remarkably allows vital functions like protein 

folding, trafficking and degradation to take place in the absence of an obvious energy 

source. The outer membrane is highly asymmetric with the inner leaflet composed 

of phospholipids and the outer leaflet mainly of lipopolysaccharide (LPS). In addition, 

the OM contains pore forming transmembrane β-barrels and lipoproteins, which 

adhere to its inner leaflet. About 90% of the bacterial lipoproteins are localized in the 

OM.  

 

1.4 Outer Membrane Biogenesis in Escherichia coli 
 

The outer membrane of Gram-negative bacteria like E.coli serves as a 

selectively permeable barrier. The OM allows passage of hydrophilic molecules via 

porin proteins, while it remains impermeable to hydrophobic molecules and hence 

maintains its barrier function, largely because of LPS (Nikaido, 2003). Proper 

assembly of all the OM components is essential for the OM to perform its vital 

functions. The major OM components namely OMPs, lipoproteins, LPS and the 

phospholipids are not synthesized in situ and therefore have to be transported to the 

OM from their site of synthesis. Figure 1.6 depicts a general scheme for biogenesis of 

the outer membrane in E.coli. 
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Figure 1.6 Biogenesis of the outer membrane in Escherichia coli. Outer membrane proteins (OMPs) 
and lipoproteins are synthesized in the cytoplasm and translocated across the inner membrane (IM) via 
Sec translocation machinery. The OMPs upon cleavage of the signal sequence are transported to the 
OM by periplasmic chaperones like Skp and SurA. The YaeT complex is involved in assembly of 
OMPs into the OM. The lipoproteins undergo lipid-modification before interacting with LolCDE 
complex in the IM. The lipoproteins traverse the periplasm in complex with chaperone LolA, which 
delivers them to their assembly site, the lipoprotein LolB. LPS and phospholipids are synthesized at the 
inner leaflet of the IM and are flipped across the IM by MsbA. Though the mechanism for transport of 
phospholipids to the OM is yet unclear, LPS interacts with the IM complex LptB/LptC/LptF/LptG, 
which hands it over to a periplasmic LptA. The mechanism by which LPS traverses the periplasm to 
reach its assembly site Imp-RlpB complex is yet unclear. The figure is adapted from a review article 
(Ruiz et al., 2006). 
 

 

Both OMPs and lipoproteins are synthesized in the cytoplasm, whereas 

phospholipids and LPS at the cytoplasmic face of the IM. These OM components are 

translocated across the IM and the periplasm for their assembly into the OM. Both 

OMPs and lipoproteins are synthesized with an N-terminal signal sequence that 

directs them to the SecY/E/G translocon for translocation across the IM. Upon signal 

sequence cleavage, the OMPs are transported across the periplasm by chaperones like 

Skp, SurA etc to the OMP assembly machinery the YaeT complex. The outer 

membrane lipoprotein assembly pathway has been very well characterized (Tajima et 

al., 1998; Takeda et al., 2003a; Taniguchi et al., 2005). After undergoing lipid 

modification at the N-terminal cysteine, the lipoproteins interact with LolC/D/E 

complex at the IM. Upon ATP hydrolysis, the lipoprotein is released from the IM to 

the periplasmic chaperone LolA, with which the lipoproteins form soluble complexes. 

The lipoproteins are released from their complexes with LolA on interaction with the 

receptor lipoprotein LolB. LolB serves as the OM assembly site for lipoproteins. 
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Both phospholipids and LPS are transported or flipped across the IM by the 

ABC transporter MsbA (Doerrler, 2006). Phospholipids can be flipped across the 

membrane in an ATP-independent mechanism involving α-helical peptides (Kol et 

al., 2003). However, transport and assembly of phospholipids to the OM still remain 

unknown. In contrast, progress has been made recently in identification of LPS 

transport and assembly factors (Bos et al., 2004; Braun and Silhavy, 2002; Ruiz et al., 

2008; Wu et al., 2006) and a model similar to the Lol system has emerged. LPS is 

believed to translocate across the IM into the periplasm on interaction with the IM 

complex composed of IM-associated cytoplasmic ATPase LptB, the bitopic IM 

protein LptC and, the transmembrane LptF and LptG. This complex is in contact with 

the periplasmic LptA, which might function as a chaperone that transports LPS across 

the periplasm to the OM assembly site, the Imp-RlpB complex.  

 

1.5 Outer membrane protein A 

 

 Outer Membrane Protein A (OmpA) is one of the most abundant outer 

membrane protein occurring at ∼ 105 copies per cell in E. coli (Koebnik et al., 2000). 

OmpA (325 residues, Mr 35 kDa) has a N-terminal transmembrane domain (residues 

1-171) and a C-terminal periplasmic domain (residues 172-325). Residues 1-171 form 

an 8-stranded β-barrel composed of antiparallel β-strands tilted ∼ 46 degrees relative 

to the membrane plane (Arora et al., 2001; Pautsch and Schulz, 2000) (Figure 1.7). 

The structure includes four long extracellular loops and three short periplasmic turns. 

OmpA exists in a monomeric state. 

   

  The periplasmic domain of OmpA connects the OM to the peptidoglycan layer 

in the periplasm, thus acting as a structural protein in stabilizing the OM (Sonntag et 

al., 1978). OmpA also participates in bacterial conjugation (Ried and Henning, 1987), 

acts as a receptor for bacteriophages (Morona et al., 1985) as well as colicines (Foulds 

and Barrett, 1973) and mediates virulence and pathogenicity (Prasadarao et al., 1996; 

Weiser and Gotschlich, 1991). It may also act as a porin for small solute molecules 

(Arora et al., 2000). 
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Figure 1.7. Crystal structure of the transmembrane domain of Outer membrane protein A. The 
N-terminal transmembrane domain of OmpA forms an 8-stranded β-barrel (pink) with four long 
extracellular loops and three short periplasmic turns (orange); PDB entry -1qjp (Pautsch and Schulz, 
2000). 
 

  

 It was Surrey and Jähnig, who first demonstrated spontaneous insertion and 

folding of OmpA into preformed phospholipid bilayers upon denaturant dilution 

(Surrey and Jahnig, 1992). OmpA has emerged as an important model to examine the 

folding mechanism of β-barrel membrane proteins into lipid membranes 

(Kleinschmidt et al., 1999a; Kleinschmidt and Tamm, 1996, 2002). OmpA folding 

requires the hydrophobic core of either a detergent micelle or a lipid bilayer 

(Kleinschmidt et al., 1999b). Insertion and folding of the transmembrane domain of 

OmpA into the lipid bilayer are highly synchronized, i.e. the formation of β-sheet 

secondary structure and β-barrel tertiary structure takes place in parallel with the 

same rate constants while OmpA inserts into the hydrophobic core of the membrane 

(Kleinschmidt and Tamm, 2002). OmpA folding can be most easily monitored by 

SDS-polyacrylamide gel electrophoresis due to differences in migration observed for 

folded (30 kDa) and the unfolded OmpA (35 kDa) when samples are not heated prior 

to electrophoresis. 
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1.6 The periplasmic chaperone Skp 

 
 The Seventeen–kilodalton protein, Skp was identified as the major component 

of a mixture of periplasmic proteins that bound to sepharose-linked unfolded OMPs 

on affinity columns (Chen and Henning, 1996). The outer membrane of E.coli cells 

lacking Skp showed reduced concentrations of several OMPs like OmpA, OmpF, 

OmpC and LamB (Chen and Henning, 1996; Missiakas et al., 1996), indicating its 

function as a molecular chaperone in the assembly pathway of OMPs.  

 

 Skp (141 residues, Mr 15.7 kDa), forms stable homotrimers in solution as 

determined by gel-filtration and crosslinking experiments (Schlapschy et al., 2004). 

The structure of the Skp trimer resembles a jellyfish and is formed of a tentacle 

domain with α-helical tentacles that protrude out from the β-barrel body called as the 

association domain (Korndorfer et al., 2004; Walton and Sousa, 2004) (Figure 1.8). 

The tentacle domain forms a cavity accessible only from the tips and the sides into 

which the substrate OMPs bind and are protected against aggregation (Walton et al., 

2009). The tentacle domain is conformationally flexible. Charge distribution on the 

 

 
 

 

Figure 1.8 Crystal structure of the periplasmic chaperone Skp. The α-helical tentacles are shown 
in blue and the β-barrel association domain in pink; PDB entry 1sg2 (Korndorfer et al., 2004). 
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surface of the Skp trimer gives it an extreme dipole with the negative surface charge 

on the association domain and positive charges spread all over the tentacle domain, in 

particular at the tip regions. 

 

Skp binds OmpA early after secretion through the cytoplasmic/inner 

membrane (Schafer et al., 1999). Skp, a highly basic protein forms stable and soluble 

3:1 complexes with OmpA (Bulieris et al., 2003; Qu et al., 2007). Recently, Qu et al. 

showed that the Skp trimer always forms 1:1 complexes with a range of OMPs from 

various bacteria at nanomolar affinity (Qu et al., 2007). The transmembrane domain 

of OmpA remains largely unstructured when in complex with Skp (Bulieris et al., 

2003). OmpA folding into lipid bilayers is inhibited in the presence of either Skp or 

LPS, but in their simultaneous presence OmpA folded faster to higher yields (Bulieris 

et al., 2003). Skp was also found to insert into monolayers of negatively charged 

lipids (De Cock et al., 1999). Skp has a putative LPS binding site formed on the 

surface of each Skp monomer by residues K77, R87 and R88 (Walton and Sousa, 

2004). In E. coli, the skp gene follows the gene omp85 (yaeT) immediately 

downstream on the chromosome, preceding genes encoding enzymes involved in LPS 

biosynthesis. In a recent study (Qu et al., 2007), the affinity of Skp for YaeT was 

found to be up to two orders of magnitude greater than for other OMPs, indicating 

high specificity. 
 

1.7 The YaeT Complex 

 
Recent genetic and biochemical studies led to the identification of a multi-

protein complex required for assembly of OMPs into the OM, of which integral β-

barrel protein Omp85 is the core component (Wu et al., 2005). Omp85 is a highly 

conserved protein with homologues also in eukaryotic cells, such as Tob55 in 

mitochondria (Gentle et al., 2004; Paschen et al., 2003) and Toc75 in chloroplasts 

(Voulhoux et al., 2003). In Escherichia coli, this complex is formed of the 

transmembrane protein YaeT and at least four lipoproteins, namely YfiO, YfgL, NlpB 

and SmpA, of which YaeT and YfiO are essential (Malinverni et al., 2006; Sklar et 

al., 2007; Wu et al., 2005). YaeT is essential for cell viability and its depletion leads 
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to severe defects in OMP biogenesis (Doerrler and Raetz, 2005; Gentle et al., 2004; 

Werner and Misra, 2005; Wu et al., 2005). In YaeT depleted cells, OMPs were found 

to accumulate in the periplasm, suggesting that like its homologues, YaeT also is 

involved in the targeting or assembly of OMPs into the OM (Werner and Misra, 

2005). It has also been demonstrated to interact directly with its substrate OMPs via a 

species-specific C-terminal signature sequence (Robert et al., 2006).  

 

 YaeT (Mr 89 kDa) has a periplasmic domain on the N-terminus and a 

membrane embedded C-terminal β-barrel domain. The periplasmic domain of YaeT is 

composed of five polypeptide-transport-associated (POTRA) domains. In YaeT, the 

sequential deletion of POTRA domains has shown that they act as scaffolding sites 

for the lipoproteins, and are involved in the assembly of OMPs (Kim et al., 2007). 

Recently, many structures of the periplasmic domain of YaeT have been published. 

Kim et al. demonstrated a curved, fishhook like arrangement of the POTRA domains 

(PDB entry 2qdf) (Kim et al., 2007). However, small-angle X-ray scattering and 

NMR data suggest that POTRA domains adopt a more extended conformation in 

solution (Knowles et al., 2008). A more recent X-ray crystal structure confirms the 

extended conformation of POTRA domains and reveals conformational flexibility 

between POTRA 2 and 3 (PDB entry 3efc) (Gatzeva-Topalova et al., 2008) (Figure 

1.9).  

 

 
 
Figure 1.9 Crystal structure of the periplasmic domain of YaeT showing the four POTRA domains 
(PDB entry- 3efc) (Gatzeva-Topalova et al., 2008). 
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 Depletion of YfiO in the cells causes similar phenotypes as the depletion of 

YaeT, implying that it plays an important role in YaeT-mediated OMP assembly 

(Malinverni et al., 2006). Cells lacking other lipoproteins, Yfgl, NlpB and SmpA are 

viable and exhibit only minor OMP assembly defects (Malinverni et al., 2006; Ruiz et 

al., 2005; Sklar et al., 2007). YfiO forms direct contacts with YaeT and its C-terminus 

is required for stable contacts between NlpB and the other members of the complex 

and hence in maintaining the functional integrity of the complex (Malinverni et al., 

2006). YfiO, NlpB and SmpA interact at POTRA 5 of YaeT (Kim et al., 2007).  

 
 In YaeT, mutations in any of the POTRA domains severely impaired OMP 

assembly and POTRA 3, 4 and 5 were found essential for cell viability (Kim et al., 

2007). The conserved residues in the POTRA domains lie in the hydrophobic core or 

loop regions, suggesting their importance in maintaining structure and function of the 

complex. It is speculated that polypeptides may interact with POTRA domains by β-

augmentation prior to their assembly into the OM. Although the structure of the 

periplasmic domain of YaeT has been investigated in detail, the precise mechanism 

by which YaeT assembles OMPs into the membrane still remains unknown. 

 

1.8 Lipopolysaccharide 

 
 Lipopolysaccharide, (LPS) is a major component of the outer membrane of 

most Gram-negative bacteria, and in nearly all bacteria that contain LPS, it is 

essential. More than 50 genes are involved in its synthesis and assembly at the cell 

surface. LPS, also known as endotoxin, elicits a very potent immune response in the 

host, while it protects the bacterium by acting as a barrier against entry of 

hydrophobic molecules. It also increases the negative charge of the membrane and 

helps stabilize the overall membrane structure. 

 

 A LPS molecule consists of three parts: (i) a hydrophobic membrane anchor, 

Lipid A; (ii) the core oligosaccharide region forming the inner core; and (iii) the O-

antigen region forming the outer core (Figure 1.10). Lipid A is a disaccharide with 

multiple fatty acid tails inserted into the membrane. Lipid A is highly conserved 
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among bacterial species and plays a very important part in toxicity in the host cell. 

The core oligosaccharide is attached to the Lipid A and contains unusual sugars like 

Kdo (keto-deoxyoctulosonate) and heptose. The O-antigen is a polysaccharide chain 

extending from the core region and varies between different bacterial strains. It is 

responsible for imparting antigenic specificity. The presence or absence/reduction of 

the O-side chains makes the LPS molecule classified as smooth or rough. Bacterial 

membranes with rough LPS are more penetrable to hydrophobic antibiotics.  

 

 
 
Figure 1.10 Structure of LPS. 
 

 

Several periplasmic proteins and LPS have been demonstrated to interact with 

OMPs in the periplasm, and initial studies suggested that LPS is required for efficient 

assembly of OMPs like monomeric OmpA (Freudl et al., 1986; Schweizer et al., 
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1978) and trimeric PhoE (de Cock et al., 1999; de Cock and Tommassen, 1996) into 

the OM. Genetic studies have shown that assembly of OMPs was affected in strains 

with altered LPS variants (Nikaido and Vaara, 1985; Schnaitman and Klena, 

1993),with a decrease in rate of OMP synthesis as well (Ried et al., 1990) 

 

1.9 Motivation and Aims of the study 

 

 Insertion and folding of β-barrel OMPs into preformed lipid membranes has 

been investigated in detail, but is still not well understood. For in vitro folding, 

unfolded OMPs in 8 M urea solution are incubated with preformed lipid bilayers such 

that the denaturant urea is strongly diluted. However, the conditions in vivo are 

entirely different, where periplasmic chaperones keep the OMPs soluble until their 

assembly into the membrane. Folding of outer membrane protein A (OmpA) has been 

investigated extensively only from its urea-unfolded form, which made it an obvious 

choice for investigation. An earlier study showed that Skp binds unfolded OmpA 

forming soluble stable complexes, substitutes the chemical denaturant urea for OmpA 

solubilization, and also demonstrated folding of OmpA from its complexes with the 

periplasmic chaperone Skp (Bulieris et al., 2003). Therefore, I decided to investigate 

folding of OmpA into membranes from Skp-bound form. 

 

The aim of the study is first to investigate folding of OmpA into preformed 

membranes of different composition and hydrophobic thickness, from its Skp bound 

form in detail, and also to compare it with folding of urea-unfolded form. This allows 

better understanding of the role of Skp in the mechanism of folding of OMPs. It is 

also a first step in identification of factors governing targeting of chaperone-bound 

OMPs to the membranes.  

 

Genetic studies have recently identified a multiprotein complex, involved in 

assembly of OMPs into the OM, of which the transmembrane OMP, YaeT and the 

lipoprotein, YfiO are essential (Malinverni et al., 2006; Wu et al., 2005). A recent 

study demonstrated that Skp trimer forms 1.1 complexes with a range of OMPs from 

various bacteria at nanomolar affinity, with the strongest binding for YaeT (Qu et al., 

2007). Therefore, further investigation on the essential components of the OMP 
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assembly machinery, the YaeT complex, was the next logical step after examining 

Skp-assisted folding of OmpA. 

 

The second aim of this study is to refold YaeT into preformed lipid 

membranes and examine its effect on insertion and folding of OmpA both in the 

absence and presence of the folding factors, Skp and/or LPS. The third aim is to 

isolate and purify YfiO, and then refold it into preformed lipid membranes. These are 

significant steps in allowing future investigations on the mechanism by which YaeT 

and/or YfiO interact with each other, the substrate OMPs, and function in assembly of 

OMP assembly.  

 

All of the above mentioned studies on the Skp-assisted and YaeT-mediated 

folding of outer membrane protein A required the usage of some technics as methods. 

The basic principles on which these technics work along with the relevant scientific 

background are described in the following section. 

 

1.10 Methods and Scientific Background 

 

1.10.1  Sodium Dodecyl Sulfate – Polyacrylamide Gel Electrophoresis 

(SDS-PAGE) 
 

 SDS-PAGE is a widely used technic for separation of proteins according to 

their electrophoretic mobility, which is influenced both by the charge and size of 

protein. The samples having identical charge to mass ratios can be resolved on the 

basis of size on polyacrylamide gels, which have sieving properties. The samples are 

first treated with SDS, an anionic detergent, which denatures the proteins and applies 

a negative charge to each protein in proportion to its mass (Laemmli, 1970). Presence 

of SDS ensures identical migration for different proteins with similar molecular 

weights due to identical charge to mass ratio. The velocity of a charged particle 

moving in an electric field is directly proportional to the field strength and the charge 

on the molecule and is inversely proportional to its size and the viscosity of the 

medium. Therefore, using a gel with sieving properties increases the differences in 
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mobility between proteins of different molecular weights and hence separates them 

better. 

 

 Laemmli gels are composed of two different gels (stacking and resolving gel), 

each cast at different pH and run in a buffer at another pH. The buffers for stacking 

and resolving gels are made of Tris, SDS and chloride at pH 6.8 and 8.8 respectively. 

The running buffer is Tris-glycine, pH 8.3. Glycine is a weak acid and exists in two 

states, an uncharged zwitterion, or a charged glycinate anion. At low pH, it is 

protonated and thus uncharged, while at higher pH it is negatively charged. When the 

power is turned on, the glycine ions in the running buffer migrate away from the 

cathode and towards the sample and stacking gel. Since the pH there is low, they lose 

a lot of charge and slow down. Meanwhile, the chloride ions (which are also 

negatively charged) in the stacking gel also migrate away from the cathode, thus 

creating a small zone of low conductance in the top region of the stacking gel. The 

very high field strength in this zone makes the negatively charged proteins migrate 

further. This moving zone of high voltage ensures that all the proteins reach the 

resolving gel at the same time and can be separated on the basis of their size. On 

reaching the resolving gel, the glycine becomes deprotonated and thus highly 

negatively charged. The mobility of glycine increases and the proteins decreases, 

implying there is no longer a narrow zone of high resistance and the proteins can 

migrate on their own.  

 

 SDS-PAGE has been used extensively to determine the folded state of OMPs, 

which are resistant to denaturation by SDS, and also to analyze kinetics of folding of 

outer membrane proteins like OmpA into phospholipid bilayers. The folded samples 

are not heated before subjecting them to SDS-PAGE, taking advantage of the 

different electrophoretic mobilities of folded (30 kDa) and unfolded (35 kDa) OmpA 

as described in several previous studies (Bulieris et al., 2003; Kleinschmidt and 

Tamm, 2002; Surrey and Jahnig, 1995). This difference in migration of folded and 

unfolded forms is common for OMPs and has been reported for OmpG (Conlan and 

Bayley, 2003), FomA (Puntervoll et al., 2002), PagP (Huysmans et al., 2007) and 

others. 
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1.10.2   Circular Dichroism spectroscopy 

 
Circular Dichroism (CD) spectroscopy is a form of light absorption 

spectroscopy that measures differences in absorption of left- (L) and right-handed (R) 

circularly polarized light by an optically active substance. When the linearly polarized 

light passes through an optically active substance, not only the speeds of the two 

circularly polarized components are different, but also their absorption coefficients, εL 

and εR. Since the absorptions of left and right circularly polarized light are different, 

elliptically polarized light emerges from the sample. Therefore, actually CD 

spectroscopy measures the ellipticity (Θ), which is determined from the difference of 

the absorption coefficients,  

 

Θλ  = const · (εL - εR) · c · d 

 

where, εL and εR is the absorption coefficient of the left and right circularly polarized 

light respectively, c is the concentration of the sample, d is the path length of the cuvette, 

and λ, the wavelength of the incident light. Const. is given by 

 

  const = 180/4π ln(10) ≈33 

 

The molar ellipticity is then given by 

 

[Θ]λ = Mr Θλ /10 · c · d  (Grad.cm2/mol) 

 

where, Mr is the molar mass in g·mol-1. If the molar extinction coefficients of the left and 

right circularly polarized light are known, the molar ellipticity can be expressed as 

 

   

[Θλ] = 3300 · Δε 

 

The dependence of the ellipticity on the wavelength of the incident light defines the 

CD spectrum. 
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 Secondary structure formation in proteins gives rise to an optically active 

chromophore (peptide bond), which makes the overall structure of the macromolecule 

chiral. The CD signal arises due to the chirality of a molecule. Therefore, when a 

protein is properly structured, both positive and negative signals will be obtained 

whereas the absence of a regular structure will result in zero CD intensity. Secondary 

structure of protein can be determined by CD spectroscopy in the "far-UV" spectral 

region, below 250 nm. Between 190-250 nm wavelength range, the α-helix, β-sheet, 

and random coil structures give rise to a characteristic shape and magnitude of their 

CD spectrum. Like all spectroscopic technics, the CD signal also reflects an average 

of the entire molecular population.  

 

 CD spectroscopy is an extensively used technic to study chiral molecules of 

all types. One of its major applications is in structural biology, where it is mostly used 

to examine secondary structure formation in proteins, folding and detecting 

conformational changes arising due to complex formations. It can also be used as a 

quantitative method for analyzing the secondary structure composition. This method 

is based on programs, which use a reference database comprising spectra of proteins 

whose crystal structures (and therefore their secondary structures) are known, to 

deconvolute the information contained in the spectra. Several algorithms developed 

for spectral deconvolution are publicly available online. One such web server is 

DICHROWEB (Whitmore and Wallace, 2004), which provides a user-friendly 

interface to the existing programs and databases, allowing a wide range of input 

formats. It supports five popular and freely available analysis algorithms: SELCON3, 

CONTINLL, CDSSTR, VARSLC and K2d, which allows the user to check for 

statistical consistency between the algorithms. Another advantage is that it calculates 

a single type of goodness-of-fit parameter and provides a graphical comparison of the 

experimental and the calculated data, thus ensuring data reliability. Therefore, CD 

spectroscopy in combination with the quantitative analysis tools provides a reliable 

and accurate output on the secondary structure of a protein.  
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2.   The periplasmic chaperone Skp requires a 

negative membrane surface potential to target 

and to facilitate insertion and folding of outer 

membrane protein A. 

 
2.1 Abstract 

 
 Outer membrane proteins insert and fold into membranes post-translationally 

and in bacteria after their transport across the periplasm via molecular chaperones. 

The principles by which chaperone-bound outer membrane proteins are targeted to 

membranes and insert and fold into them are unknown. Here, spontaneous folding of 

outer membrane protein A (OmpA) of Escherichia coli from the complex with its 

molecular chaperone Skp into lipid membranes allowed investigations of basic 

biochemical and biophysical principles. The last folding step followed a double 

exponential time course without detectable folding intermediates, indicating two 

parallel folding phases. The contribution of the faster folding process determined the 

overall folding yields and was favored when the solubility of OmpA was increased, 

either in complex with Skp/LPS or in model experiments with urea-unfolded OmpA, 

at pH above pIOmpA, i.e. when OmpA was negatively charged and therefore less prone 

to aggregation. A more compact form of OmpA dominated at pH close to pIOmpA and 

folded much more slowly. Membrane proteins are hydrophobic and aggregate in 

aqueous solution, suggesting hydrophobic interactions with soluble chaperones. I 

demonstrate that not hydrophobic, but electrostatic interactions not only dominate 

complex formation between negatively charged OmpA and positively charged Skp, 

but also targeting and release of OmpA at the membrane surface for facilitated 

insertion and folding from its complex with Skp. Membranes with a negatively 

charged surface are necessary to dissociate the complex with Skp and to initiate 

OmpA insertion and folding. The data support a model in which Skp delivers outer 

membrane proteins to the N-terminal half of Omp85 in the periplasm, which is 
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negatively charged and serves as the receptor for complexes of Skp with outer 

membrane proteins via charge-charge interactions. 

 

 

2.2 Introduction 

 
 Insertion and folding of membrane proteins into membranes are not well 

understood, but important for membrane biogenesis and cell growth. In Gram-

negative bacteria, assembly of transmembrane proteins (TMPs) into the outer 

membrane (OM) takes place post-translationally after their translocation across the 

cytoplasmic membrane in unfolded form via the SecYEG translocon. Passage of outer 

membrane proteins (OMPs) through the periplasm is facilitated by periplasmic 

chaperones, which was demonstrated in genetic studies for the seventeen kDa protein 

(Skp) (Chen and Henning, 1996a; Schäfer et al., 1999) and the survival factor A 

(Surana et al.) (Lazar and Kolter, 1996; Rouvière and Gross, 1996). Deletion of skp or 

surA in E. coli resulted in reduced concentrations of OMPs in the OM (Chen and 

Henning, 1996a; Lazar and Kolter, 1996; Missiakas et al., 1996; Rizzitello et al., 

2001; Rouvière and Gross, 1996). How these periplasmic molecular chaperones work 

in absence of ATP is largely unknown. 

 

 OMPs can be unfolded in 8 M urea solution. They fold spontaneously to their 

active forms upon urea-dilution in presence of detergent micelles (for a review see 

(Buchanan, 1999)). Some OMPs, e.g. outer membrane protein A (OmpA) (Surrey and 

Jähnig, 1992) or PagP (Huysmans et al., 2007) from Escherichia coli, the major OMP 

from Fusobacterium nucleatum (FomA) (Pocanschi et al., 2006), or the voltage-

dependent anion-selective channel, isoform 1 of human mitochondria 

(Shanmugavadivu et al., 2007) also insert spontaneously into preformed lipid bilayers. 

This facilitates detailed examinations of membrane protein folding by biophysical 

methods. However, insertion of OMPs into lipid bilayers is often slow (Kleinschmidt 

and Tamm, 1996), depends on the lipids and bilayer properties (Kleinschmidt and 

Tamm, 2002). OmpA has emerged as an important model to examine the folding 

mechanism of β-barrel membrane proteins into lipid membranes (Kleinschmidt et al., 
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1999a; Kleinschmidt and Tamm, 1996, 1999, 2002; Kleinschmidt et al., 1999b) (for a 

review, see (Kleinschmidt, 2006)). OmpA folding requires the hydrophobic core of 

either a detergent micelle or a lipid bilayer (Kleinschmidt et al., 1999b).  

 

 Upon urea dilution, Skp binds to unfolded OmpA and soluble stable complexes 

are formed. This allowed investigations on the folding of OmpA into lipid membranes 

from its chaperone-bound form, replacing urea by Skp for OmpA solubilization 

(Bulieris et al., 2003). To my knowledge, this is currently the only established 

minimal model system to investigate folding of a chaperone-bound membrane protein 

into lipid bilayers in detail. Only the OMP, Skp, and a preformed lipid bilayer are 

required, which greatly facilitates investigations of the folding mechanism by 

spectroscopic methods. Fluorescence spectroscopy indicated that Skp forms stable 3:1 

complexes with OmpA (Bulieris et al., 2003; Qu et al., 2007). Later, crystal structures 

(PDB entries 1sg2, 1u2m) revealed Skp is a homo trimer (Korndörfer et al., 2004; 

Schlapschy et al., 2004; Walton and Sousa, 2004). Skp-bound OmpA folded slower 

than urea-unfolded OmpA (Bulieris et al., 2003), which was unexpected since Skp is 

a periplasmic chaperone for OMPs, preserving them in a folding-competent 

conformation for membrane insertion. Interestingly, the simultaneous presence of Skp 

and lipopolysaccharide (LPS), a component of the OM, increased the folding rates 

and yields of OmpA beyond those obtained with urea-unfolded OmpA alone (Bulieris 

et al., 2003).  

 

 More recently, Qu et al. showed that the Skp trimer always forms 1:1 

complexes with a range of OMPs from various bacteria at nanomolar affinity (Qu et 

al., 2007). However, OMPs were neither bound below pH 5.5 nor above pH 11, i.e. 

under conditions, where Skp (pI ~10.5) and OMPs (pI < 6) (Kleinschmidt, 2006, 

2007) were no longer oppositely charged. Furthermore, at pH 7, the affinity of Skp for 

OMPs decreased with increasing ionic strength in solution (Qu et al., 2007). In 

conclusion, Skp bound OMPs largely via electrostatic interactions.  

 

 In the present work, I examined the role of charge-charge interactions in folding 

of OMPs into lipid bilayers for OmpA. Our hypothesis was that the negative 

electrostatic surface potential of the periplasmic leaflet of the OM might attract 
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Skp3·OMP complexes, since Skp is a positively charged chaperone. Folding was 

investigated for urea-unfolded and for Skp-bound OmpA over a broad pH-range and 

with neutral and negatively charged lipid membranes. To examine Skp function and 

the mechanistic basis for the chaperone-assisted folding of OmpA, I analyzed the 

folding kinetics of OmpA in absence and in presence of Skp or both Skp and LPS, 

since in a previous study, LPS strongly modulated the properties of the Skp-OmpA 

complex (Qu et al., 2007) and OmpA folding behavior (Bulieris et al., 2003).  

 

 

2.3 Materials and Methods 

 
2.3.1 Purification of Skp, OmpA, and R-LPS  
  

 Skp was isolated from E. coli and purified as described previously (Bulieris et 

al., 2003). OmpA was overexpressed and purified in denatured form in 8 M urea as 

reported earlier (Surrey and Jähnig, 1992). The concentrations of Skp and OmpA 

were determined using the method of Lowry et al. (Lowry et al., 1951). 

 

 Escherichia coli rough mutant F576 was cultivated as described previously 

(Vinogradov et al., 1999) and its LPS (R2 core type, Mr ~3900 g/mol) was isolated as 

reported (Müller-Loennies et al., 1994). 

 

2.3.2  Preparation of lipid vesicles 

 

 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE), and 1,2-dioleoyl-sn-glycero-3-phosphoglycerol 

(DOPG) were purchased from Avanti Polar Lipids (Alabaster, AL). Small unilamellar 

vesicles (SUVs) in 10 mM buffer containing 2 mM EDTA were prepared as described 

(Bulieris et al., 2003). The buffer was sodium citrate at pH 5.5 to 6.5, HEPES at pH 7, 

Tris at pH 8 or sodium borate at pH 9 or 10. 
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2.3.3  Kinetics of tertiary structure formation by electrophoresis 

 
 To compare folding kinetics at a selected pH in absence and in presence of 

either Skp or both, Skp and LPS, folding experiments were performed in parallel with 

lipid bilayers (SUVs) from the same preparation (Bulieris et al., 2003). Insertion and 

folding of urea-unfolded OmpA into SUVs was initiated by rapidly mixing OmpA 

with an excess volume of lipid bilayers in buffer for strong urea-dilution. Folding of 

OmpA from the complex with Skp was performed by first adding the unfolded OmpA 

to urea free buffer containing Skp, reducing the urea concentration 12 times. SUVs 

were then added to initiate folding and insertion. Alternatively, OmpA-Skp 

complexes were reacted with a solution of LPS followed by immediate addition of 

SUVs. The final concentrations in the folding reactions were 7.1 µM OmpA, 1.4 mM 

lipid, and, where present, 28.4 µM Skp and 35.5 µM LPS, corresponding to molar 

ratios of 1 OmpA, 200 lipids, 4 Skp, and 5 LPS. The final urea concentration was 0.5 

M in all experiments. Folding kinetics was monitored over 240 min after bilayer 

addition at 30°C and analyzed by electrophoresis as described previously 

(Kleinschmidt and Tamm, 1996, 2002; Pocanschi et al., 2006; Surrey and Jähnig, 

1995) (for a review, see (Kleinschmidt, 2006)). SDS-PAGE (Laemmli, 1970; Weber 

and Osborne, 1964) was performed without heat-denaturation of the samples. 

 

 

2.4 Results 

 
2.4.1 pH strongly influences the folding kinetics of OmpA into lipid 

bilayers 

 
 For folding experiments, OmpA was isolated in unfolded form in 8 M urea. To 

investigate whether changes in the net-charge of OmpA (theoretical pIOmpA ~ 5.5) alter 

its folding kinetics, I first examined the pH-dependence of OmpA folding into lipid 

membranes in absence of Skp and LPS. I used bilayers composed of DOPC, DOPE, 

and DOPG at molar ratios of 5:3:2, since the periplasmic leaflet of the E. coli OM has 

a negative electrostatic surface potential, containing ~ 20% negatively charged 
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phosphatidylglycerol (PG) and diphosphatidylglycerol (cardiolipin). Folding kinetics 

of OmpA was analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) on samples that were not heated prior to electrophoresis, taking 

advantage of the different electrophoretic mobilities of folded (30 kDa) and unfolded 

OmpA (35 kDa) as described in numerous previous studies, e.g. (Bulieris et al., 2003; 

Kleinschmidt and Tamm, 2002; Surrey and Jähnig, 1995), for a review, see 

(Kleinschmidt, 2006). Differences in migration of folded and unfolded forms are 

common for OMPs and were reported for OmpG (Conlan and Bayley, 2003), FomA 

(Puntervoll et al., 2002), PagP (Huysmans et al., 2007) and others. Folding 

intermediates are rarely observed; since similar to some natively folded OMPs they 

are not stable enough to resist SDS-denaturation even at room temperature. The 

described electrophoretic methods therefore report only on the last folding phase.  
  

 

 
 
 
Figure 1. The kinetics of membrane protein folding of OmpA depends on pH. (A) SDS-PAGE analysis 
of the time courses of OmpA (7.1 μM) folding into lipid bilayers (1.4 mM lipid) of 
DOPC/DOPE/DOPG at a molar ratio of 5:3:2 at 30°C and at the indicated pH. Folding was monitored 
at various times between 2 and 240 min, indicated at the bottom for each lane. In each gel, the first lane 
contained the protein markers. Unfolded OmpA (U) migrated at 35 kDa and folded OmpA (F) at 30 
kDa (18). (B) and (C), the fraction of folded OmpA at different times after initiation of folding at acidic 
and basic pH was analyzed by densitometry of the gels shown in panel A at pH 5(^), 5.5 (m), 6.0 (j), 
6.5 (d), 7.0 (s), 8.0 (h), 9.0 (n), and 10.0 (r). Data sets were fitted by Eq. (1) (solid lines) or by 
single-exponential functions (dashed lines). 
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 Figure 1 shows the time courses of OmpA folding over 240 min at various pH 

between 5 and 10, analyzed by SDS-PAGE and densitometry. OmpA folded very 

slowly below pH 6 and close to pIOmpA. After 4 h, yields did not exceed 30% at pH 5.5 

and at pH 5, folding was negligible. In contrast, at pH 6.5, i.e. when OmpA carried a 

negative net-charge, fast folding kinetics and high yields were obtained, reflecting an 

increased solubility of OmpA. From pH 7 to pH 8, folding rates were slower. Slightly 

increased rates and yields were again observed at pH 9 and 10.   

 

2.4.2 The pH-dependence of OmpA folding indicates two parallel 

folding processes 

  

 In previous studies at basic pH, kinetics of OmpA folding into bilayers of short 

chain phospholipids was well fitted by single-exponential functions, suggesting 

pseudo-first-order kinetics (Kleinschmidt and Tamm, 2002). Here, single-exponential 

fits with three free fit-parameters to the kinetics of OmpA folding into the longer-

chain dioleoyl phospholipids were mostly unsatisfactory in particular at lower pH 

(Figure 1(B) and (C), dashed lines). Kinetics was better fitted by double-exponential 

functions, suggesting at least two folding phases. There were no intermediate bands 

detected by electrophoresis and therefore, these phases were parallel as reported 

previously for another OMP, FomA of F. nucleatum (Pocanschi et al., 2006). Since in 

the beginning of the reaction (t = 0 min), the mole fraction of folded OmpA is XFP = 0 

and assuming that all OmpA will eventually fold, i.e. XFP(t → ∞) = 1, the double-

exponential fit-functions were simplified to 

 

 

  XFP(t)  = 1 – [Af exp{–kf t } + (1–Af) exp{–ks t }]      (Eq.1) 

 

  

 The rate constants of the fast and slow folding process, kf and ks, and the relative 

contribution Af of the faster folding process were the three free fit-parameters. Fits of 

Eq. (1) (solid lines in Figure 1(B) and (C)) to the experimental data described the 

kinetics well, confirming two parallel folding phases of OmpA.  
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2.4.3  Effect of Skp on OmpA folding depends on pH 

 
 In previous studies, Skp inhibited folding of OmpA into bilayers of 

DOPC/DOPE/DOPG (5:3:2) at pH 7 (Bulieris et al., 2003) and complexes of Skp 

(pISkp ~10.5) and unfolded OmpA (pIOmpA ~5.5) formed only between pH 6 and 10 (Qu 

et al., 2007). To explore whether changes in the net-charge of the complex affect 

membrane protein folding, I examined the folding of OmpA after binding it to Skp 

(Figure 2) as a function of pH, which was not investigated in the previous study 

(Bulieris et al., 2003). Folding was again initiated by addition of lipid vesicles. 

Compared to urea-unfolded OmpA, which folded to ~ 90% at pH 6.5 (Figure 1(B)), 

folding of OmpA from the complex with Skp was strongly inhibited below pH 7 with 

folding yields never exceeding 20% (Figure 2). At neutral or basic pH, folding yields 

were comparable to yields obtained for urea-solubilized OmpA and Skp kept OmpA 

folding-competent. Single-exponential fits (not shown) to the kinetic data were again 

not satisfactory. However, fits of Eq. (1) (solid lines) were in good agreement with the 

experimental data and indicated that the kinetic model of parallel folding processes 

very well described the folding kinetics of OmpA from the complex with Skp. 

 

 

 

 

 

 

 

 

 

 



Skp-assisted folding of Outer Membrane Protein A - I 

 30 

 

 

 
Figure 2. OmpA folding from a complex with Skp3 into negatively charged bilayers is retarded when 
LPS is absent. (A) At a selected pH, ranging from 5 (top gel) to 10 (bottom gel), urea-unfolded OmpA 
(7.1 μM) was first reacted with a 4-fold molar excess of Skp, diluting the urea 12-fold. Lipid bilayers 
(1.4 mM) composed of DOPC/DOPE/DOPG (5:3:2) were then added to initiate folding. Folding was 
monitored at various times, between 2 and 240 min after lipid addition. (B) and (C), densitometric 
analysis of the gels of panel A at pH 5 (^), 5.5 (m), 6.0 (j), 6.5 (d), 7.0 (s), 8.0 (h), 9.0 (n), and 
10.0 (r). Kinetics was fitted by Eq. (1) (solid lines). 
 

 

2.4.4 LPS promotes folding of OmpA from the complex with Skp over 

a broad pH-range 

 
 In earlier work, LPS facilitated folding of OmpA into lipid bilayers from a 

complex with Skp at pH 7 (Bulieris et al., 2003). I next investigated, whether this 

observation would be influenced by changes in pH. Figure 3 shows the folding 

kinetics of OmpA from the complex with Skp into lipid bilayers of 

DOPC/DOPE/DOPG (5:3:2) in presence of LPS. The comparison to urea-unfolded  

(Figure 1) and to Skp-bound OmpA in absence of LPS (Figure 2) shows that the 

simultaneous presence of LPS and Skp facilitated folding of OmpA. Yields of 74-

86% folded OmpA were obtained between pH 6.5 and 10. In absence of Skp, LPS 

inhibited OmpA folding as previously observed at pH 7 (Bulieris et al., 2003).  
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Figure 3. OmpA folding from the complex with Skp3 into negatively charged bilayers is facilitated 
when LPS is present. First, OmpA·Skp complexes were formed as described in Figure 2. LPS (5 
LPS/OmpA) and lipid vesicles (200 lipids/OmpA) were then added. (A) The time courses of OmpA 
folding from its complex with Skp and LPS were analyzed by SDS-PAGE at the different pH. (B) and 
(C), densitometric analysis of the gels of panel A at pH 5 (^), 5.5 (m), 6.0 (j), 6.5 (d), 7.0 (s), 8.0 
(h), 9.0 (n), and 10.0 (r). The kinetics was fitted by Eq. (1) (solid lines). 
 

 

 These results established a simple experimental protocol to study OmpA 

folding, in which urea is no longer required for OmpA solubilization and substituted 

by Skp. This experimental design allows the detailed study of OMP folding only 

involving selected components naturally occurring in cells. To analyze the folding 

kinetics of OmpA from the complex with its chaperone in presence of LPS, we fitted 

the kinetic data by Eq. (1) and found again good agreement with our model of two 

parallel folding steps. As before, single exponential fits were unsatisfactory (not 

shown). 

 

2.4.5 pH-Dependence of OmpA folding into neutral lipid bilayers 

  
 To examine whether the negative electrostatic potential of the 

DOPC/DOPE/DOPG membranes is important for OmpA folding, experiments were 

repeated, but with lipid bilayers composed of DOPC only. Folding rates and yields of 

urea-unfolded OmpA in DOPC membranes (Figure 4(A) and (B)) were high from pH 
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6 to pH 10 and similar to OmpA folding rates observed at pH 6.5 for bilayers 

containing the negatively charged DOPG (Figure 1(B)). The kinetic data (Figure 4) 

were well fitted by Eq. (1), indicating our kinetic folding model is applicable, 

regardless of membrane composition and pH. Interestingly, folding kinetics of OmpA 

into DOPC bilayers in the absence of Skp and LPS (Figure 4(A) and (B)) and folding 

kinetics of Skp-bound OmpA into bilayers of DOPC/DOPE/DOPG in presence of 

LPS (Figure 3) demonstrated very similar pH dependence.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 4. The kinetics of OmpA folding into lipid bilayers of DOPC is strongly inhibited by Skp even 
when LPS is present. (A) and (B), folding of OmpA from urea. (C) and (D), folding of OmpA from the 
Skp3·OmpA complex in absence of LPS. (E) and (F), folding from the Skp3·OmpA complex in 
presence of LPS. Kinetics was obtained as described for Figures 1 to 3 at acidic, (A, C and E), and at 
neutral or basic pH, (B, D and F). Folding kinetics was fitted by Eq. (1) (solid lines). 
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2.4.6 Skp strongly inhibits folding of OmpA into 

phosphatidylcholine bilayers 

 
 I next determined the folding kinetics of Skp-bound OmpA into DOPC bilayers. 

Figure 4(C) and (D) show the time courses of folding at different pH. In comparison 

to urea-unfolded OmpA, folding of Skp-bound OmpA into DOPC bilayers was 

strongly inhibited and yields of folded OmpA were reduced over the entire pH-range. 

Inhibition was strongest between pH 6 and pH 9, i.e. in between pIOmpA and pISkp, the 

pH range where Skp and OmpA are oppositely charged. The increased yields 

observed for folding of Skp-bound OmpA into DOPC/DOPE/DOPG (Figure 2) 

compared to DOPC membranes (Figure 4(C) and (D)) were not caused by the 

presence of DOPE, as tested in control experiments with DOPC/DOPE (7:3) and 

DOPC/DOPG (7:3) membranes (Figure 5). The presence of DOPG enhanced folding 

of Skp-bound OmpA while the presence of DOPE inhibited folding.   
 
 

 
 
Figure 5. The periplasmic chaperone Skp and LPS facilitate OmpA folding into bilayers composed of 
DOPC/DOPG (7:3), but inhibit folding into bilayers composed of DOPC/DOPE (7:3). (A), SDS-PAGE 
analysis of the time courses of OmpA folding into DOPC/DOPG bilayers (gels 1-3) and into 
DOPC/DOPE bilayers (gels 4-6) at a molar L/P ratio of 200. OmpA (7.1 μM) and lipid (1.4 mM) were 
reacted at 30°C at pH 8.0 in absence and in presence of Skp or both, Skp and LPS as described in the 
legends for Figures 1 to 3. The fraction of folded OmpA at various times after addition of lipid bilayers 
was analyzed by densitometry of the gels to obtain folding kinetics of OmpA. (B), folding kinetics of 
OmpA into charged DOPC/ DOPG bilayers. (C), folding kinetics of OmpA into neutral DOPC/DOPE 
bilayers. d indicates folding of urea-unfolded OmpA into lipid bilayers, h folding of OmpA from 
Skp3·OmpA complexes in absence of LPS, and n folding of OmpA from Skp3·OmpA complexes in 
presence of LPS. 
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 Folding kinetics of Skp-bound OmpA into DOPC bilayers was faster in 

presence of LPS (Figure 4(E) and (F)), except at pH 6 and 10.  However, in 

comparison to urea-unfolded OmpA (Figure 4(A) and (B)), folding of Skp-bound 

OmpA into DOPC bilayers was inhibited even in the presence of LPS. This result is 

in marked contrast to folding experiments with DOPC/DOPE/DOPG membranes. 

Obviously, the presence of negatively charged PG in the membrane is a requirement 

for facilitated folding of Skp-bound OmpA into lipid bilayers.  

 

2.4.7 Periplasmic Skp and electrostatic attraction promote the faster 

folding process of OmpA 
 

 The analysis of the folding kinetics by fitting Eq. (1) showed that increased 

yields of folded OmpA (Figure 6) correlated with an increased relative contribution of 

the fast folding pathway, Af, for both DOPC/DOPE/DOPG and DOPC bilayers 

(Figures 7 and 8, panels (B), (D), and (F)) and not so much with changes in the rate 

constants kf and ks (Figures 7 and 8, panels (A), (C), and (E)).  

 

 

 

 

 

 

 

 

 

 

 
 
Figure 6. High folding yields of OmpA from the complex with Skp require membranes with a negative 
surface charge. Yields obtained after folding urea-unfolded OmpA (d), Skp-bound OmpA (m) and 
Skp-bound OmpA in presence of LPS (j) in lipid bilayers of (A), DOPC or (B), DOPC/DOPE/DOPG 
were taken from Figures 1 to 4 and plotted as a function of pH. 
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 In absence of Skp and LPS, the fast folding process was promoted at 

pH > pIOmpA, i.e. when OmpA was charged and more soluble. The slow folding 

process dominated at a pH close to pIOmpA (Figures 7(B), 8(B) and 6). This was 

observed for folding of urea-unfolded OmpA independent of the bilayer composition. 

The half times of folding of urea-unfolded OmpA into DOPC were τf = ln(2)/kf 

= 5 min and τs = ln(2)/ks  = 55 to 110 min at pH 7-8. At pH 9, the faster process had a 

half time of τf = 2.5 min. At pH 7, for folding of urea-denatured OmpA into bilayers 

of DOPC/DOPE/DOPG, kf and ks typically corresponded to half times of τf ≈ 14 min 

and of τs ≈ 465 min, indicating that bilayers with a negative electrostatic potential 

decrease kf about 3 times and ks about 4 to 5 times at neutral pH.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 7. The analysis of the OmpA folding kinetics indicates the relative contribution of the fast 
folding step determines efficiency of OmpA folding. For OmpA folding into bilayers of 
DOPC/DOPE/DOPG, shown in Figures 1 to 3, kinetics was analyzed by fitting Eq. 1. (A), (C), and (E), 
the rate constants of the faster process, kf, (d) and of the slower process, ks (s) as a function of pH.  
(B), (D), and (F), the relative contribution, Af (j), of the faster process to folding of OmpA as a 
function of pH. Af, kf, and ks are plotted for folding of urea-unfolded OmpA (A, B), of OmpA from a 
complex with Skp (C, D), and of OmpA from a complex with Skp and LPS (E, F). 
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Figure 8. Skp inhibits the fast folding process of OmpA in the absence of negatively charged lipid in 
the bilayer. For OmpA folding into DOPC bilayers, shown in Figure 4, kinetics was analyzed by fitting 
Eq. 1. (A), (C), and (E), the rate constants of the faster process, kf, (d), of the slower process ks (s) and 
(B), (D), and (F), the relative contribution, Af (j), of the faster process to folding of OmpA are plotted 
as a function of pH for folding of urea-unfolded OmpA (A, B), of OmpA from a complex with Skp (C, 
D), and of OmpA from a complex with Skp and LPS (E, F).  
 

 

 Μost remarkably, in presence of Skp or Skp and LPS, Af and folding yields 

were only increased, when the lipid bilayers contained negatively charged DOPG 

(Figures 7 and 8, (D) and (F), and Figure 6). This indicated that the function of Skp is 

not only to prevent OMP aggregation in solution, but also to release bound OMPs into 

membranes with negative surface charge. When Skp bound OmpA was folded into 

DOPC/DOPE/DOPG bilayers, the fast process contributed most effectively in 

presence of LPS, with Af > 0.6 from pH 7 to pH 9 (Figure 7(F)). The function of Skp 

to facilitate OmpA folding at the membrane-water interface of membranes with a 

negative surface potential has not yet been demonstrated and apparently is as 
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important as its chaperone function preventing misfolding of bound OMPs in 

solution.  

 

 When comparing the folding kinetics of urea-unfolded OmpA and of Skp-bound 

OmpA, either in absence or in presence of LPS into bilayers of DOPC, the relative 

contribution Af of the faster process to OmpA folding (Figure 8(B), (D), and (F)) and 

the folding yields (Figure 6) were strongly reduced for Skp-bound OmpA. In addition, 

above pH 6.5, the rate constants kf and ks were both reduced by a factor 2 to 10 when 

Skp was present (Figure 8(A), (C) and (E)). Obviously, the Skp-solubilized OmpA 

could not easily fold into DOPC bilayers, but remained tightly bound to Skp, even 

when negatively charged LPS was present at 5 LPS/OmpA. For the charged 

membranes (Figure 7(C) and (E)) rate constants of the faster process were greater 

than for neutral membranes (Figure 8(C) and (E)). At neutral pH and for OmpA 

folding into DOPC/DOPE/DOPG membranes, they corresponded to half times of 

τf = 8.6 min from the complex with Skp and τf=14 min when LPS was also present 

(Figure 7(C) and (E)). For comparison, half times were τf= 34 min for Skp bound 

OmpA and τf = 23 min for Skp bound OmpA in presence of LPS in the corresponding 

experiments with DOPC membranes.  

 

 

2.5 Discussion 
  

 Our present detailed work is a major advancement in understanding insertion 

and folding of outer membrane proteins like OmpA from a soluble complex with Skp, 

one of their natural chaperones in the periplasm (Schäfer et al., 1999), into a 

membrane: 1. Membrane targeting of the Skp-bound OmpA is promoted by a 

negative electrostatic surface potential of the membrane. Insertion and folding of 

OmpA depend on charge-charge interactions of OmpA with the highly basic Skp and 

of the soluble Skp3·OmpA complex with the membrane surface. 2. Independent of 

folding conditions, the kinetics of OmpA folding is well described by the presence of 

two parallel folding processes that differ by 2-3 orders of magnitude in their rates. 3. 

The faster folding process is favored when the solubility of OmpA is increased, either 

in complex with Skp/LPS or, in model experiments with urea-unfolded OmpA, at 
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basic pH, i.e. when OmpA is negatively charged. 4. Increased solubility of OMPs via 

chaperone binding is a requirement to prevent misfolding in the periplasm, but 

targeting of OMPs to the membrane by Skp is a function that is of equal importance 

to favor the faster process of membrane protein folding. 

 

2.5.1 Skp binding and release of OmpA depends on charge-charge 

interactions 

 
 OMPs of E. coli have a low pI < 6.5 (Kleinschmidt, 2006) and are therefore 

negatively charged at neutral or basic pH. For OmpA, the calculated difference 

between basic residues, Arg and Lys (r+ = 30), and acidic residues, Asp and Glu (r–

 = 35) is Δr+/– = –5. For some OMPs, the excess of negative residues is even larger, 

e.g. Δr+/–= –27 for YaeT (Omp85) and Δr+/–= –28 for OmpG. In the Skp trimer, the 

difference is Δr+/– = +15. The positive and negative residues are spatially separated 

and the trimer forms a large dipole (Korndörfer et al., 2004). The positive residues are 

covering the large surface of the tentacle domain (Figure 9(B)). Complex-formation 

between OMPs and Skp is observed only at a pH between pIOmpA and pISkp, indicating 

that binding requires electrostatic interactions between positive charges on Skp and 

negative charges on the OMP (Qu et al., 2007). A negatively charged membrane 

surface is required for the release of the OMP into the membrane. Here, the negative 

charges of DOPG reduced the high affinity of Skp for the OmpA by at least partial 

replacement of the negatively charged residues of OmpA from the positive Skp 

binding sites, leading to OmpA insertion and folding into the membrane. 
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Figure 9. Skp delivers OmpA to the membrane via charge-charge interactions. (A), (1) Unfolded 
OmpA in 8 M urea (U) is a random coil and negatively charged above pH 5.5. Polar segments are 
colored green, transmembrane segments black. Upon urea removal, OmpA collapses into more or less 
compact aqueous forms (AQ1, AQ2) with charged or polar residues on the surface and hydrophobic 
residues buried inside. OmpA folds in parallel steps, which are fast (I) and slow (II). The more compact 
aqueous OmpA (AQ2) folds very slowly. (2) Positively charged Skp3 binds AQ1 and may also bind 
AQ2, forming stable complexes (C1, C2) and preventing further misfolding. (3) Skp3·OmpA complexes 
may bind negatively charged LPS and form complexes C3. (4) Electrostatic interactions between 
positive charges of Skp3 of the complexes C1/C2/C3 and negatively charged membranes lead to surface 
binding of the Skp3·OmpA complexes, followed by formation of folded OmpA (F) in the membrane. 
Folding of the complexes into membranes without electrostatic surface potential is inhibited, leading to 
reduced yields. (B), Crystal structure of the Skp trimer (1sg2 and 1u2m). The electrostatic surface 
potential of Skp is highly positive. (C), Crystal structure of the periplasmic domain (residues 23-347) 
of Omp85 (YaeT) (3efc) of E. coli, which is the receptor for unfolded OMPs. The surface of this 
domain contains several patches of two or more acidic residues, leading to higher local charge densities 
than caused by the negatively charged lipids at the bilayer surface. The domain extends form the 
membrane surface into the periplasm and is therefore highly likely to bind Skp3·OMP complexes 
through electrostatic attraction. 
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2.5.2 OmpA folds via Parallel Folding Pathways 

 
 We observed that OmpA folds and inserts via parallel folding pathways. The 

folding efficiency of OmpA is largely determined by the relative contribution, Af, of 

the faster folding pathway. This observation was made independent of the selected 

pH, bilayer composition, absence or presence of Skp or both Skp and LPS. For direct 

folding of urea-unfolded OmpA into lipid bilayers, selection of a pH > pIOmpA 

promoted the faster folding phase, as evident from an increase of Af. When urea is 

diluted, parts of the OmpA polypeptide chain will first adopt an “inside-out” 

conformation, the “hydrophobically collapsed” form AQ1, in which the charged and 

polar residues are exposed at the surface, while the hydrophobic residues are largely 

shielded from the aqueous space. This collapsed form will be even more compact, 

AQ2, at a pH close to pIOmpA, because there is less intramolecular charge-charge 

repulsion. Close to pIOmpA, AQ2 dominates over AQ1 and requires additional 

conformational changes for reverting the inside-out orientation of the side-chains. 

AQ2 therefore folds only slowly into membranes. At an increased net-negative charge 

of OmpA above pIOmpA, intramolecular side-chain repulsion within OmpA limits the 

collapse, the charged side chains are better hydrated, and aggregation is prevented 

because of intermolecular repulsion. Therefore OmpA solubility is greater (Surrey 

and Jähnig, 1995) and AQ1 folds faster into lipid bilayers. The effect of pH on Af is 

similar for direct folding of urea-unfolded OmpA into either neutral DOPC or 

negatively charged bilayers of DOPC/DOPE/DOPG (Figures 7(B) and 8(B)).  

 

2.5.3 The chaperone and the membrane targeting function of Skp 

are both needed to facilitate OmpA folding 

 
 Folding of Skp-bound OmpA into bilayers containing PG is also favored at 

pH > pIOmpA, i.e. when OmpA is negatively charged and stable Skp3·OmpA complexes 

are formed. Complexes seemed to be preferably formed with AQ1 at pH > 6, 

consistent with the chaperone function of Skp to prevent misfolding. The contribution 

of the fast folding phase Af of Skp-bound OmpA determines folding yields, as 

observed for urea-unfolded OmpA (Figure 7(B) and (D)). In presence of LPS, Af is 

even greater (Figure 7(F)). When the membrane lacks the negatively charged DOPG, 
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this is no longer observed (Figure 8(B), (D), (F), and Figure 5). Instead, folding of 

OmpA from Skp3·OmpA complexes is retarded and yields are low. Af is small, 

independent of pH, and kf and ks, are greatly reduced compared to folding of urea-

unfolded OmpA into DOPC bilayers. Folding kinetics of Skp-bound OmpA into 

DOPC/DOPE/DOPG membranes is characterized by larger Af, kf and ks than folding 

kinetics of the same complexes into DOPC membranes. For Skp-facilitated OMP 

folding, targeting and binding of Skp3·OMP complexes to a negatively charged 

membrane surface is obviously as important as preventing OMP misfolding in 

solution. In Skp3·OMP complexes, the overall distribution of positive and negative 

residues likely remains asymmetric, e.g. when OMP binding involves mostly the 

inside of the tentacle basket or the tentacle tips as proposed (Korndörfer et al., 2004; 

Qu et al., 2007; Walton and Sousa, 2004). Attraction between positive charges on the 

surface of the complex and negative charges in the membrane then lead to an 

orientation of the complex that favors insertion.  

 

2.5.4 A mechanism for Skp assisted targeting and folding of OMPs 

into a membrane 

 
 The results of this study suggest a mechanism for OMP targeting and folding 

into membranes that is summarized in the tentative scheme in Figure 9(A). After urea 

dilution, or in vivo after emerging from SecYEG translocon of the inner membrane 

(Schäfer et al., 1999), OmpA forms an aqueous intermediate AQ1, in which polar 

residues of loops and turns form most of the surface, shielding the hydrophobic 

residues of the transmembrane segments from polar solvent (Figure 9, step 1). The 

aqueous OmpA also develops a more compact collapsed conformation AQ2, in 

particular at pH close to pIOMP. When Skp3 is present, AQ1 and AQ2 form stable 

Skp3·OmpA complexes, C1, C2 (step 2), with nanomolar affinity (Qu et al., 2007). 

Negatively charged LPS may bind to Skp3·OmpA complexes to form complexes C3 

(Qu et al., 2007) (step 3). LPS binding further facilitates the release of OmpA into 

bilayers. High yields of folded OmpA (F) are obtained with negatively charged 

DOPC/DOPE/DOPG bilayers, but not with neutral DOPC membranes (step 4). In 

absence of negative charges in the membrane, Skp3 functions as an inhibitor for OMP 

folding. OmpA is released, because the negative charges of PG compete with the 
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negatively charged residues of OmpA for the positive binding sites in Skp. OmpA 

binding to Skp is therefore weakened at the membrane-water interface. This 

mechanism favors OmpA insertion and folding into the membrane instead of 

aggregation of OmpA, since the release of OmpA is triggered at the membrane 

surface rather than in bulk solution. Therefore Af increases most strongly for Skp-

bound OmpA and folding into bilayers containing phosphatidylglycerol. In the 

additional presence of LPS, this effect is even larger, presumably because the LPS-

binding-sites in Skp, formed by Lys and Arg (Walton and Sousa, 2004) are screened, 

likely reducing the affinity of Skp for OmpA.  

 

 In the OM, Omp85 is the receptor for unfolded OMPs (Doerrler and Raetz, 

2005; Gentle et al., 2004; Voulhoux et al., 2003). In E. coli, the skp gene follows the 

gene omp85 (yaeT) immediately downstream on the chromosome, preceding genes 

encoding enzymes involved in LPS biosynthesis. In our previous study (Qu et al., 

2007), the affinity of Skp for Omp85 from E. coli was up to two orders of magnitude 

greater than for other OMPs, indicating high specificity. In aqueous solution, the 

soluble N-terminal half of Omp85, which is composed of about 390 residues, likely 

folds independently of the transmembrane C-terminal domain. Therefore, potential 

Skp docking sites within the periplasmic domain of Omp85 would be in their native 

conformation to interact with Skp, explaining the observed high affinity in our 

previous work. Interestingly, this periplasmic domain of Omp85 has a calculated pI of 

5.35 and a negative net-charge of Δr+/– = –8. The electrostatic surface potential of its 

structure (Gatzeva-Topalova et al., 2008; Kim et al., 2007) (PDB entry 3efc) shows 

large negatively charged patches composed of 2 or more acidic residues that may 

serve as docking sites for Skp (Figure 9(C)). The previously reported high affinity of 

Skp for Omp85 of E. coli (Qu et al., 2007) and our present study, which demonstrates 

the role of charge-charge interactions for folding of Skp-bound OMPs into 

membranes, strongly suggest that the transport of OMPs via Skp across the periplasm 

is mediated by interactions between negatively charged residues within OMPs, the 

positively charged surface of Skp and the negatively charged surface of the Omp85 

periplasmic domain, which protrudes from the OM into the periplasm. We propose 

that Skp directly transports OMPs from the inner membrane to the OM and 

specifically to Omp85 via electrostatic interactions. 
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3. Comparison of Skp-assisted folding of OmpA into 
lipid membranes of varied composition and 
hydrophobic thickness 

 
3.1 Abstract 
  
 Outer membrane proteins (OMPs) are kept soluble by periplasmic chaperones 
before insertion and folding into the outer membrane (OM). Complex formation of 
outer membrane protein A (OmpA) with the periplasmic chaperone Skp, its 
dissociation, and insertion and folding of OmpA into the membrane is largely a 
charge driven process. Here, I compare the spontaneous folding of OmpA into lipid 
bilayers of varied composition and hydrophobic thickness. OmpA folds via parallel 
folding steps independently of the hydrophobic thickness of the bilayer. OmpA 
folding kinetics is sigmoidal in absence of lipopolysaccharide (LPS) when negatively 
charged bilayers of DLPC/DLPE/DLPG are used. Folding kinetics of OmpA from its 
complex with Skp is sigmoidal, both for neutral DLPC, and negatively charged 
DLPC/DLPE/DLPG bilayers, when LPS is absent. LPS enhances folding of Skp-
bound OmpA more strongly into bilayers composed of short chain phospholipids. 
Charge–charge interactions cause sigmoidal kinetics for OmpA folding into bilayers 
of short chain phospholipids. Skp-bound OmpA folds into short chain lipid bilayers to 
high yields at physiological pH, only if the membrane is negatively charged. Skp 
targets OMPs to the membrane via electrostatic interactions independent of lipid 
bilayer properties.  

 
 
3.2 Introduction 
 
 The understanding of the mechanism and factors governing folding of 
chaperone-bound OMPs into bilayers is of significance to understand protein 
translocation into the OM. Insertion of transmembrane proteins (TMPs) into the OM 
takes place post-translationally in Gram-negative bacteria. OMPs after synthesis in 
the cytosol are translocated in unfolded form across the inner membrane (IM) via the 
SecYEG translocon. A signal peptidase cleaves off their signal sequences in the 
periplasm, passage through which is facilitated by periplasmic chaperones as shown 
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in genetic studies for two periplasmic proteins, the seventeen kDa protein (Skp) (Chen 
and Henning, 1996) (Schafer et al., 1999) and the survival factor A (Lazar and Kolter, 
1996; Rouviere and Gross, 1996). 
 
 Outer membrane protein A (OmpA) has emerged as an important model to 
examine the insertion and folding mechanism of β-barrel membrane proteins from 
their unfolded form in 8 M urea into lipid membranes (Kleinschmidt et al., 1999; 
Kleinschmidt and Tamm, 1996, 2002) for a review, see (Kleinschmidt, 2006). Skp 
effectively replaces denaturant urea by forming stable and soluble 3:1 complexes with 
OmpA, enabling investigation of OmpA into lipid membranes from a chaperone–
bound form (Bulieris et al., 2003). In comparison to urea-denatured OmpA folding 
was slower for Skp-bound OmpA in the absence of lipopolysaccharide (LPS), which 
is a component of the OM (Bulieris et al., 2003). Skp binds to wide range of OMPs 
from various bacteria at nanomolar affinity via electrostatic interactions (Qu et al., 
2007). Skp trimer always formed 1:1 complexes, but not under conditions, where Skp 
(pI ~10.5) and OMPs (pI < 6) (Kleinschmidt, 2006) were no longer oppositely 
charged. Skp has a potential LPS binding site (Walton and Sousa, 2004) and the gene 
firA, which encodes for an acyltransferase involved in LPS biogenesis (Roy and 
Coleman, 1994; Thome et al., 1990) is located only four bases downstream from the 
skp gene, mapped at the 4 min region on the chromosome (Bothmann and Pluckthun, 
1998). LPS binds to Skp3 complexes and induces a partial exposure of OmpA into the 
aqueous phase (Qu et al., 2007). Pulse labeling and biochemical reconstitution 
experiments show that LPS is required for efficient assembly of OMPs like 
monomeric OmpA and trimeric PhoE into the OM (De Cock et al., 1999; Freudl et al., 
1986).  

 
 The pH dependence of OmpA folding indicated two parallel folding steps 
(refer chapter 2). Folding of OmpA into lipid bilayers, from its complexes with Skp is 
strongly dependent on pH. LPS enhanced folding of Skp-bound OmpA into 
negatively charged lipid bilayers composed of DOPC/DOPE/DOPG over a broad pH 
range. Skp strongly inhibited folding of OmpA into neutral bilayers composed of 
DOPC. In summary, folding of Skp-bound OmpA into neutral lipid bilayers of DOPC 
and negatively charged DOPC/DOPE/DOPG demonstrated that electrostatic 
interactions determine both, complex formation between OmpA and Skp, and 
membrane insertion of OmpA from this complex (refer chapter 2). Membranes with a 
negatively charged surface are necessary to dissociate the complex with positively 
charged Skp and to initiate OmpA insertion and folding (refer chapter 2). 
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 However, insertion of OMPs into lipid bilayers is often slow (Kleinschmidt and 
Tamm, 1996) and depends on the lipid species and the physical properties of the 
bilayers (Kleinschmidt and Tamm, 2002) (Marsh et al., 2006; Pocanschi et al., 
2006b). Lipid bilayers are tightly packed and serve as model membranes to 
investigate protein-lipid interactions, the mechanism of membrane protein folding, 
and membrane protein structure and function. Kinetics of OmpA folding depends 
strongly on the hydrophobic thickness of the lipid bilayers (Kleinschmidt and Tamm, 
2002). OmpA folds readily into bilayers composed of large unilamellar vesicles 
(LUVs) of short chain phospholipids. OmpA folding into bilayers of long chain lipids 
is efficient only when not LUVs but highly curved small unilamellar vesicles (SUVs) 

are used for folding at temperature higher than ∼ 25-28°C. While SUVs can be used 

to study membrane protein folding in vitro, the high surface curvature and bilayer 
thickness does not resemble that of the OM. Lipid membranes with short chain length 
are more flexible and the chains can be stretched to accommodate TMPs with longer 
hydrophobic thickness (de Planque et al., 1998).  
 
 In the present work I compared folding of OmpA into neutral, and negatively 
charged lipid bilayers composed of short chain (C12) and long chain (C18) 
phospholipids, from urea-unfolded form and from its complexes with the periplasmic 
chaperone Skp, both in absence and presence of LPS. The findings for OmpA folding 
into bilayers composed of long chain phospholipids are summarized in chapter 2. In 
the previous study, bilayers composed of SUVs of DOPC, and DOPC/DOPE/DOPG 

(C18) were used, whose hydrophobic thickness of ∼ (27±1 Å) does not match very 

well with that of most OMPs of known crystal structure, (22–25 Å). Therefore, I 
investigated if the previously proposed role that Skp targets OMPs to the membrane 
via electrostatic interactions is valid independent of bilayer thickness. In the present 
study, I examined folding of OmpA into thinner bilayers composed of DLPC and 
DLPC/DLPE/DLPG lipids (C12), which have a hydrophobic thickness similar to most 
OMPs, and also compared it with the previous study. 
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3.3 Materials and Methods 

 
3.3.1 Purification of Skp, OmpA, and R-LPS 
 
 Skp, OmpA and LPS were expressed and purified as described in Chapter 2, 
section 2.3.1. 
 
3.3.2 Preparation of lipid vesicles 
 
 1,2-Dilauroyl-sn-glycero-3-phosphocholine (DLPC), 1,2-dilauroyl-sn-glycero-
3-phosphoethanolamine (DLPE), and 1,2-dilauroyl-sn-glycero-3-phosphoglycerol 
(DLPG) were purchased from Avanti Polar Lipids (Alabaster, AL). Lipids were 
dissolved in chloroform and mixed to a molar ratio of 50% DLPC, 30% DLPE and 
20% DLPG. Binary lipid mixtures were also prepared by mixing DLPC and DLPG in 
a molar ratio of (9:1) and (4:1) for some experiments. The lipid mixture was dried 
under a stream of nitrogen and desiccated under high vacuum for 3-5 h to prepare thin 
lipid films. Lipid films were hydrated in buffer containing 2 mM EDTA and dispersed 
by vortexing. The buffer was sodium citrate at pH 5.5 to 6.5, HEPES at pH 7, Tris at 
pH 8 or sodium borate at pH 9 or 10. LUVs were prepared by seven cycles of freeze-

thawing the hydrated lipids in liquid nitrogen, and in a water bath at 35°C. Lipid 

dispersions were then extruded 30 times through 100 nm pore size polycarbonate 
membranes (Nucleopore, Whatman, Clifton, NJ) using a mini-extruder (Avanti, 
Alabaster, AL). LUVs were used in folding experiments on the same day. 
 
3.3.3 Kinetics of tertiary structure formation by electrophoresis  
 
 To compare folding kinetics at a selected pH in absence and in presence of 
either Skp or both, Skp and LPS, folding experiments were performed in parallel with 
lipid bilayers (LUVs) from the same preparation (Bulieris et al., 2003). Insertion and 
folding of urea-unfolded OmpA into LUVs was initiated by rapidly mixing OmpA 
with an excess volume of lipid bilayers in buffer for strong urea-dilution. Folding of 
OmpA from the complex with Skp was performed by first adding the unfolded OmpA 
to urea free buffer containing Skp, reducing the urea concentration 12 times. LUVs 
were then added to initiate folding and insertion. Alternatively, OmpA-Skp 
complexes were reacted with a solution of LPS followed by immediate addition of 

LUVs. The final concentrations in the folding reactions were 7.1 µM OmpA, 5.68   
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mM lipid, and, where present, 28.4 µM Skp and 35.5 µM LPS, corresponding to 

molar ratios of 1 OmpA, 800 lipids, 4 Skp, and 5 LPS. The final urea concentration 
was 0.5 M in all experiments. Folding kinetics was monitored over 240 min after 
bilayer addition at 30°C and analyzed by electrophoresis as described previously 
(Kleinschmidt and Tamm, 1996, 2002; Pocanschi et al., 2006; Surrey and Jähnig, 
1995) (for a review, see (Kleinschmidt, 2006)). SDS-PAGE (Laemmli, 1970; Weber 
and Osborne, 1964) was performed without heat-denaturation of the samples. 
 
 OmpA folding experiments at different vesicle sizes were done at pH 10 under 
conditions described above. The lipid dispersions were extruded through 
polycarbonate membranes of 30 nm, 50 nm and 100 nm pore sizes to obtain vesicles 
of the desired size. In control experiments with SUVs, the lipid dispersions were 
sonicated. Experiments to examine the effect of increased negative charge in the 
bilayers, on OmpA folding were also done at pH 10 using LUVs of 100 nm size under 
otherwise similar conditions. 

 
 
3.4 Results and Discussion 
 
3.4.1 OmpA folds via parallel folding processes independent of lipid 

bilayer properties 
  

 In previous work, I demonstrated that OmpA folds via two parallel folding 
processes into neutral and charged lipid bilayers composed of SUVs of long chain 
phospholipids (refer chapter 2). To investigate if lipid bilayer properties like the 
bilayer thickness, and size/kind of vesicles, affect the kinetics of OmpA folding and 
our observation of two parallel folding processes, I examined the pH dependence of 
OmpA folding into neutral lipid bilayers composed of LUVs of short chain length 
DLPC. Folding of OmpA was analyzed by SDS-PAGE as demonstrated in chapter 2. 
In this assay, folded and unfolded forms of OmpA migrate at 30 kDa and 35 kDa 
respectively. Figure 1(A) shows the time courses of OmpA folding over 240 min at 
various pH-values ranging from 5 to 10. The SDS-polyacrylamide gels and their 
analysis by densitometry (Figure 1(B) and (C)) demonstrate that the change from the 
35 kDa unfolded to the 30 kDa folded form of OmpA strongly depends on pH. The 
pH dependences observed for OmpA folding into extruded LUVs of DLPC (C12) 
were very similar to those for OmpA folding into sonicated SUVs of DOPC (C18); 
(compare with chapter 2, Figure 4(A) and (B)). 



Skp-assisted folding of Outer Membrane Protein A - II 
 

 48 

The folding kinetics obtained by densitometry was fitted with the following fit 
function, also used in chapter 2: 
 
  XFP (t)  = 1 – [Af exp {–kf t} + (1–Af) exp {–ks t}]     (Eq. 1) 
 
Assuming that there is no folded OmpA (XFP) in the beginning of the reaction, XFP 
(t = 0), and that all OmpA will eventually fold, i.e. XFP (t → ∞) = 1. The rate constants 
kf of the faster, and ks of the slower process, and the relative contribution Af of the fast 
folding phase were the free fit-parameters obtained from non-linear least square fits to 
the experimental data. As observed earlier with long chain lipid bilayers, again Eq. (1) 
resulted in better fits to the experimental data for OmpA folding into short chain lipid 
bilayers, than the single exponential fits (not shown). Similar to the previous work, no 
intermediate forms of OmpA were observed in the present study also. Therefore, I 
conclude that OmpA folds via two parallel folding processes independent of bilayer 
thickness, lipid concentration and vesicle size. 
 
 

 
 
 
Figure 1. OmpA folds via parallel folding processes into neutral bilayers composed of short chain 
phospholipids. (A) SDS-PAGE analysis of time courses of OmpA (7.1 μM) folding into DLPC (5.68 
mM) bilayers at 30°C as a function of pH. Folding was monitored at various times, between 2 and 240 
min, indicated at the bottom for each lane. In each gel, the first lane contained the protein markers. 
Unfolded OmpA (U) migrated at 35 kDa and folded OmpA (F) at 30 kDa. (B) and (C), the fraction of 
folded OmpA at different times in the course of folding at acidic and basic pH was analyzed by 
densitometry of the gels shown in panel A, at pH 5 (^), 5.5 (m), 6.0 (j), 6.5 (d) 7.0 (s), 8.0 (h), 9.0 
(n), and 10.0 (r). Data sets were well fitted by Eq. (1) (solid lines) while single-exponential fits (not 
shown) were unsatisfactory. 
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 The analysis of folding kinetics demonstrated that while the rate constant of 
the fast process, kf did not alter much with pH, the relative contribution Af of the fast 
folding process increased with pH (highest at pH 10), as OmpA (theoretical pI ≈ 5.5) 
became increasingly negatively charged (Figure 3(A) and (B)). 
 
3.4.2  LPS enhances folding of Skp-bound OmpA into short chain 

lipid bilayers more strongly 
  

 In the previous chapter, we observed that even the presence of LPS did not 
enhance much the folding of Skp-bound OmpA into DOPC bilayers, and folding was 
strongly inhibited in comparison to urea-unfolded OmpA (refer chapter 2, Figure 4). 
To investigate, if differences in bilayer thickness and other bilayer properties affect 
the role of LPS in Skp-assisted folding of OmpA, I examined folding of Skp-bound 
OmpA into DLPC bilayers as a function of pH.  
  
 Figure 2(E) and (F) shows the time courses of folding of Skp-bound OmpA in 
presence of LPS over a broad pH range, obtained by densitometric analysis of the 
SDS-polyacrylamide gels (Figure 2(D)). In the presence of LPS, folding was strongly 
enhanced and higher yields were obtained across the entire pH range in comparison to 
its absence (Figure 2 panels (E, F), and (B, C)). In comparison to urea-unfolded 
OmpA, kinetics of Skp-bound OmpA folded into DLPC bilayers was faster in the 
presence of LPS at pH 5 to pH 7 resulting in higher yields, and remained largely 
unaltered in the basic pH region (compare, Figures 1(B, C) and 2(E, F)). This effect is 
also reflected in the rate constants, kf of the fast, ks of the slow process, and the 
relative contribution Af of the fast folding process, obtained for the folding kinetics of 
urea-unfolded OmpA, and Skp-bound OmpA in presence of LPS (Figure 3). Below 
pH 7, Af was higher for Skp-bound OmpA folded in the presence of LPS (compare, 
Figure 3 panel (B) and (D)). Interestingly, higher kf values were observed across the 
entire pH-range for Skp-bound OmpA folded in presence of LPS, in comparison to 
urea-unfolded OmpA (compare, Figure 3 panel (A) and (C)). Increase in kf values was 
not observed previously for folding of OmpA into DOPC bilayers (refer chapter 2, 
Figure 8(A), (C) and (E)).  
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Figure 2. Folding of Skp-bound OmpA into neutral bilayers composed of DLPC is strongly facilitated 
in presence of LPS. (A) At a selected pH, ranging from pH 5 to 10, urea-unfolded OmpA (7.1 μM) was 
first reacted with 4-fold molar excess of Skp, diluting the urea 12-fold. Lipid bilayers composed of 
LUVs of DLPC (5.68 mM) were then added to initiate folding. Folding was monitored at various 
times, between 2 and 240 min after lipid addition. (B) and (C), the densitometric analysis of the gels 
shown in panel A, at pH 5 (^), 5.5 (m), 6.0 (j), 6.5 (d) 7.0 (s), 8.0 (h), 9.0 (n), and 10.0 (r). 
Kinetic data for folding of Skp-bound OmpA in absence of LPS could not be fitted. (D) First, 
OmpA.Skp3 complexes were formed as described in legend to panel A, to which LPS (5 LPS/OmpA) 
and then, DLPC vesicles (800 lipids/OmpA) were added to initiate folding. (E) and (F), show the 
densitometric analysis of the gels shown in panel D, at acidic and basic pH. Eq. (1) very well described 
the folding kinetics of Skp-bound OmpA in the presence of LPS. 
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Figure 3. LPS enhances folding of Skp-bound OmpA into DLPC bilayers by affecting both, the rate 
constant of the fast process, and its relative contribution. Kinetics of OmpA folding into DLPC 
bilayers, shown in Figure 1 and Figure 2(E, F) was analyzed by fitting Eq. (1).  (A) and (C), the rate 
constants of the faster process, kf (d), of the slower process, ks (s), and (B) and (D), the relative 
contribution, Af (j), of the faster process to folding of OmpA are plotted as a function of pH, for 
folding of urea-unfolded OmpA (A, B), and OmpA from its complex with Skp and LPS (C, D).  
 

 
 The simultaneous presence of Skp and LPS enhances folding of OmpA into 
DLPC bilayers but not into bilayers composed of DOPC. DLPC bilayers are thin and 
flexible whereas DOPC bilayers are thick and rigid. Insertion and folding of OmpA 
into thick and rigid bilayers is difficult and requires more energy, as evident from the 
requirement of sonicated vesicles and high temperature for folding. It is quite likely 
that a flexible bilayer will better support conformational changes in surface adsorbed 
folding intermediates than a rigid bilayer. Electrostatic interactions are important for 
Skp-assisted folding of OmpA into membranes (chapter 2). For rigid bilayers 
composed of long chain DOPC, negative charges of LPS are insufficient for 
dissociation of OmpA.Skp3 complexes, and additional negative charges in the 
membrane are a requirement to achieve efficient folding of OmpA (chapter 2). 
Interestingly, negative charges of LPS suffice in facilitating insertion and folding of 
OmpA into thin and flexible bilayers of DLPC.   
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3.4.3 Kinetics of folding of Skp-bound OmpA into membranes 
composed of short chain phospholipids is sigmoidal in absence 
of LPS  

  
 In previous study, folding kinetics of OmpA into DOPC and 
DOPC/DOPE/DOPG membranes was well described by Eq. (1) resulting in smooth 
fits. However, when OmpA was folded into charged DLPC/DLPE/DLPG bilayers 
from urea-unfolded and Skp-bound form (in absence of LPS), the kinetics was 
surprisingly sigmoidal. Figure 4(B) and (C) demonstrates the pH dependence of 
folding of urea-unfolded OmpA into negatively charged DLPC/DLPE/DLPG bilayers, 
obtained upon densitometric analysis of SDS-polyacrylamide gels (Figure 4(A)). A 
lag phase was observed at pH 5.5 and above, before OmpA began to insert and fold 
into the bilayers. The lag phase lasted for few minutes at acidic pH, and extended up 

to ∼ 30 min for pH 9 and pH 10, as OmpA became increasingly negatively charged. 

Despite the lag phase, folding yields were highest ∼ 80% at pH 7 and pH 8. Kinetics 

for folding of Skp-bound OmpA into DLPC/DLPE/DLPG bilayers was also sigmoidal 
(Figure 4(E) and (F)). The corresponding gels are shown in Figure 4(D). Lag phase 

was the longest ∼ 60 min for Skp-bound OmpA folded at pH 9 and 10. In comparison 

to urea-unfolded OmpA, higher folding yields were obtained at acidic pH, whereas at 
pH 7 and above, folding was inhibited resulting in slower kinetics and lower yields 
(Figure 4 panels (B, C) and (E, F), and Figure 5(B)). Folding yields were highest 
(71%) at pH 6.5 and ranged between 52% and 64% from pH 5.5 to 8 i.e. when OmpA 
and Skp bound strongly and formed most stable complexes. At pH 9 and 10, a drop in 
folding yields was observed likely due to comparatively weaker binding between 
highly negative OmpA and weakly positive Skp causing charge-charge repulsion with 
the negatively charged membrane. 
 
 However, presence of LPS enhanced folding of Skp-bound OmpA into 
DLPC/DLPE/DLPG bilayers over the entire pH range (Figure 4(H) and (I)). The 
corresponding SDS-polyacrylamide gels are shown in Figure 4(G). The kinetics was 

faster at acidic pH with yields > 90% between pH 5.5 and 6.5. At higher pH, yields 

reached a maximum of ∼ 76% at pH 7 and 8 (Figure 5(B)). Folding kinetics of Skp-

bound OmpA was not sigmoidal in presence of LPS, and no lag phase was observed 
either. Folding was enhanced by LPS addition to OmpA.Skp3 complexes, in 
comparison to both urea-unfolded and Skp-bound OmpA (Figure 4). 
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Figure 4. Kinetics of folding of OmpA into negatively charged bilayers of DLPC/DLPE/DLPG is 
sigmoidal in absence of LPS. Folding was monitored at various times, between 2 and 240 min after 
lipid addition, at 30°C, and analyzed by SDS-PAGE and densitometry. Representative gels are shown 
in panels A, D and G for folding of urea-unfolded OmpA, Skp-bound OmpA in absence, and presence 
of LPS respectively. Folding kinetics was obtained at pH 5 (^), 5.5 (m), 6.0 (j), 6.5 (d) 7.0 (s), 8.0 
(h), 9.0 (n), and 10.0 (r). (B) and (C), the kinetics of OmpA (7.1 μM) folding from urea into bilayers 
of DLPC/DLPE/DLPG (5.68 mM total lipid) at a molar ratio of 5:3:2 is sigmoidal. (E) and (F), urea-
unfolded OmpA was first reacted with a 4-fold molar excess of Skp, diluting the urea 12 times. Lipid 
bilayers composed of DLPC/DLPE/DLPG (5:3:2) were then added to initiate folding. Folding kinetics 
for Skp-bound OmpA was sigmoidal in absence of LPS. (H) and (I), as in (E) and (F), but Skp3·OmpA 
complexes were reacted with 5 LPS/OmpA before lipid was added. Kinetics was not sigmoidal, and 
folding was enhanced for Skp-bound OmpA folded in presence of LPS. 
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Figure 5. Skp-bound OmpA folds with high yields at physiological pH, only when the membrane is 
negatively charged. Yields obtained after folding urea-unfolded OmpA (d), Skp-bound OmpA, in 
absence (m), and presence of LPS (j) into lipid bilayers of DLPC (A), and DLPC/DLPE/DLPG (B) 
were taken from Figures 1, 2 and 4, and are plotted as a function of pH.  
 

 
 Interestingly, sigmoidal kinetics was also observed for folding of Skp-bound 
OmpA into neutral bilayers of DLPC (Figure 2(B) and (C)). Below pH 7, OmpA 

folded to ∼ 60% yield, whereas from pH 7 to 9 kinetics was very slow with folding 

yields never exceeding 18% (Figure 2(B) and (C), and Figure 5(A)). At pH 10, 

kinetics was again faster with yields reaching ∼ 50%. The lag phase was longest ∼ 60 

min at pH 7 and 8. 
 
 The simultaneous presence of Skp and LPS enhanced folding of OmpA into 
DLPC and DLPC/DLPE/DLPG (thin, flexible) bilayers more strongly than into 
DOPC and DOPC/DOPE/DOPG (thick, rigid) bilayers, when compared intrinsically 
with folding of their respective urea-unfolded and Skp-bound forms (compare with 
chapter 2). This observation hints at the relevance of LPS in Skp-assisted folding of 
OmpA, more so because the short chain phospholipids used in present study match 
the hydrophobic thickness of the biomembranes. It also finds support from 
unpublished work from our laboratory, which demonstrates binding of Skp not only 
to the entire transmembrane domain of OmpA but also to the polar loops and turns. 
LPS preferentially binds to the polar loops of OmpA.Skp3 complexes and not the 
strands, indicating electrostatic interactions. On addition of LPS to preformed 
OmpA.Skp3 complexes, the strand and loop regions of Skp-bound OmpA are partially 
released, whereas the turns remain tightly associated with Skp. LPS enhances OmpA 



Skp-assisted folding of Outer Membrane Protein A - II 
 

 55 

folding, not only by inducing conformational changes but also by re-orienting Skp-
bound OmpA (Qu et al, unpublished work). However, it is unclear if LPS is present in 
sufficient amounts in the periplasm. Tryptophan fluorescence quenching indicated 
that OmpA only folds after insertion into the bilayer. Therefore, it is too speculative 
to consider that negative charges in LPS can substitute those in the bilayer, required to 
dissociate OmpA.Skp3 complexes and enhance folding of OmpA. It seems plausible 
that LPS reorients the Skp-bound OmpA to a favorable conformation in proximity to 
the membrane surface, for its faster insertion and folding into the membrane. 
 
 Interestingly, on comparing folding of Skp-bound OmpA into neutral DLPC 
and negatively charged DLPC/DLPE/DLPG bilayers, we found that folding was faster 
and higher yields were obtained from pH 6 to 8, when the membrane was negatively 
charged (Figure 5(A) and (B)). The significance of negative charges in the bilayer is 
most prominently reflected at pH 7 and 8 (physiological pH range), at which the 
folding yields of Skp-bound OmpA increase at least 5-fold when the membrane is 
negatively charged (Figure 5(A) and (B)). This observation reaffirms the significance 
of negative charges in the membrane for dissociation of OMP.Skp3 complexes and 
membrane insertion of OMPs from this complex. 
 
3.4.4 Sigmoidal folding kinetics is caused by charge-charge 

interactions  
 
 Comparison of kinetics for OmpA folded into DOPC, DOPC/DOPE/DOPG 
membranes (SUVs, sonicated) and DLPC, DLPC/DLPE/DLPG membranes (LUVs, 
extruded) from urea-unfolded, Skp-bound, and Skp/LPS associated form raised 
several questions about the cause of sigmoidal folding kinetics. To address this, I 
adopted an elimination method to rule out the possible reasons.  

 
 To rule out that difference in the size and the kind of vesicles used in both sets 
of OmpA folding experiments is causing variation in kinetic behavior, I investigated 
the effect of different vesicle sizes (30 nm, 50 nm, 100 nm) and SUVs (sonicated 
vesicles) on folding of OmpA into negatively charged DLPC/DLPE/DLPG 
membranes from its urea-unfolded, Skp-bound form in absence and presence of LPS 
(Figure 6(A), (B) and (C), and panels (1, 2 and 3)). These folding experiments were 
performed at pH 10, since it demonstrated the strongest sigmoidal folding kinetics in 
earlier experiments (Figure 4(C) and (F)). OmpA folding kinetics for the urea-
unfolded form (Figure 6(A) and panel (1)) was sigmoidal in all cases, and became 
more prominent with increased vesicle size/decreased curvature. This effect was very 



Skp-assisted folding of Outer Membrane Protein A - II 
 

 56 

much expected since the adsorption rate of the soluble OmpA on the membrane 
surface increases with increased curvature, explaining faster kinetics and higher yields 
obtained for folding into smaller vesicles. Kinetics was less sigmoidal for SUVs than 
for 30 nm-extruded vesicles, likely because sonication resulted in vesicles of size < 30 
nm. Folding kinetics of Skp-bound OmpA was sigmoidal at all vesicle sizes with the 
exception of vesicles that were sonicated (Figure 6(B) and panel (2)). 
 
 As a next logical step, I examined the effect of different vesicle sizes and 
sonication on OmpA folding into neutral DLPC membranes (Figure 6(D), (E) and (F), 
and panels (4, 5 and 6)). As expected, kinetics for OmpA folding into DLPC bilayers 
from urea-unfolded form (Figure 6(D) and panel (4)) was not sigmoidal. Sigmoidal 
kinetics was only observed for folding of Skp-bound OmpA independent of the kind 
and size of the vesicles used (Figure 6(E) and panel (5)). Kinetics for folding of urea-
unfolded OmpA into bilayers composed of SUVs of DLPC/DLPE/DLPG was very 
different from that of DLPC (compare, Figure 6(A) and (D)), thus disproving that 
sonication might have disrupted the membrane and hence its charge distribution. If 
the DLPC/DLPE/DLPG membrane was disrupted by sonication, OmpA would have 
preferentially inserted and folded into vesicles formed of PC lipids and demonstrated 
kinetics similar to that obtained with DLPC SUVs. Therefore, the small possibility 
that sonication might have introduced artifacts in OmpA folding kinetics in the 
previous study (chapter 2) can be ruled out. OmpA folding kinetics is sigmoidal for 
negatively charged membranes composed of short chain phospholipids and not long 
chain phospholipids likely due to the differences in the bilayer properties. 
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Figure 6. Effect of vesicle size on the folding of OmpA into neutral DLPC, and negatively charged 
DLPC/DLPE/DLPG bilayers. Folding was monitored at various times, between 2 and 240 min at pH 
10 for urea-unfolded OmpA (panel 1, 4), Skp-bound OmpA, in absence (panel 2, 5), and presence of 
LPS (panel 3, 6), and analyzed by SDS-PAGE. Representative gels shown in panels (1 to 3) and (4 to 
6) are for OmpA folding into negatively charged DLPC/DLPE/DLPG, and DLPC bilayers respectively. 
Folding conditions were same as mentioned in legend to Figures 1, 2 and 4. (A, B, C) and (D, E, F), 
show the time courses of fraction of OmpA folded into DLPC/DLPE/DLPG and DLPC bilayers 
composed of SUVs (m), and extruded LUVs of, 30 nm (n), 50 nm (h) and 100 nm (s) vesicle size, 
from urea-unfolded, Skp-bound form in absence, and presence of LPS, respectively. 
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 To confirm that charge-charge interactions play a role in sigmoidal folding 
kinetics, I investigated the effect of increased negative charge (PG content) in the 
membranes used for folding of OmpA from urea–unfolded, Skp-bound form in 
absence, and presence of LPS (Figure 7). For urea-unfolded OmpA, folding kinetics 
became increasingly sigmoidal with gradual increase in the net negative charge in the 
membrane (Figure 7(A) and panel (1)). Skp-bound OmpA also demonstrated similar 
effect with increase in PG content in the membrane (Figure 7(B) and panel (2)). As 
expected, kinetics was not sigmoidal for folding of Skp-bound OmpA in presence of 
LPS (Figure 7(C) and panel (3)).  
  

 
 

Figure 7. Effect of increased PG content in the membrane on folding of OmpA. Folding was 
monitored at various times between 2 and 240 min at pH 10 for urea-unfolded OmpA (panel 1, A), and 
Skp-bound OmpA in absence (panel 2, B), and presence of LPS (panel 3, C). Folding was carried out at 
30°C into bilayers composed of LUVs of 100 nm size and analyzed by SDS-PAGE. (A), (B) and (C), 
show the time courses of fraction of OmpA folded into bilayers composed of DLPC (h), DLPC/DLPG 
(9:1) ()), DLPC/DLPG (8:2) (�) and DLPC/DLPE/DLPG (5:3:2) (j), from urea-unfolded, Skp-
bound form in absence, and presence of LPS, respectively. 
 

 
 Sigmoidal folding kinetics is caused by electrostatic repulsion between 
OmpA, as it becomes increasingly negatively charged, and the negative charges on 
the membrane surface. At pH 10, binding between Skp and OmpA is weaker leading 
to repulsion between negatively charged OmpA and the negatively charged 
membrane. It may also be that at pH 10, Skp (pI ~10.5) temporarily binds to the 
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surface of negatively charged membrane and prevents OmpA insertion and folding. 
The observation that OmpA folding kinetics is not sigmoidal, and OmpA inserts 
readily into negatively charged membranes on folding from its complexes with Skp in 
the simultaneous presence of negatively charged LPS (Figure 4(H) and (I) and Figure 
7(C)), strongly validates the relevance of electrostatic interactions in Skp-assisted 
folding of OmpA. 

 
 However, sigmoidal folding kinetics observed here does not reflect the actual 
folding scenario in the OM. In vivo, OMPs insert and fold into the OM relatively 
faster, whereas folding into preformed lipid bilayers is slow and influenced 
significantly by bilayers properties and folding conditions. The lipid concentration in 
the OM has been estimated to be at least ~ 20 mM in a previous study (Pocanschi et 
al., 2006a). The concentration of lipids available for folding in cells is at least 3.5-fold 
higher than used in this study. Its seems plausible that interaction of OMP.Skp3 
complexes with biomembranes in the presence of OMP assembly machinery, the 
Omp85 (YaeT) complex would instantaneously catalyze insertion and folding of 
OMPs into their native conformations. Fluorescence-quenching experiments with 
acrylamide suggest that LPS does not dissociate Skp3 from its complexes with OmpA 
(Qu et al., 2007), indicating the significance of negatively charged membranes and 
possibly also the periplasmic domain of YaeT in dissociation of these complexes to 
facilitate folding of OMPs. Nevertheless, our earlier conclusion that targeting of 
OMPs by Skp to the membranes is a charge driven process holds true independent of 
lipid bilayer properties.  
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4. The Lipid-Bilayer Inserted Membrane Protein 
 YaeT of Escherichia coli facilitates Insertion and 
 Folding of Outer Membrane Protein A from its 
 complex with Skp 
 
4.1 Abstract   

 
YaeT (Omp85 of Escherichia coli) is essential for outer membrane protein 

assembly. YaeT, an 89-kDa outer membrane protein has a periplasmic domain on the 
N-terminus and a membrane embedded C-terminal β-barrel domain. The periplasmic 
domain is composed of five polypeptide-transport-associated (POTRA) domains, 
which act as a scaffolding site for the lipoproteins and are involved in the assembly of 
outer membrane proteins (OMPs). However, the precise mechanism by which YaeT 
performs its role in assembly of OMPs into the membrane remains unknown. Here, I 
demonstrate near quantitative refolding of YaeT into preformed lipid bilayers and a 
first in vitro assay to help resolve the mechanism of YaeT-mediated insertion and 
folding of OMPs into membranes. YaeT folded spontaneously into phospholipid 
bilayers upon dilution of denaturant urea and inserted in an oriented manner. Folding 
was confirmed by circular dichroism spectroscopy, sucrose density gradient 
centrifugation and protease digestion experiments. Membrane-inserted YaeT was then 
used to investigate its role in model experiments involving OmpA as its substrate 
OMP. YaeT facilitated folding of OmpA into lipid membranes both, from urea-
unfolded form and its complex with the periplasmic chaperone Skp. The periplasmic 
domain of YaeT plays an important role in enhancing folding of OMPs. YaeT not 
only facilitated folding but also reverted the inhibitory effect of the periplasmic 
chaperone Skp and presence of PE lipids in the bilayer, on folding of OmpA. Folding 
of Skp-bound OmpA from its complex with lipopolysaccharide (LPS) was enhanced 
even further when the membranes contained YaeT. YaeT facilitated folding more 
strongly for OmpA in complex with Skp than from the urea-unfolded form. Current 
findings on YaeT-mediated folding of OmpA from its complex with Skp, in 
conjunction with earlier studies from our laboratory indicate a possible interaction 
between Skp and the periplasmic domain of YaeT that mediates delivery of Skp-
bound OMPs prior to their insertion and folding into the membrane.  
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4.2 Introduction 
 
In Gram-negative bacteria, assembly of transmembrane proteins (TMPs) into 

the OM takes place post-translationally after their translocation across the 
cytoplasmic membrane (IM) in unfolded form via the SecYEG translocon. Recent 
genetic and biochemical studies have demonstrated that a multi-protein complex is 
required for assembly of OMPs into the OM. The integral β-barrel membrane protein 
Omp85 is the core component of this complex (Wu et al., 2005). Omp85 is highly 
conserved evolutionarily, represented by YaeT in Escherichia coli, Sam50 in 
mitochondria and Toc75 in chloroplasts. Members of the Omp85 family are essential 
for cell viability and their depletion leads to severe defects in OMP biogenesis 
(Doerrler and Raetz, 2005; Gentle et al., 2004; Kozjak et al., 2003; Voulhoux et al., 
2003; Werner and Misra, 2005; Wu et al., 2005). Previous studies have demonstrated 
that Omp85 (YaeT in E.coli) recognizes its outer membrane protein substrates by a 
species-specific C-terminal motif (Robert et al., 2006). In E. coli, the Omp85 complex 
is formed of the transmembrane protein YaeT and at least four lipoproteins, namely 
YfiO, YfgL, NlpB and SmpA, of which YfiO is the only one that is essential for the 
viability of E. coli (Malinverni et al., 2006; Sklar et al., 2007; Wu et al., 2005). 
However, while the thermophilic bacterium Thermus thermophilus contains an 
ancestral type of Omp85, there are no homologues of the lipoproteins present in this 
organism (Nesper et al., 2008). This may indicate that the lipoproteins assume more 
specialized roles and that Omp85 may be the main factor for OMP assembly in the 
outer membrane. Like in most Omp85 homologues of bacteria, the N-terminal 
periplasmic domain YaeT from E.coli is composed of five polypeptide-transport-
associated (POTRA) domains, whose sequential deletion has shown that these 
domains act as a scaffolding site for the lipoproteins, and play a role in OMP 
assembly (Kim et al., 2007). 

 
Passage of outer membrane proteins (OMPs) through the periplasm is 

facilitated by periplasmic chaperones, which was demonstrated in genetic studies for 
the seventeen kDa protein (Skp) (Chen and Henning, 1996; Schafer et al., 1999) and 
the survival factor A (SurA) (Lazar and Kolter, 1996; Rouviere and Gross, 1996). 
Deletion of skp or surA in E. coli resulted in reduced concentrations of OMPs in the 
OM (Chen and Henning, 1996; Lazar and Kolter, 1996; Missiakas et al., 1996; 
Rizzitello et al., 2001; Rouviere and Gross, 1996). Skp binds OmpA immediately 
after its secretion through the inner membrane (Schafer et al., 1999). Periplasmic 
chaperones do not require ATP, which is not present in the periplasm.  
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The mechanisms of insertion and folding of integral membrane proteins are 
not well understood. To characterize basic biochemical and biophysical principles of 
membrane insertion and folding, defined model systems are needed that can be 
analyzed with a wide range of biophysical methods. Previous studies have 
demonstrated that the simultaneous presence of periplasmic chaperone Skp and LPS, 
a component of the OM, enhanced the folding rates and yields of OmpA beyond those 
obtained with urea-unfolded OmpA (Bulieris et al., 2003), (refer Chapter 2). OmpA 
has emerged as an important model to examine the folding mechanism of β-barrel 
membrane proteins into lipid membranes (Kleinschmidt et al., 1999; Kleinschmidt 
and Tamm, 1996, 1999, 2002). Unfolded OmpA in 8 M urea inserts and folds 
spontaneously into preformed lipid bilayers upon urea dilution (Kleinschmidt, 2006). 
Upon urea dilution, Skp binds to unfolded OmpA, forming soluble and stable 
complexes, enabling investigation of folding of OMPs into lipid membranes from 
their chaperone-bound forms (Bulieris et al., 2003). Presence of Skp inhibits OmpA 
folding kinetics and yields, however this inhibitory effect of Skp is reverted when 
both Skp and LPS are present (Bulieris et al., 2003). LPS binds to Skp3.OmpA 
complexes (Bulieris et al., 2003; Qu et al., 2007). Recent work from our laboratory 
demonstrated that the Skp trimer forms 1:1 complexes with a range of OMPs from 
various bacteria at nanomolar affinity and binds most strongly with YaeT (Qu et al., 
2007). Skp recognizes unfolded structures and binds OMPs largely via electrostatic 
interactions (Qu et al., 2007). In E. coli, the skp gene follows the gene omp85 (yaeT) 
immediately downstream on the chromosome, preceding genes encoding enzymes 
involved in LPS biosynthesis (Bothmann and Pluckthun, 1998; Roy and Coleman, 
1994; Thome et al., 1990; Voulhoux et al., 2003). 

 
In the present work, I examined the effect of YaeT on folding of OmpA into 

preformed lipid membranes. In order to develop an in vitro assay to help resolve the 
mechanism of YaeT-mediated insertion and folding of OMPs into the membrane, I 
refolded YaeT into preformed lipid bilayers and examined its effect on OmpA 
folding. Since Skp and YaeT lie on the same assembly pathway, and LPS strongly 
modulated the properties of the Skp-OmpA complexes (Qu et al., 2007) and OmpA 
folding behavior (Bulieris et al., 2003), I investigated the effect of YaeT on folding of 
OmpA from its complex with Skp and also in the presence of LPS. I was also 
interested in investigating if YaeT could facilitate folding of OmpA into bilayers 
containing PE lipids, as presence of PE in the bilayers retards the folding kinetics for 
OMPs and hence lowers folding yields. 
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4.3 Materials and Methods  
 
4.3.1 Over expression of wt-YaeT 
  
 To over express YaeT with an N-terminal 6X His-tag in form of inclusion 
bodies, plasmid pET15_EcOMP85 was constructed by cloning the yaeT gene into 
pET15b vector (Novagen) using NcoI and BamHI restriction sites. Transformation of 
pET15_EcOMP85 into E.coli strain BL21 (DE3) omp8 fhuA [F¯, ompT hsdSB  (rB¯ 
mB¯) gal dcm (DE3) ∆lamB ompF :: Tn5 ∆ompA ∆ompC ∆fhuA] (Prilipov et al., 
1998) was performed with the TSS method (Ausubel et al., 1999).  
 
4.3.2 Over expression of TMD-YaeT 

 
The nucleotide sequence encoding the TMD of YaeT (residues 404-810) was 

amplified by PCR using yaeT gene as a template and the following primers, 
 5’-ATAACATATGCGTGTTCCGGGTAGCC-3’ and 
 5’-GACGGGATCCTTACCAGGTTTTACCGATG-3’. 

The resulting plasmid pET15_YaeTtmd was constructed by cloning the PCR product 
into pET15b vector (Novagen) using NdeI and BamHI restriction sites, and 
subsequently transformed into E.coli strain BL21 (DE3) omp8 fhuA, to over express 
TMD-YaeT into inclusion bodies. 
 
4.3.3 Isolation of wt-YaeT and TMD-YaeT 

 
Wt-YaeT and TMD-YaeT were separately isolated using the same purification 

protocol. Overnight cultures of E. coli BL21(DE3) expressing either wt-YaeT or 
TMD-YaeT were used to inoculate LB medium (containing 0.1 g/l ampicillin) at a 
ratio of 1:100. Cells were grown at 37ºC to A600 nm = 0.6-0.7. For induction of YaeT 
expression, IPTG was added to a final concentration of 0.2 mM. After 5 h, cells were 
harvested by 30 min of centrifugation at 5000 rpm and 4ºC. The resulting pellets were 
suspended in buffer A (10 mM Tris, pH 8) and lysozyme was added to a final 
concentration of 50 μg/ml. The mixture was stirred for 30 min at room temperature 
and then sonified for 30 min with the macrotip of a Branson ultrasonifier W-450D 
(20% power, 50% pulse cycle) while cooling it in an ice/water bath. Soluble proteins 
were removed by centrifugation at 3000 g for 30 min at 4ºC. The pellet was 
resuspended in buffer B (20 mM Tris, 8 M Urea pH 8) and centrifuged at 5000 g for 
30 min at room temperature. The supernatant was loaded onto a Q-Sepharose FF 
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column (Amersham) and YaeT was eluted by a NaCl gradient (0-100 mM). The 
fractions were pooled and concentrated. The YaeT concentration was determined 
using the method of Lowry et al. (Lowry et al., 1951). The yields for either wt-YaeT 
or TMD-YaeT were very similar and ~ 30 mg/l culture. 

 

4.3.4 Purification of OmpA, Skp and R-LPS 
 
OmpA, Skp and R-LPS were expressed and purified as described in Chapter 2, 

section 2.3.1. 
 
4.3.5 Preparation of lipid bilayers 
 
 The phospholipids diC12PC, diC12PE, and diC12PG were purchased from 
Avanti Polar Lipids (Alabaster, AL). Lipids were dissolved in chloroform, mixed at 
the desired molar ratio, dried under a stream of nitrogen and desiccated under high 
vacuum for 3-5 h to prepare thin lipid films. Lipid films were hydrated in borate 
buffer (10 mM, pH 10, 2 mM EDTA) and dispersed by vortexing. LUVs were 
prepared by seven cycles of freeze-thawing the hydrated lipids in liquid nitrogen and 
in water bath at 35ºC. Lipid dispersions were then extruded 30 times through 
polycarbonate membranes of 100 nm pore diameter (Nucleopore, Whatman, Clifton, 
NJ) using a mini-extruder (Avanti Alabaster, AL). LUVs were used on the same day. 

 
For comparisons and to examine the importance of YaeT for insertion and 

folding of outer membrane proteins like OmpA, preformed lipid bilayers (LUVs) 
without YaeT were subjected to the same sucrose density gradient centrifugation, 
dialysis and extrusion procedures as described below for bilayers containing YaeT. 

 
4.3.6 Folding of wt-YaeT and TMD-YaeT into lipid bilayers 
 
 Oriented insertion and folding of YaeT into lipid bilayers was initiated by 21-
fold dilution of a concentrated solution of unfolded YaeT in 8 M urea into urea-free 
borate buffer (10 mM, pH 10), containing preformed lipid bilayers (LUVs) at a 1000-
fold molar excess over YaeT and 2 mM EDTA. The final concentrations in the 

folding reaction were 6.3 µM YaeT and 6.3 mM lipid. All samples were incubated for 

24 h at 40ºC with gentle shaking in a thermo mixer. To remove residual urea, samples 
were dialyzed in a cold room against 1 l Borate buffer (10 mM, pH10, 2mM EDTA), 
with at least three buffer exchanges. Folding of TMD-YaeT was performed similar to 
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wt-YaeT, but over a time course of ~ 48 h. The final concentrations in the folding 

reaction were 12.4 µM TMD-YaeT and 12.4 mM lipid. The folded TMD-YaeT 

samples were dialyzed against Hepes buffer (10 mM, pH 7, 2 mM EDTA) to remove 
residual urea.  
 
4.3.7 Preparation of homogeneous phospholipid membranes 
containing  YaeT by sucrose density gradient centrifugation 
 

To examine the importance of YaeT (wt-YaeT and TMD-YaeT) in the 
assembly of outer membrane proteins, membranes containing inserted and folded 
YaeT were separated from unfolded YaeT by sucrose-density centrifugation. Linear 
gradients from 15 to 60% sucrose and 8 to 40% were prepared for wt-YaeT and 
TMD-YaeT, respectively, in a 25 ml centrifuge tube using a gradient mixer 
(University of Konstanz). 0.6 mg of folded YaeT in proteoliposomes were layered on 
the top of the gradient and centrifuged at 132 000 g at 8ºC for 4 h. Two layers of 
different density were obtained after centrifugation and collected separately with a 
pasteur pipette. Their YaeT and lipid contents were estimated according to Lowry et 
al. (Lowry et al., 1951) and Rouser et al. (Rouser et al., 1970), respectively. The layer 
of higher density contained the membrane-inserted and folded YaeT. This fraction 
was dialyzed against Hepes buffer (10 mM, pH 7, 2 mM EDTA) and its final 
lipid/YaeT ratio determined (Lowry et al., 1951; Rouser et al., 1970).  

  
4.3.8 Folding of OmpA into lipid bilayers containing YaeT 
 

To examine the function of YaeT in facilitating folding of OMPs into 
membranes, I performed kinetic experiments with OmpA as a substrate OMP. OmpA 
was isolated in unfolded form in 8 M urea. YaeT-Lipid membranes (LUVs) either 
containing wild-type (wt-) YaeT or TMD-YaeT were prepared as described above. 
For comparisons in parallel folding experiments, lipid-membranes (LUVs) that did 
not contain YaeT were prepared as described for YaeT folding experiments. To 
ensure comparability with YaeT lipid membranes, these lipid bilayers were then also 
applied to a sucrose density gradient and subsequent dialysis. Prior to OmpA folding 
experiments, all prepared liposomes and proteoliposomes were extruded again five 
times through polycarbonate membranes of 100 nm pore diameter.  
 
 To examine the effect of YaeT concentration in the membranes on folding of 
OmpA, I prepared DLPC membranes containing either folded wt-YaeT or TMD-
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YaeT. Folding of OmpA (7.1 µM) was initiated by 12-fold dilution in Hepes buffer 

(10 mM, pH 7, 2 mM EDTA), containing membranes (2.14 mM) in absence, and in 
presence of either wt-YaeT or TMD-YaeT. The DLPC/OmpA ratio was maintained at 
300 and OmpA/YaeT ratio was varied by increasing the YaeT concentration from 0 to 

3.6 µM. Membranes containing YaeT contributed majority of the lipid used in folding 

experiments. However, to maintain a constant DLPC/OmpA ratio of 300:1, I added 
DLPC membranes that were treated similarly as the DLPC membranes containing 
YaeT.  
 
 Membrane insertion and folding of urea-unfolded OmpA was then initiated by 
rapidly mixing with an excess volume of the membranes in buffer (10 mM HEPES, 
pH 7, containing 2 mM EDTA) for strong urea dilution. Folding of OmpA from its 
complex with the chaperone Skp was performed by first adding the unfolded OmpA 
to urea free buffer containing Skp, diluting the urea 8.3 times. LUVs were then added 
to initiate folding and insertion. Alternatively, OmpA-Skp complexes were reacted 
with a solution of LPS followed by immediate addition of LUVs. The final 

concentrations in the folding reactions were 7.1 µM OmpA and, where present, 28.4 

µM Skp and 35.5 µM LPS, corresponding to molar ratios of 1 OmpA, 4 Skp, and 5 

LPS. In experiments with DLPC and DLPC/DLPE/DLPG (5:3:2) bilayers the molar 
lipid/OmpA ratio was 300. In experiments with DLPE/DLPC (1:4) membranes, 
lipid/OmpA ratio was 191. The final urea concentration was 0.66 M in all 
experiments. Folding kinetics was monitored over 120 min after membrane addition 
at 40°C and analyzed by SDS-PAGE at room temperature as described before 
(Bulieris et al., 2003; Laemmli, 1970; Weber, 1964), without heat-denaturation of the 
samples. 
 
4.3.9 CD Spectroscopy 

 
Far UV CD spectra were recorded at RT by a Jasco 715 CD spectrometer 

(Jasco, Tokyo, Japan) using a 0.5 mm cuvette. 6 scans were accumulated from 190 to 
250 nm with a response time of 8 s, a bandwidth of 1 nm and a scan speed of 
20 nm/min. Background spectra without the protein were subtracted. The 
concentrations of wt-YaeT and TMD-YaeT were determined for each sample (Lowry 
et al., 1951). The recorded CD spectra were normalized to the mean residue molar 

ellipticity (Abrams and London, 1992) (λ), given by 
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where l is the path length of the cuvette in cm, Θ(λ) is the recorded ellipticity in 

degrees at wavelength λ, c is the concentration in mol/l, and n the number of amino 

acid residues of wt-YaeT (790) or TMD-YaeT (407). Spectra were analyzed using 
DICHROWEB (Whitmore and Wallace, 2004). Several deconvolution programs 
CONTIN (Provencher and Glockner, 1981), SELCON3 (Sreerama et al., 1999), and 
CDSSTR (Compton and Johnson, 1986) were used for analysis.  
 
4.3.10 Proteolysis 

 
180 μl wt-YaeT/ TMD-YaeT (0.26 mg/ml) were incubated with 2.34 μl 

trypsin (Fluka) (2 mg/ml) at 37°C under gentle shaking. Proteolysis was stopped by 
adding 1 μl of trypsin inhibitor (0.5 mg/ml) at various time points up to 8 h. Samples 
were analyzed by SDS-PAGE.  

 
 
4.4 Results 
 
4.4.1 Wt-YaeT and TMD-YaeT fold into DLPC lipid bilayers to high 
 yields (>90%) 

 
The biological function of YaeT (810 residues, 89 kDa) is a role in outer 

membrane protein assembly as a part of the YaeT complex. To investigate whether 
folded and membrane-inserted YaeT alone can facilitate insertion and folding of 
OMPs, I performed folding experiments using OmpA as a model. To investigate the 
role of YaeT in facilitating insertion and folding of any of its substrate proteins in 
vitro, I first prepared lipid bilayers containing YaeT. I also examined the role of the 
periplasmic domain for YaeT function and prepared TMD-YaeT, consistent of the C-
terminal 407 residues. 

 
Unfortunately, the conventional reconstitution methods with detergents result 

in proteo-liposomes, in which the protein is present in two orientations. This may 
cause problems, since the active form of YaeT might be an oligomer requiring the 
correct orientation. Since direct folding of OMPs previously led to correct orientation, 
e.g. for hVDAC1, a protocol to prepare homogeneous membranes containing oriented 
YaeT was developed first in the present study. 
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Wt-YaeT and its transmembrane domain (TMD-YaeT) were isolated 
separately in unfolded form in 8 M urea. YaeT was folded into a 1000-fold molar 
excess of large unilamellar vesicles (LUVs) of 1,2-Dilauroyl-sn-glycero-3-
phosphocholine (DLPC) under concurrent urea-dilution. Secondary structure 
formation was monitored by circular dichroism (CD) spectroscopy.  

 
To determine whether outer membrane proteins have folded, it is required to 

determine whether they are functional. For those OMPs that display different 
electrophoretic mobility on SDS-polyacrylamide gels depending on their folding 
state, the faster migrating form generally corresponds to the folded active form. To 
date, there has been also a strict correlation between the active forms of OMPs and 
their insertion into a lipid bilayer or detergent micelle, which can be tested by 
proteolysis, which leads to fragments corresponding to the membrane inserted 
domain. Folded YaeT has also been reported to demonstrate a different 
electrophoretic mobility when folding was monitored by semi-native sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Robert et al., 2006). 
However, very likely because YaeT is less stable than other OMPs it usually unfolded 
when proteoliposomes were dissolved in our SDS treatment buffer and when 
electrophoresis was performed at room temperature. We therefore observed an altered 
migration of folded YaeT only in a few cases. Therefore I confirmed, insertion and 
folding of YaeT into the lipid bilayers by proteolysis with trypsin after separating 
folded and unfolded forms.  

 
 To analyze homogeneity and yields of wt-YaeT and TMD-YaeT after folding 
them into DLPC membranes, I performed sucrose density gradient centrifugation. 
Two layers containing YaeT were obtained. The layer at lower density contained 
misfolded forms, while the layer at higher density (HD) contained the folded form of 
either wt-YaeT or TMD-YaeT, as indicated by CD spectroscopy. The CD spectra of 
the higher density layer (Figure 1(A)), recorded after removal of the sucrose by 
dialysis, indicated folding of YaeT into a β-barrel. Spectral deconvolution (Compton 
and Johnson, 1986; Provencher and Glockner, 1981; Sreerama et al., 1999; Whitmore 
and Wallace, 2004) resulted in ~ 59 % β-sheet and ~ 10.6 % α-helix for folded wt-
YaeT and ~ 62 % β-sheet and ~ 7.6 % α-helix for the folded TMD-YaeT. The content 
of β-sheet in wt-YaeT is slightly larger than reported for Omp85 of Thermus 
thermophilus isolated in native form (55% β-sheet, 16% α-helix by CD 
spectroscopy), and considerably larger than reported for another YaeT homologue, 
FhaC of Bordetalla pertussis (49% β-sheet and 9.1% α-helix, by x-ray 
crystallography (Clantin et al., 2007). The transmembrane β-barrel domain (residues 
209-554) of FhaC is composed of ~ 66.1% β-sheet and 33.9% random coil, as 
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analysed by x-ray crystallography (Clantin et al., 2007). Interestingly, analysis of the 
FhaC structure by CD spectroscopy (Jacob-Dubuisson et al., 1999) reported a content 
of ~ 59.2% β-sheet and 9.3% α-helix, which matches well with our CD data on wt-
YaeT. To confirm membrane insertion, the HD-layers were treated with trypsin.  
 
 

 
 
 
Figure 1. YaeT inserts and folds into lipid membranes. (A) Far UV-CD spectra for wt-YaeT (—) and 
its transmembrane domain (– –) after folding into DLPC bilayers. (B) and (C) SDS-PAGE analysis 
demonstrates that membrane-inserted and folded wt-YaeT or TMD-YaeT was protected against 
proteolysis. Protein standards migrated in lanes 1 and 10. Lanes of trypsin-treated samples are labeled 
‘+’, all other lanes are labeled ‘–‘. (B) Unfolded wt-YaeT and (C) TMD-YaeT migrated at ~ 89 kDa 
(lane 2) and at ~ 46.5 kDa (lane 11), respectively. Wt-YaeT and TMD-YaeT were completely cleaved 
in aqueous solution by trypsin within 30 min (lanes 3 and 12). After solubilization in SDS-buffer and 
electrophoresis at 20°C, folded wt-YaeT and folded TMD-YaeT migrated similar to their unfolded 
forms (lanes 4 and 13). Trypsinolysis of either wt-YaeT or TMD-YaeT, produced two fragments 
migrating at Mapp ~ 45.5 kDa and at Mapp ~ 43.5 kDa, indicating a similarly sized protected C-terminus 
of the folded wt-YaeT and TMD-YaeT. Cleavage with trypsin over a time course of 8 h gradually 
converted the larger fragment to the smaller fragment, which remained protected (lanes 5 to 9, and 
lanes 14 to 17). Folded wt-YaeT and TMD-YaeT remained protected against trypsinolysis for at least 8 
h and 5 h, respectively. 

 
 
While the aqueous wt-YaeT (lane 3) was completely cleaved within 30 min, 

folded wt-YaeT in DLPC membranes was first cleaved to two major fragments, one at 
~ 45.5 kDa and another one ~ 43.5 kDa (Figure 1(B), lanes 5 to 9). The 45.5-kDa 
fragment was gradually cleaved further into the 43.5-kDa fragment. Folded wt-YaeT 
was protected for at least 8 h. Similar SDS-PAGE analysis of the proteolysis of TMD-
YaeT is shown in Figure 1(C). Unfolded TMD-YaeT migrated at ~ 46.5 kDa (lane 
11) and aqueous TMD-YaeT was completely cleaved by trypsin within 30 min (lane 
12). Folded TMD-YaeT (lane 13) also migrated similar to the unfolded TMD-YaeT 
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(lane 11), and was cleaved by trypsin into two major fractions, one at ~ 45.5 kDa 
which gradually converted into ~ 43.5 kDa fragment (lanes 14 to 17). Refolded TMD-
YaeT is protected for at least 5 h. Trypsinolysis suggested that this variant contained 
the entire membrane-inserted transmembrane domain, but only ~ 25 to 30 residues of 
the slightly larger N-terminal periplasmic domain. 

 
Folding yields were ~ 92% for wt-YaeT, since 0.35 mg wt-YaeT was found in 

HD layer and 0.03 mg in the lower density (LD) layer, using the assay described by 
Lowry et al. (Lowry et al., 1951). Similar estimations for TMD-YaeT revealed 
folding yields of 90 % or higher. Phosphate analysis indicated a molar lipid / folded 
protein ratio of ~ 600 for wt-YaeT and ~ 360 for TMD-YaeT. 
 
4.4.2 Bilayer-inserted YaeT facilitates insertion and folding of outer 
 membrane  proteins like OmpA 
 
 TMD-YaeT proteoliposomes were used in parallel folding experiments. 
OmpA folding into preformed YaeT-DLPC bilayers, either containing wt-YaeT or 
TMD-YaeT, was monitored at 40°C over a time course of 120 min by SDS-PAGE on 
samples that were not heated prior to electrophoresis, taking advantage of the 
different electrophoretic mobilities of folded (30 kDa) and unfolded OmpA (35 kDa) 
as described in numerous previous studies, e.g. (Bulieris et al., 2003; Kleinschmidt 
and Tamm, 2002; Surrey and Jahnig, 1995), for a review, see (Kleinschmidt, 2006). 
Control experiments were performed with lipid vesicles that lacked YaeT, but were 
otherwise prepared with the same protocol. The gels (Figure 2(A)) demonstrate that 
OmpA folded much faster and to slightly higher yields in bilayers containing YaeT 
than into pure lipid bilayers. At a DLPC/wt-YaeT ratio of 600, more than half of 
OmpA had folded within 8 min, while in absence of YaeT, only about 18% of OmpA 
was folded after this time (Figure 2(A), gels 1 and 2). Interestingly, TMD-YaeT (gel 
4) could also enhance folding of OmpA, although not as much as the full length 
YaeT. Figure 2(B) shows the time courses of OmpA folding over 120 min, analyzed 
by densitometry of the SDS-polyacrylamide gels.  
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Figure 2. YaeT integrated into DLPC lipid bilayers facilitates folding and insertion of OmpA. (A) 
OmpA folding was monitored over 120 min at pH 7 and at 40°C. Four folding experiments were 
performed in parallel, namely folding into pure DLPC bilayers (gel 1), into DLPC bilayers containing 
wt-YaeT at a DLPC/YaeT ratio of 600 (gel 2) and 2100 (gel 3), and in DLPC bilayers containing TMD-
YaeT at a DLPC/TMD-YaeT ratio of 600 (gel 4). In each experiment, unfolded OmpA (7.1 μM) in 8 M 
urea was reacted with one of these membrane preparations at a DLPC/OmpA ratio of 300 (2.14 mM 
DLPC) under concurrent strong dilution of urea. The representative gels show unfolded OmpA (U), 
folded OmpA (F), wt-YaeT (W) and TMD-YaeT (T) migrating at ∼ 35 kDa, ∼ 30 kDa, ∼ 89 kDa and ∼ 
45 kDa respectively. (B) Analysis of the gels by densitometry. Time courses of folding of OmpA into 
DLPC bilayers (d, · · · ·), into wt-YaeT-DLPC bilayers at DLPC/wt-YaeT=2100 (j, – · – ·) at 
DLPC/wt-YaeT=600 (h, —) and into TMD-YaeT-DLPC bilayers at DLPC/TMD-YaeT=600 (n, -  -  -). 
 
 
 The kinetics was well characterized by single-exponential fits consistent with 
a previous observation that at 20°C, kinetics of OmpA folding into protein-free lipid 
bilayers of the short-chain DLPC follow a pseudo-first-order rate law (Kleinschmidt 
and Tamm, 2002). To obtain more accurate folding rates, I used the boundary 
condition that at time t = 0, there is no folded OmpA, i.e. the mole fraction of folded 
OmpA, XFP (t = 0) = 0. The fit functions then have the general form 
 
   XFP(t) = Y · [ 1 – exp(–k·t) ]   Eq. (1) 
 
where k is the rate constant for OmpA folding and Y the yield of folded OmpA. The 
rate constants and yields obtained in the folding experiments, including those of 
Figure 2, are listed in Table 1. 
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Table 1. Rate constants and Yields for folding of OmpA into lipid bilayers with or         
     without bilayer-incorporated YaeT 
 
 
A. OmpA folding from its unfolded form in urea into DLPC bilayers 
 
  
Membrane cOmpA cLipid cYaeT OmpA/YaeT ka

 Yb

 (μM) (mM) (μM)  (min-1)  
 

 
lipid only 7.1 2.14 0 – 0.040 ± 0.004 0.79 ± 0.03 
wt-YaeT 7.1 2.14 0.4 18 0.047 ± 0.005  0.89 ± 0.03 
wt-YaeT 7.1 2.14 1.0 7 0.065 ± 0.002    0.92 ± 0.01 
wt-YaeT 7.1 2.14 1.8 4 0.078 ± 0.003 0.91 ± 0.01 
wt-YaeT 7.1 2.14 3.6 2 0.132 ± 0.010 0.85 ± 0.02 
TMD-YaeT 7.1 2.14 3.6 2 0.068 ± 0.003 0.84 ± 0.01 
    
   
 
B. OmpA folding from urea into bilayers of DLPE/DLPC (1:4)  
 
  
Membrane cOmpA cLipid cYaeT OmpA/YaeT ka

 Yb

 (μM) (mM) (μM)  (min-1)  
 
lipid only               N.D 
wt-YaeT 7.1 1.36 7.1 1 0.017±0.005 0.74 ± 0.01 
    
   
 
C. OmpA folding from urea into bilayers of DLPC/DLPE/DLPG (5:3:2)  
 
  
Membrane cOmpA cLipid cYaeT OmpA/YaeT ka

 Yb

 (μM) (mM) (μM)  (min-1)  
 
 
lipid only 7.1 2.14 0 – 0.015±0.001 0.55 ± 0.01 
TMD-YaeT 7.1 2.14 1.2 6 0.023±0.006 0.53 ± 0.05 
wt-YaeT 7.1 2.14 1.2 6 0.031±0.006 0.58 ± 0.05 
    
   
D. OmpA folding from its Skp·OmpA complex into bilayers of DLPE/DLPC (1:4)  
 
  
Membrane cOmpA cLipid cYaeT OmpA/YaeT ka

 Yb

 (μM) (mM) (μM)  (min-1)  
 
 
Lipid only 7.1 1.36 0   _ 0.0028±1.2     0.54±0.03 
wt-YaeT           7.1   1.36       7.1    1        0.025±0.001  0.68±0.02 

  
a Rate constants, k, of OmpA folding and b yields, Y, of folded OmpA obtained from 
fits to Eq (1). 
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 OmpA folded to ~ 80% into DLPC bilayers within 2 h. From the rate constant, 
the a half time τ = ln(2) / k was calculated to ~ 17 min. When wt-YaeT was present 
folding was up to 3 times faster and folding yields were consistently higher than in 
absence of YaeT. At 600 DLPC/YaeT (2 OmpA/YaeT), the half time of folding was ~ 
5 min for wt-YaeT. The rate constant increased with the concentration of wt-YaeT in 
the membrane (Table 1). In the presence of TMD-YaeT (600 DLPC/TMD-OmpA, i.e. 
2 TMD-YaeT/OmpA), the half time of OmpA folding was ~ 10 min, i.e. a factor two 
slower than in presence of wt-YaeT at the same concentration, but still ~ 41% faster 
than folding of OmpA into pure DLPC bilayers. The difference in the folding rates of 
wt-YaeT and TMD-YaeT indicates a specific role of the periplasmic domain of YaeT 
in facilitating the insertion and folding process of OMPs. 
 
4.4.3 Membrane-inserted YaeT strongly facilitates folding of OmpA 
 into phospholipid bilayers containing 
 phosphatidylethanolamine 
 
 The outer membrane of E. coli contains mostly phosphatidylethanolamine 
(PE) and about 20% phosphatidylglycerol (PG) or diphosphatidylglycerol (CL) in its 
inner leaflet. To examine whether YaeT supports membrane insertion of OmpA into 
lipid membranes containing phosphatidylethanolamine, I first folded YaeT into 
bilayers composed of DLPE and DLPC at a molar ratio of 1:4 and separated the 
membranes containing the inserted YaeT by SDG centrifugation. I also prepared 
YaeT-free lipid bilayers in parallel and subjected them to the same conditions in SDG 
centrifugation. Unlike DLPE/DLPC bilayers containing refolded YaeT, the YaeT-free 
lipid samples were of low density and floated on top of the SDG. All samples were 
then dialyzed to remove the sucrose. Folding of YaeT into DLPE/DLPC (1:4) lipid 
membranes was analyzed as described for DLPC bilayers and yields of ~ 50% were 
obtained. The molar lipid/YaeT ratio of the dialyzed homogeneous membrane 
fractions was determined to 191.  

 
 In parallel experiments, urea-unfolded OmpA was folded into DLPE/DLPC 
(1:4) membranes with and without integrated YaeT upon strong urea dilution (Figure 
3). Over a time course of 2 h, ~ 36% of OmpA had folded when YaeT was absent. In 
contrast, in presence of YaeT folding yields were ~ 65% after 2 h, i.e. 1.8-fold 
increase in folding yield was observed. In absence of YaeT, folding of OmpA was 
strongly inhibited by the presence of PE in the lipid bilayer with folded OmpA only 
observed after 16 min of bilayer addition. Yields of folded OmpA did not exceed 10% 
within the first 45 min. In contrast, at least four times as much OmpA was folded in 
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presence of YaeT after 45 min (Figure 3(A)). In comparison to experiments with 
DLPC lipid bilayers, the presence of DLPE strongly inhibited folding. This is 
consistent with our earlier results on the folding kinetics of OmpA into lipid bilayers 
(SUVs) composed of the longer chain phospholipids 
dioleolyphosphatidylethanolamine (DOPE) and dioleolyphosphatidylcholine (DOPC) 
at a molar ratio of 1:4 (refer Chapter 2). At a lipid/YaeT ~191, YaeT strongly 
facilitated folding of OmpA into the bilayers of DLPE/DLPC (1:4). The gels shown in 
Figure 3(A) were analyzed by densitometry. In absence of YaeT from the lipid 
membrane, the mole fractions of folded OmpA displayed a delayed folding kinetics 
and appeared to be sigmoidal with an initial lag-phase. Therefore I was unable to fit 
the kinetics. In the presence of membrane-inserted YaeT, this lag-phase was not 
observed and Eq. (1) described the experimental kinetics very well, with a rate 
constant of 0.017 min–1 (τ = 40 min) and a calculated final folding yield of 74% 
(Table 1).  

 
 

 
 
 
Figure 3. YaeT facilitates folding of OmpA into lipid bilayers containing DLPE. (A) Folding of OmpA 
from 8 M urea solution was initiated by mixing it with bilayers composed of DLPE:DLPC (1:4) (at 
1.36 mM lipid, LUVs) under concurrent 12-fold dilution of the urea. The final OmpA concentration 
was 7.1 μM. Folding was monitored over 120 min at pH 7 and at 40°C. The lipid/OmpA molar ratio 
was 191 either in absence (gel 1) or in presence (gel 2) of membrane-inserted wt-YaeT at a molar 
YaeT:OmpA ratio of 1:1. (B) Densitometric analysis of the gels shown in (A) was used to determine 
the fraction of folded OmpA formed with time in absence (d) and in presence of wt-YaeT (j) in the 
lipid membrane. The gels show unfolded OmpA (U), folded OmpA (F) and wt-YaeT migrating at ∼ 35 
kDa, ∼ 30 kDa and ∼ 89 kDa respectively.  
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4.4.4 Effect of YaeT on folding of OmpA is diminished when the 
 membrane is negatively charged 
 

The inner leaflet of the outer membrane has a net negative charge because of 
the presence of PG or CL in addition to the zwitterionic PE lipids. As observed in the 
previous section, YaeT facilitated folding of OmpA into lipid membranes containing 
DLPE/DLPC (1:4) lipids. Next, I wanted to investigate the effect of YaeT on folding 
of OmpA into bilayers containing both PE and PG, since they constitute the lipid 
species naturally occurring in the bacterial outer membrane. To examine this effect, I 
required YaeT incorporated into lipid membranes composed of PE and PG lipids 
only. Folding of YaeT into DLPE/DLPG (4:1) was unsuccessful as determined by CD 
spectroscopy, SDG and trypsinolysis. On trypsinolysis, YaeT got digested completely 
within few minutes. Folding yields of YaeT reduced drastically to 50% when the 
bilayers contained DLPE in addition to DLPC. Therefore, I attempted folding of 
YaeT into lipid bilayers containing DLPC, DLPE and DLPG at a molar ratio of 5:3:2. 

Folding of YaeT was confirmed by the previously described methods and yields of ∼ 

60% were obtained. YaeT-free lipid bilayers were treated similarly as membranes 
containing YaeT. 

 
To examine the effect of YaeT on folding of OmpA in negatively charged 

bilayers, parallel folding experiments were set up with YaeT-free lipid bilayers and 
with bilayers containing either wt-YaeT or TMD-YaeT (Figure 4). Over a time course 

of 2 h, OmpA folded to ∼ 45% in absence, and ∼ 60% in presence of wt-YaeT (Figure 

4(A)). Folding was always faster and slightly higher yields were obtained in the 
presence of YaeT in the membrane. Overall, the presence of wt-YaeT enhanced 

folding yields of OmpA only 1.3-fold. After 2 h, OmpA folded to ∼ 50% when TMD-

YaeT was present in the bilayers (gel not shown).  The densitometric analysis of the 
gels is shown in Figure 4(B). Eq. (1) described the experimental kinetics very well, 
with a rate constant of 0.015 min–1 (τ = 46 min) in absence of YaeT. The calculated 
half time, τ corresponded to 30 min and 22 min respectively when TMD-YaeT and 
wt-YaeT were present (Table 1). 
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Figure 4. Effect of YaeT on folding of OmpA is diminished when the membrane is negatively charged. 
(A) OmpA (7.1 μM) in 8 M urea was folded into bilayers composed of DLPC/DLPE/DLPG (5:3:2) 
(total lipid concentration - 2.14 mM) in absence (gel 1) and presence (gel 2) of folded wt-YaeT at pH 
7, 40°C, diluting the urea 12 times. Wherever present, the final YaeT concentration was 1.2 μΜ YaeT, 
corresponding to molar ratios of OmpA/YaeT (1:6). The lipid/OmpA ratio was 301. (B) Time course of 
OmpA folding into DLPC/DLPE/DLPG bilayers in absence (d) and presence of inserted wt-YaeT (j) 
or TMD-YaeT (m).  
 
 
4.4.5 YaeT facilitates folding of Skp-bound OmpA into lipid bilayers 
 containing phosphatidylethanolamine more strongly 
 

Previous studies demonstrated that the trimeric chaperone Skp binds OMPs in 
the periplasm of E. coli (Harms et al., 2001; Schafer et al., 1999) and forms stable 
complexes with unfolded OMPs like OmpA at a 1:1 stoichiometry with nanomolar 
affinity (Bulieris et al., 2003; Qu et al., 2007). Since stable complexes are formed 
between pH 6.5 and pH 10, mostly because of electrostatic interactions (Qu et al., 
2007), Skp inhibited folding of OmpA into neutral lipid bilayers, but not into charged 
lipid bilayers at 30°C (refer Chapter 2). To investigate whether membrane-inserted 
YaeT facilitates folding of OmpA from its complex with Skp into neutral bilayers, I 
first reacted OmpA, unfolded in 8 M urea, with a 4-fold molar excess of Skp to form 
aqueous Skp·OmpA complexes as described in Chapter 2. These complexes of OmpA 
with Skp were then reacted with lipid bilayers composed of DLPE/DLPC (1:4) with 
and without incorporated YaeT. Gels 1 and 2, shown in Figure 5(A) demonstrate that 
Skp-bound OmpA does not fold well into DLPE/DLPC lipid bilayers when YaeT is 
absent. In presence of YaeT, more than half of the OmpA folded within 60 min.  

 
I again analyzed the gels by densitometry (Figure 5(B)) and found that the 

kinetics of OmpA folding from a complex with Skp largely corresponded to results 
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obtained with urea-unfolded OmpA (Figure 3). In absence of YaeT, Skp-bound 
OmpA folded to about 15%, which is less than half the yield obtained for urea-
unfolded OmpA under otherwise identical conditions, indicating that Skp inhibits 
folding into DLPE/DLPC bilayers at 40°C also. The kinetics again showed a lag-
phase. When YaeT was present in the membrane, the lag-phase was not observed and 
folding yields of Skp-bound OmpA were drastically improved to ~ 66%. In this case, 
it was also possible to fit Eq. (1) to the kinetics of OmpA folding. The rate constant 
was 0.025 min–1 (τ = 27 min) and therefore ~ 1.5 fold faster than the rate constant 
obtained for urea-unfolded OmpA under otherwise identical conditions. In the 
presence of YaeT, folding yields increased at least four-fold for Skp-bound OmpA 

(Figure 5), whereas only ∼ 1.8-fold increase was observed for urea-unfolded OmpA 

(Figure 3). Altogether, this indicated that YaeT-mediated insertion and folding of 
OmpA into membranes might include a specific interaction between Skp3.OMP 
complexes and YaeT.  

 

 
 
Figure 5. The periplasmic chaperone Skp facilitates folding of OmpA into lipid bilayers containing 
YaeT, but inhibits OmpA folding in absence of YaeT. (A) OmpA was first reacted with a 4-fold molar 
excess of Skp under strong urea dilution. OmpA was then folded from its complex with Skp into 
DLPE/DLPC (1:4) bilayers either in absence (gel 1) or in presence (gel 2) of membrane-inserted YaeT. 
In additional experiments, I added a 5-fold molar excess of LPS to Skp·OmpA complexes prior to 
reacting them with YaeT-free (gel 3) or YaeT containing lipid bilayers (gel 4). The final concentrations 
in the reaction were 7.1 μM OmpA, 1.36 mM lipid (191 lipids/OmpA), 28.4 μΜ Skp, and where 
present, 7.1 μM YaeT and 35.5 μM LPS. (B) Analysis of the gels by densitometry. Kinetics is shown 
for folding of Skp-bound OmpA into pure lipid bilayers in absence (d) or in presence (r) of LPS and 
into YaeT lipid bilayers in absence (j) or in presence (n) of LPS.  
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4.4.6 Folding of Skp-bound OmpA from its complex with LPS is 
 enhanced into membranes containing YaeT 
 
 Previous studies from our laboratory have shown that LPS facilitates folding 
of Skp-bound OmpA into lipid bilayers (Bulieris et al., 2003) and Skp trimer strongly 
binds to YaeT with a nanomolar affinity (Qu et al., 2007). Binding of LPS to OmpA-
Skp3 complexes has been reported earlier (Bulieris et al., 2003; Qu et al., 2007). 
Therefore, I investigated if YaeT incorporated in the bilayers would enhance the 
folding of Skp-bound OmpA from its complex with LPS. OmpA folding into 
DLPE/DLPC (1:4) bilayers from its complex with Skp and LPS was monitored both 
in pure lipids bilayers (gel 3), and those containing YaeT (gel 4) by SDS-PAGE 
(Figure 5(A)). Folding of OmpA from its complex with Skp was strongly inhibited 
when LPS, or YaeT, or both LPS and YaeT were absent. In absence of any of these 
folding factors, folding of Skp-bound OmpA was strongly inhibited and after 2 h 
folding yields was only 15%. Approximately, half of the Skp-bound OmpA folded 
into pure lipid bilayers within 18 min in presence of LPS, and after 2 h the yields 
reached ~ 70%. Interestingly, folding of Skp-bound OmpA from its complex with 
LPS was further enhanced when the bilayers contained YaeT. In this case, half of the 
Skp-bound OmpA folded within 6 min and the final folding yield at 2 h was ~ 90% 
(Figure 5(B)). This demonstrates that YaeT enhances folding of Skp-bound OmpA 
also from its complex with LPS and hints at a possible mechanism by which YaeT 
enhances folding of Skp-bound OMPs into the membranes. 

 
 
4.5 Discussion  
 
  The present study demonstrates the effect of YaeT on folding of OmpA into 
preformed lipid membranes. This is a significant step in resolving the mechanism of 
YaeT-mediated insertion and folding of OMPs into membranes. 1. Spontaneous and 
near quantitative folding of YaeT into preformed lipid bilayers allowed examination 
of its role in facilitating folding of OmpA. 2. Periplasmic domain of YaeT plays an 
important part in enhancing folding rates and yields. 3. YaeT not only facilitates 
folding but also reverts the inhibitory effect of the periplasmic chaperone Skp and 
presence of PE lipids in the bilayer, on folding of OmpA. 4. YaeT has a specific role 
in enhancing folding of chaperone bound OmpA, as presence of YaeT in the 
membranes facilitated folding of Skp-bound OmpA from its complex with LPS, even 
further. 
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4.5.1 YaeT facilitates folding of OmpA into membranes 
 

In the present study we observed that YaeT facilitated folding of OmpA into 
preformed lipid bilayers independent of the bilayer composition, and conditions under 
which OmpA was kept soluble prior to folding. OmpA folding was enhanced more 
strongly by the full length YaeT than the variant expressing just its transmembrane 
domain, thus indicating a specific role of the periplasmic domain in OMP assembly. 
The periplasmic domain (PD) of YaeT comprises five POTRA domains, mutations in 
which severely impair OMP assembly (Kim et al., 2007). The PD of YaeT is 
conformationally flexible (Gatzeva-Topalova et al., 2008) and the POTRA domains 
adopt a more extended conformation in solution (Knowles et al., 2008). OmpA 
folding into lipid membranes was always enhanced in the presence of YaeT. 
However, effect of YaeT on OmpA folding kinetics and yields was reduced when the 
membranes contained negatively charged PG lipids. The PD of YaeT has a negative 
net-charge of Δr+/– = –8. The electrostatic surface potential of its structure (Gatzeva-
Topalova et al., 2008; Kim et al., 2007) (PDB entry 3efc) shows large negatively 
charged patches composed of 2 or more acidic residues. The reduced effect of YaeT 
on OmpA folding into negatively charged membranes is likely due to the 
conformational changes in the PD of YaeT, caused by the electrostatic repulsion 
between the similarly charged PD and the membrane. These conformational changes 
might orient the PD in a position unfavorable for interaction with its substrate 
proteins leading to reduction in facilitated folding. 

 
 Although, YaeT facilitates folding of OmpA into membranes, the observed 

effects were not as large as expected. This could possibly be due to the requirement of 
an essential lipoprotein, YfiO in complex with YaeT for facilitated folding of OmpA 
into membranes. It is likely that the presence of YaeT-YfiO complexes in the 
membranes would drastically improve the folding rates of OmpA, since YfiO has 
been reported to be an essential component of the YaeT complex, which plays a 
critical role in YaeT-mediated OMP folding (Malinverni et al., 2006). To our 
knowledge ours is the first in vitro method reported so far, which can be used to 
resolve the mechanism by which YaeT interacts and mediates insertion/folding of its 
substrate OMPs into membranes. 
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4.5.2 YaeT-mediated folding of OmpA from a chaperone bound 
state 
 
 YaeT enhanced folding of OmpA also from its complexes with the 
periplasmic chaperone Skp. Skp is required for proper membrane insertion of OmpA 
in vivo (Chen and Henning, 1996; Harms et al., 2001; Rizzitello et al., 2001) and 
binds strongly with high specificity to YaeT in solution (Qu et al., 2007). Skp inhibits 
folding of OmpA in the absence of LPS (Bulieris et al., 2003). Interestingly, YaeT not 
only reverted the inhibitory effect of Skp on OmpA folding but also improved folding 
rates for Skp-bound OmpA even when LPS was absent. YaeT enhanced folding more 
strongly for Skp-bound OmpA than for the urea-unfolded form, thus strongly 
emphasizing the role of YaeT in efficient folding of OMPs from their complexes with 
Skp. However, addition of negatively charged LPS to positively charged Skp3.OmpA 
complexes enhanced folding rates and yields significantly (Bulieris et al., 2003). 
Electrostatic interactions cause formation and dissociation of Skp3.OmpA complexes 
(refer Chapter 2). Skp targets OMPs and enhances their folding both in absence and 
presence of LPS into negatively charged membranes by electrostatic interactions 
(refer Chapter 2). Folding of Skp-bound OmpA into neutral bilayers is relatively 
slower and in some cases inhibited even when LPS is present (refer Chapters 2 and 3). 
Our experiments demonstrate that YaeT even further enhances OmpA folding from its 
complexes with Skp and LPS, into neutral bilayers composed of DLPC/DLPE, 
indicating that the periplasmic domain of YaeT can substitute for the negative charges 
of the membrane. A specialized interaction between LPS, YaeT and Skp3.OMP 
complexes cannot be ruled out for facilitated folding, since Skp, LPS and YaeT lie on 
the same gene cluster and are all involved in the OMP assembly pathway. 
 

Facilitating effect of YaeT on folding of OmpA from urea-unfolded form into 
negatively charged bilayers was diminished possibly because of electrostatic 
repulsion between the negative charges on the periplasmic domain of YaeT and 
negatively charged membrane. It seems plausible that the positively charged 
Skp3.OmpA complexes would interact favorably with the negative charges on PD of 
YaeT for facilitated folding of OmpA into the negatively charged membrane. All this 
evidence supports our hypothesis that Skp targets the OMPs to the periplasmic 
domain of YaeT by electrostatic interactions prior to their insertion and folding into 
the membrane. The observation that YaeT facilitates OmpA folding from its 
complexes with the periplasmic chaperone is a significant advancement as it enables 
investigations on the mechanism of YaeT function using components naturally 
occurring in the cells. 
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4.5.3 A model for Skp-assisted delivery of OmpA to the periplasmic 
 domain of YaeT  
 
 The tentative scheme for Skp mediated targeting mechanism is summarized in 
Figure 6(A). (I) Unfolded OMP (U) in 8 M urea collapses hydrophobically on urea 
dilution forming an aqueous intermediate (AQ). (II) The periplasmic chaperone Skp 
binds to AQ, forming stable complexes (C) preventing further misfolding of OMPs. 
(III) Step1.  Skp3.OMP complexes target the OMP to the negatively charged 
membrane by charge-charge interactions. Insertion and folding of Skp-bound OMPs 
both in absence and presence of LPS is facilitated only if the membrane is negatively 
charged. Folding is inhibited into neutral membranes even when negatively charged 
LPS, which is known to enhance folding rates and yield is present (refer Chapter 2). 
Step2. Positively charged Skp3.OMP complexes interact with the negatively charged 
surface of the YaeT periplasmic domain and facilitate folding of OMPs into the 
membrane (seen in step 3).  
 
 The charged residues in the Skp trimer are spatially separated, with positive 
residues covering a large part of the tentacle domain (Figure 6(B)) whereas, the 
periplasmic domain of YaeT shows large negatively charged patches composed of 2 
or more negative residues (PDB entry 3efc) (Gatzeva-Topalova et al., 2008; Kim et 
al., 2007) (Figure 6(C)), which may serve as interaction sites between Skp and YaeT. 
The previously reported high affinity of Skp for YaeT (Qu et al., 2007), the role of 
charge-charge interactions for folding of Skp-bound OMPs into membranes (refer 
Chapters 2 and 3), and the present study which shows that YaeT facilitates folding of 
Skp-bound OmpA into neutral bilayers and also from its complex with the negatively 
charged LPS (Figure 5) strongly suggest that the transport of OMPs via Skp across 
the periplasm is mediated by electrostatic interactions between negatively charged 
residues within OMPs, the positively charged surface of Skp and the negatively 
charged surface of the YaeT periplasmic domain. Skp of E.coli has a broad spectrum 
of substrate proteins (Jarchow et al., 2008) and therefore, Skp-mediated targeting of 
OMPs seems to be a general route for all OMPs. I propose that Skp directly transports 
OMPs from the inner membrane to the periplasmic domain of YaeT via electrostatic 
interactions before they can fold into the membranes. 
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Figure 6. (A) A model for Skp-assisted delivery of OmpA to the periplasmic domain of YaeT. (1) 
Unfolded OmpA in 8 M urea (U) is a random coil and negatively charged above its pI. Polar segments 
are colored green, transmembrane segments black. Upon urea removal, OmpA collapses into compact 
aqueous form (AQ) with charged or polar residues on the surface and hydrophobic residues buried 
inside. (2) Positively charged Skp3 binds AQ forming stable complexes (C) and preserves OmpA in 
folding competent form. (3) (Step1) Positively charged Skp3·OmpA complexes in absence or presence 
of LPS dissociate due to electrostatic interactions with the negatively charged membrane, followed by 
formation of folded OmpA (F) in the membrane. Folding of the OmpA from these complexes into 
membranes without electrostatic surface potential is inhibited, leading to reduced yields (refer Chapter 
2). (Step 2) Positively charged Skp3·OmpA complexes interact with patches of negatively charged 
residues on the periplasmic domain of YaeT, releasing OmpA and facilitating its folding into the 
membrane (Step 3). This effect is observed for neutral bilayers independent of presence or absence of 
LPS. Evidently, periplasmic domain of YaeT substitutes for the negatively charged membrane in 
targeting of Skp-bound OMPs. (B) Crystal structure of the Skp trimer (PDB entry 1sg2 and 1u2m) 
shows that the electrostatic surface potential of Skp is highly positive. (C) Crystal structure of the 
periplasmic N-terminal domain (residues 23-347) of Omp85 (YaeT) (PDB entry 3efc) of E. coli, which 
is the receptor for unfolded OMPs. The surface of the periplasmic domain contains several patches of 
two or more acidic residues, leading to higher local charge densities than caused by the negatively 
charged lipids at the bilayer surface. This domain extends from the membrane surface into the 
periplasm and is therefore highly likely to bind Skp3·OMP complexes through electrostatic attraction. 
 
 
  



Isolation, Purification and Folding of an Essential Lipoprotein YfiO  

 83 

 
5.   Isolation, Purification and Folding of an 

Essential Lipoprotein YfiO, of the E. coli outer 
membrane 
 

5.1 Abstract 
 

In Escherichia coli, outer membrane proteins are assembled into the outer 
membrane by a multiprotein complex, of which YaeT and YfiO are the essential 
components (Malinverni et al., 2006; Voulhoux et al., 2003; Wu et al., 2005). Here, I 
demonstrate isolation, purification and folding of an essential lipoprotein, YfiO. YfiO 
expressed into the outer membrane was isolated upon solubilization in an anionic 
detergent N-lauroylsarcosinate (Sarkosyl) and alternatively in 10 M urea. Protein extracts 
were purified by gel filtration to good yields. Refolding of YfiO attempted from both 
sarkosyl-solubilized and urea-denatured forms in the presence of different detergents or 
lipids was monitored by circular dichroism (CD) spectroscopy. Spectral deconvolution by 
several algorithms resolved the structural differences in YfiO folded in presence of lipids 

and detergents. YfiO predominantly formed β-sheet secondary structure on association 

with the lipid bilayers while the micellar form was mostly α-helical, indicating the 

requirement of lipid bilayers for correct folding of YfiO. The intrinsic consistency in 
deconvolution analysis observed between various detergents and its differences from the 
lipids, suggests that association of the hydrophobic anchor domain of YfiO with the lipid 
bilayer triggers the formation of native fold in YfiO. Higher folding yields of YfiO 
obtained with slightly rigid bilayers like DMPC indicated that they better support and 
stabilize anchorage of YfiO and hence are more suited for in vitro folding experiments 
and functional studies. Overall, urea-unfolded YfiO is better suited for refolding and 
functional studies than its sarkosyl-solubilized form. 

 
 
5.2 Introduction 

 
A Gram-negative bacterium like Escherichia coli, consists of four compartments, 

the cytoplasm, the inner/cytoplasmic membrane (IM), the periplasm and the outer 
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membrane (OM). The outer membrane (OM) is composed of lipopolysaccharide (LPS), 

phospholipids, β-barrel OMPs, which span the OM and lipoproteins that associate with 

the membrane lipids. Bacterial lipoproteins are synthesized as precursors with a signal 
peptide and then translocated across the IM into the periplasm where they are processed 
to mature forms (Driessen et al., 2001; Pugsley, 1993). Mature lipoproteins are formed 
after cleavage of the signal sequence by signal peptidase II and have an N-terminal Cys 
that is modified by thioether-linked diacylglycerol and amino-linked acyl chains 
(Sankaran and Wu, 1994). E.coli has at least 90 lipoproteins (Brokx et al., 2004; Juncker 
et al., 2003; Miyadai et al., 2004), which are anchored through their hydrophobic N-
terminal lipid moiety to the periplasmic leaflet of either the IM or the OM depending on 
the amino acid residue at position 2. The LolCDE complex releases OM-directed 
lipoproteins from the IM into the periplasm using ATP present in the cytoplasm as 
energy source (Narita et al., 2002; Yakushi et al., 2000), leading to formation of soluble 
complexes with the periplasmic chaperone LolA (Matsuyama et al., 1995). Interaction of 
LolA-lipoprotein complexes with the outer membrane receptor LolB induces transfer of 
lipoproteins from LolA to LolB, and then from LolB to the OM (Matsuyama et al., 1997; 
Tanaka et al., 2001). LolB is an outer membrane lipoprotein, which forms a hydrophobic 

cavity composed of an unclosed 11-stranded β-barrel covered by a three α-helices 

(Takeda et al., 2003a; Takeda et al., 2003b). 
 
A multi-component YaeT complex in the OM of Gram-negative bacteria is 

involved in folding of β-barrel OMPs (Wu et al., 2005). In E.coli, this complex consists 

of an essential OMP, YaeT and four lipoproteins YfiO, Yfgl, NlpB and SmpA, of which 
YfiO is the only essential lipoprotein (Malinverni et al., 2006; Sklar et al., 2007; 

Voulhoux et al., 2003; Wu et al., 2005). The σE extracellular stress response pathway 

regulates the genes for YaeT and the lipoproteins (Dartigalongue et al., 2001; Kabir et al., 
2005; Onufryk et al., 2005; Rhodius et al., 2006), mutations in which result in different 
degrees of OM defects. YfiO forms direct contacts with YaeT and its C-terminus is 
required for stable contacts between NlpB and the other members of the complex and 
hence in maintaining the functional integrity of the complex (Malinverni et al., 2006). 
The periplasmic polypeptide transport-associated (POTRA) domains of YaeT form the 
scaffolding site for these lipoproteins, with YfiO, NlpB and SmpA interacting with 
POTRA 5 (Kim et al., 2007). YfiO is required for the proper assembly of OMPs into the 
OM. YfiO depletion in the cells causes similar phenotypes as the depletion of YaeT, 
implying that it plays a critical role in YaeT-mediated protein folding (Malinverni et al., 
2006). Here, I report on isolation, purification and refolding of YfiO into preformed lipid 
membranes. This work is a significant step in future investigations on its role in YaeT-
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mediated OMP folding and in understanding the mechanism by which YfiO and YaeT 
interact and function. 

 
 
5.3 Materials and Methods 
 
5.3.1 Expression, Isolation and Purification of YfiO  
 

Plasmid pET29_yfiO+ss (purchased from Trenzyme GmbH, Germany) was 
constructed by cloning the yfiO gene into pET29b vector (Novagen) using NdeI and XhoI 
restriction sites. On transformation into E.coli strain PC2889 cells using the TSS method 
(Ausubel et al., 1999), the resulting plasmid could over express YfiO into the outer 
membrane.   
  
 An overnight culture of E.coli PC2889 harboring the plasmid pET29_yfiO+ss was 
used to inoculate LB medium (containing 0.05 g/l kanamycin) at a ratio of 1:100. Cells 
were grown at 37ºC to A600 nm = 0.7-0.8, before IPTG was added to a final concentration 
of 1 mM. After 5 h of induction, cells were harvested by centrifugation at 5000 rpm, 4ºC 
for 30 min. Pellets were stored at -20ºC until extraction. Each pellet was suspended in 25 
ml buffer (50 mM Tris, pH 8) containing 3 mg DNase, 1 mg RNase and 5 mM MgCl2. 
Cells were disrupted using a French Pressure cell and the unbroken cells were removed 
by centrifugation at 3000 rpm for 5 min. The supernatant was centrifuged at 36000 rpm, 
4ºC for 1 h using T 865 rotor (Sorvall). The resulting pellet was resuspended in Tris 
buffer (50 mM, pH 8) and again centrifuged at 36000 rpm, 4ºC for 1 h using T 865 rotor. 
Again, the pellet was resuspended in small volume of Tris buffer (50 mM, pH 8, 5 mM 
EDTA) and loaded onto step gradient of 45% (8 ml), 65% (21ml) and 75% (6 ml) 
sucrose. The gradient was centrifuged at 27000 rpm, 4ºC for ~ 20 h using SW 28 rotor 
(Beckman Coultor). The outer membrane fraction was collected and dialyzed against Tris 
buffer (20 mM, pH 8) by changing the buffer at least three times. 
 
 YfiO was solubilized from the outer membrane fraction using 0.6% sarkosyl at 
room temperature for 2 h. In an alternative method, YfiO was solubilized in unfolded 
form using 10 M urea at room temperature for 20 h. The solubilized fractions were 
centrifuged at 36000 rpm for 1 h using T 865 rotor. The supernatant was dialyzed against 
Tris buffer (20 mM, pH 8) containing either 0.6% sarkosyl or 10 M urea as required. 
Although both, sarkosyl solubilized and urea solubilized YfiO were found to be pure, the 
protein samples were run on Superose-12 gel-filtration column (Amersham), equilibrated 
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with buffers containing either sarkosyl or urea. The fractions were pooled and 
concentrated. The protein concentration was determined (Lowry et al., 1951) for both 
sarkosyl- and urea- solubilized YfiO. Yields of 12-17 mg YfiO were obtained per litre 
culture. The purity of the protein samples was confirmed by SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE).  
 
5.3.2  Mass Spectrometry 
 
 A purified sample of YfiO was run on polyacrylamide gels and its coomassie 
stained 25-kDa bands were excised and digested with Trypsin (Mass Spectrometry grade, 
Promega) according to In-gel protein digestion protocol from Promega. The resulting 
peptides were subjected to mass spectrometry (University of Konstanz). The result was 
then matched to the SwissProt database using Mascot search engine (Perkins et al., 1999), 
considering palmitoylation on the cysteine residue and that trypsin cleaves on the C-
terminal side of Lys-Arg unless the next residue is a proline.  
 
5.3.3 Preparation of lipid bilayers 
 
 1,2-Dilauroyl-sn-glycero-3-phosphocholine (DLPC) and 1,2-Dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) purchased from Avanti Polar Lipids (Alabaster, AL) 
were dissolved in chloroform, dried under a stream of nitrogen and desiccated under high 
vacuum for 3-5 h to prepare thin lipid films. Lipid films were hydrated in Tris buffer 
(20 mM, pH 8, 2 mM EDTA) and dispersed by vortexing. LUVs were prepared as 
described in chapter 3. 
 
5.3.4 Folding of YfiO into detergent micelles and lipid bilayers 
 

Folding of YfiO was initiated by its 27-fold dilution from urea-solubilized and 22-
fold dilution from its sarkosyl-solubilized forms, into Tris buffer (20 mM, pH 8, 2 mM 

EDTA) containing either detergent micelles or lipid bilayers. 12 µM YfiO was refolded 

into various detergents like 13 mM LDAO (CMC - 2.1 mM); 68.4 mM β-OG (CMC - ≤ 
25 mM); 8.94 mM Ζ-3-12 (CMC - 3.6 mM) and 0.9 mM LysoC14PC (CMC - ≤ 0.09 mM) 
and into 10.2 mM phospholipid bilayers (850-fold molar excess of DMPC or DLPC) by 
incubation at 37ºC with gentle shaking in a thermo mixer for 24 h. To remove residual 
urea and sarkosyl, samples were dialyzed in a cold room against 1 litre Tris buffer 
(20 mM, pH 8, 2 mM EDTA), with at least three buffer exchanges. Folding was 
confirmed by sucrose density gradient centrifugation and CD spectroscopy. 
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5.3.5 Sucrose Density Gradient Centrifugation 

 
 Linear gradients from 5 to 30% sucrose were prepared in a 25 ml centrifuge tube 
using a gradient mixer (University of Konstanz). 0.6 mg folded YfiO (in lipid) was 
layered on the top of the gradient and centrifuged at 132 000 g at 8ºC for 4 h. The three 
layers obtained after centrifugation were collected separately with a pasteur pipette and 
their protein and lipid contents were estimated as described (Lowry et al., 1951; Rouser et 
al., 1970). 
 
5.3.6 Circular Dichroism Spectroscopy 
 
 Far UV CD spectra were recorded at 25ºC by a Jasco 715 CD spectrometer (Jasco, 
Tokyo, Japan) using a 0.5 mm cuvette. 8 scans were accumulated from 190 to 250 nm 
with a response time of 8 s, a bandwidth of 1 nm and a scan speed of 20 nm/min. 
Background spectra without the protein were subtracted. Protein concentrations were 
determined for each sample (Lowry et al., 1951). The recorded CD spectra were 
normalized, and then analyzed by several algorithms utilizing the DICHROWEB service 
as described in chapter 4. 

 
 
5.4 Results 

 
5.4.1 Extraction and Purification of an essential lipoprotein YfiO 

 
Gene deletion studies suggested that YfiO possibly stabilizes the YaeT complex 

and is essential for assembly of OMPs in E.coli (Malinverni et al., 2006). In the previous 
chapter, I demonstrated that lipid bilayer inserted YaeT facilitates insertion and folding of 
Skp-bound OmpA. However, the effect of YaeT on facilitating folding of OmpA was not 
as strong as expected. As a next logical step, YfiO was isolated and purified for future 
investigations on the mechanism by which it functions in YaeT-mediated insertion and 
folding of OMPs into preformed bilayers.  

 
YfiO was over expressed in PC2889 cells and isolated as described in detail in 

material and methods. Figure 1(A) shows the extraction and purification of YfiO as 
analyzed by SDS-PAGE. Lane 1, 2 and 3 show the total, inner and outer membrane 
fractions of cell envelopes expressing YfiO. Several attempts to solubilize YfiO from the 
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outer membrane fraction in various non-ionic and zwitterionic detergents were 
unsuccessful at a wide range of pH, temperature, and incubation times, even in the 
presence of salt and organic solvents. However, YfiO was solubilized in 0.6% sarkosyl 
(lane 4), a relatively mild anionic detergent that keeps some proteins soluble in native-
like form. In an alternative strategy, YfiO was isolated in denatured form on 
solubilization in 10 M urea (lane 5). YfiO solubilized either in sarkosyl or urea, migrating 
at ~ 25-kDa (see protein standards labeled as ‘M’) was purified by gel filtration 
chromatography (lane 6).  
            

 
 
Figure 1. (A) Extraction and Purification of YfiO was analyzed by SDS-PAGE. Lane 1: Total membrane 
extract; Lane 2 and 3: Inner and Outer Membrane fraction respectively; Lane 4 and 5: YfiO solubilized in 
Sarkosyl and Urea respectively; Lane 6: YfiO purified by gel filtration chromatography, migrates at 25 kDa 
as evident from the protein standards (lane M). The lanes arranged here originate from different gels. (B) 
Mass spectrometric analysis of purified protein sample digested with trypsin revealed a 45% sequence 
match to YfiO in Swiss Prot database; entry-P0AC02, using Mascot search engine (Perkins et al., 1999).  

 
 
Protein sequence in red color (Figure 1(B)) denotes the peptide match to YfiO 

sequence (Swiss Prot Entry - P0AC02), obtained after mass spectrometric analysis of the 
trypsin digested protein sample. An ion-score of 305 was obtained with 45% sequence 
coverage. 
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5.4.2 YfiO forms significant secondary structure in aqueous solution 
 
 CD spectroscopy was used to monitor the secondary structure formation of YfiO 
solubilized in 0.6% sarkosyl and 10 M urea (Figure 2). The CD spectra shown in Figure 2 
reveals inefficiency of sarkosyl in maintaining YfiO in native-like form (·····) while 10 M 
urea fully denatured YfiO (- - -). Interestingly, YfiO formed significant amount of 
secondary structure upon dilution of either the anionic detergent sarkosyl (— -) or the 
chaotropic urea (—). Deconvolution of the CD spectra using dichroweb showed that both 

aqueous forms of urea- and sarkosyl- solubilized YfiO formed predominantly α-helical 

(~ 40%) secondary structure with ~ 29% β-sheet and ~ 31% random coil. 

   

 
 

 
Figure 2. Circular dichroism spectroscopy was used to investigate the secondary structure of YfiO. 
YfiO was solubilized in 10 M Urea and 0.6% sarkosyl. Upon dilution of either the anionic detergent 
sarkosyl or the chaotropic urea, YfiO formed significant content of α-helical secondary structure in the 
absence of either lipid or detergent. 
 
5.4.3 Effect of pH on folding of YfiO into LDAO micelles 
 

YfiO is attached to the membrane via its N-terminal cysteine while most part of 
the lipoprotein is found in the periplasmic space. YfiO formed significant amounts of 
secondary structure in aqueous buffer, in the absence of detergent micelles or lipid 
bilayers. Assuming YfiO might fold in aqueous buffer similar to soluble proteins and its 
folding could likely depend on its net charge, I investigated folding of urea- and sarkosyl- 
solubilized YfiO into LDAO micelles as a function of pH. 
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Figure 3 demonstrates secondary structure formation of YfiO in LDAO micelles. 
Both urea- (A) and sarkosyl- (B) solubilized forms were folded into LDAO at various 
pH, diluting urea, diluting sarkosyl. Urea-unfolded YfiO upon refolding into LDAO 
formed very similar secondary structure at all pH, as evident from the spectral line shape 
(Figure 3(A)). The deconvolution analysis of the CD spectra (Table 1(A)) also showed 
consistency between algorithms at each pH. However, the composition of the secondary 

structure matched closely for pH 3 and 8, where on average ~ 48% α-helical, ~ 31% β-

sheet and ~ 21% random coil formation was determined (Table 1(A)). Sarkosyl-
solubilized YfiO on refolding into LDAO precipitated at pH 3 and likely misfolded at 
basic pH, as indicated from the spectral line shape obtained at pH 8 and 10 (Figure 3(B)). 
We were unable to successfully analyze the CD spectra due to high NRMSD values, 
although several deconvolution algorithms were tested (Table 1(B)). Also, values 
obtained using CDSSTR at pH 8 and 10 varied significantly.  

 

 
 
 
Figure 3. Folding of YfiO from either urea- or sarkosyl- solubilized form into LDAO micelles does not 
depend on pH. 12 μM of urea- (A) or sarkosyl- solubilized YfiO (B) was incubated with buffers at pH 
3, 8 and 10, each containing 1080-fold LDAO for 24 h at 37°C. The end concentration of urea and 
sarkosyl in the folding reaction was 0.375 M and 0.67 mM respectively. Folding was monitored by CD 
spectroscopy. Urea-unfolded YfiO on folding into LDAO, formed very similar secondary structure at 
all pH. Sarkosyl-solubilized YfiO precipitated upon folding into LDAO at pH 3 and perhaps misfolded 
at pH 8 and 10 as indicated by the spectral line shape. Spectral analysis by Dichroweb and its 
algorithms is shown in Table 1(A) and (B) for folding of urea-unfolded and sarkosyl-solubilized YfiO 
in LDAO micelles at different pH. 
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Table 1 Analysis of the CD spectra of YfiO folded in LDAO micellesa 
  
Sample Algorithm     α-Helix    β-Strand β-Turns  Random Coil NRMSD b 
          (%)        (%)    (%)    (%) 
 
(A) Folding from the urea-unfolded form 

 
pH 3 SELCON3 47.17             8.4 20.5 24.4  0.177 
  CONTIN 46.7               9.49 26.1 17.6 0.156 
  CDSSTR 47.5 20.99 11 20  0.004 
  Average  47.12 12.96 19.2 20.66  
 
pH 8 SELCON3 45.01 10.6 17.1 26.5  0.129 
  CONTIN 48.64             9.98 24.1 17.3 0.075 
  CDSSTR 52.32 17.02 12 19  0.018 
  Average  48.66 12.53 17.73 20.93  
 
pH 10 SELCON3 37.5 13.9 21.2 27.5  0.322 
  CONTIN 36.48 15.56 22.1 25.9 0.198 
  CDSSTR 42.79 12.48 18    26  0.042 
  Average  39.63 14.02 20.05 25.95 
 

Sample Algorithm     α-Helix      β-Strand      β-Turns     Random Coil    NRMSD b 
          (%)        (%)    (%)    (%) 
 
 
(B) Folding from the sarkosyl-solubilized form 
 
pH 3 SELCON3 37.38 12.2 17 29.2 0.443 
  CONTIN 45.2               8.98 20 23.5 0.289 
  CDSSTR 33.54 25.65 18 22  0.013 
  Precipitated at pH 3. 
 
pH 8 SELCON3 30.21 17.4 21.2 31.7  0.449 
  CONTIN 36.98             11.8 19.3 32 0.395 
  CDSSTR 28.69    26.49 21 24  0.011 
   
pH 10 SELCON3 21.54 24.7 24.7 31  0.371 
  CONTIN 10.8       22 28.3 38.9 0.302 
  CDSSTR 16.79             30.2 24    29  0.016 
   
 
aThe composition of the secondary structure of YfiO in the different samples was analyzed from CD spectra using 
the algorithms CONTIN, SELCON3, and CDSSTR, and the reference spectra provided by DICHROWEB.  
bNRMSD is the normalized root mean square deviation obtained from the analysis and should be ~0.25 or below. 
Results with a higher NRMSD are given in italics.  
Analysis was performed for YfiO folded into LDAO micelles from urea- and sarkosyl-solubilized forms at 
different pH as shown in Figure 3(A) and (B). 
 
 
5.4.4 Folding of YfiO in various detergent micelles monitored by CD 

spectroscopy 
 
 In the previous section, we observed that secondary structure formation was better 
and more consistent at all pH when urea-unfolded YfiO and not its sarkosyl-solubilized 
form were folded into LDAO micelles. To investigate folding of urea- and sarkosyl- 
solubilized YfiO into detergent micelles in detail, we determined the secondary structure 
formation of YfiO after folding it into a range of several detergents using CD 
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spectroscopy. Figure 4(A) shows the consistency in spectral line shape obtained for YfiO 
folded into LDAO, Zwittergent 3-12 and LysoC14PC micelles from its urea-unfolded 
form. Analysis of the CD spectra indicated that YfiO folded in LDAO micelles had 

higher α-helical content (~ 46%) than other detergents (~ 39% on average), while the β-

sheet content was  ~ 29% in LDAO and ~ 34% in other detergents (Table 2(A)).  
 

 

 
 

Figure 4. Folding of YfiO in different detergents as monitored by CD spectroscopy. 
CD spectroscopy was used to monitor secondary structure formation of YfiO in LDAO, β-
Octylglucoside, Zwittergent 3-12, and Lyso-C14PC from both, urea- (A) and sarkosyl-solubilized (B) 
forms. 12 μM YfiO was incubated with buffer (pH 8) containing detergent micelles for 24 h at 37°C. 
The concentration of detergent in each folding reaction was between 3 to 10-fold molar excess of their 
respective CMC values. The end concentration of urea and sarkosyl in the folding reaction was 0.375 
M and 0.67 mM respectively. Deconvolution of the spectra by Dichroweb and its algorithms is shown 
in Table 2(A) and (B). 

 
 
   

 The spectral line shape for sarkosyl-solubilized YfiO folded into LDAO, Z 3-12 

varied from that in β-OG, LysoC14PC (Figure 4(B)). A higher α-helical content, ranging 

between 40-45%, was determined for YfiO folded in any of the detergents from its 
sarkosyl-solubilized state (Table 2(B)). This is not surprising since anionic detergents 

bind strongly to proteins, induce α-helical secondary structure and sometimes 

irreversibly affect protein folding. The differences observed in folding indicate that urea-
unfolded YfiO is better suited for refolding and subsequent functional studies than 
sarkosyl-solubilized YfiO. 
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Table 2 Analysis of the CD spectra of YfiO folded in various detergent micellesa 
  
Sample Algorithm     α-Helix    β-Strand β-Turns  Random Coil NRMSD b 
          (%)        (%)    (%)    (%) 
 
(A) Folding from the urea-unfolded form 

 
LDAO SELCON3 44.83             10.7 18.7 28.2  0.094 
  CONTIN 43.98             11.03 22.1 22.9 0.065 
  CDSSTR 49.41             9.53 16 24  0.04 
  Average  46.07 10.42 18.93 25.03  
 
β-OG SELCON3 40.9 14.9 17.8 27.1  0.071 
  CONTIN 37.38             16.8 19.1 26.7 0.033 
  CDSSTR 38.51 17.72 18 26  0.016 
  Average  38.93 16.47 18.3 26.6  
 
Ζ-3-12 SELCON3 39.56 13.8 18.8 28  0.123 
  CONTIN 38.88 14.61 20 26.5 0.031 
  CDSSTR 40.8 15.77 17    26  0.021
  Average  39.74 14.72 18.6 26.83 
 
LysoC14PC SELCON3 37.47             15.1 18.6 28.2  0.084 
  CONTIN 37.41             15.46 18.7 28.4 0.038
  CDSSTR 37.81 16.28 19 27                    0.012 
  Average  37.56 15.61 18.76 27.86  
 
Sample Algorithm     α-Helix     β-Strand      β-Turns       Random Coil   NRMSD b 
          (%)        (%)    (%)    (%) 

 
(B) Folding from the sarkosyl-solubilized form 
 
LDAO SELCON3 42 15.5 21.7 24.3 0.276 
  CONTIN 45.3               9.47 20.8 24.4 0.181 
  CDSSTR 39.56 18.05 21 22  0.007 
  Average 42.43             13.76                20.9                  23.2 
 
β-OG SELCON3 40.34 12.2 23.5 24.8  0.222 
  CONTIN 44.04             11.74               26.7 17.6 0.174 
  CDSSTR 44.12             26.27 10 20  0.002 
  Average  42.83 16.73 20.06 20.8 
 
Ζ-3-12 SELCON3 39.57 11.5 20 26.8 0.267 
  CONTIN 37.55 13.66 23.1 25.7 0.174 
  CDSSTR 42.78             12.65 17    27  0.034 
  Average  40.16 13.15 20.05 26.35 
 
LysoC14PC SELCON3 43.5              14.4 15.7 26.6  0.111 
  CONTIN 43.9              12.74 16.6 26.8 0.038 
  CDSSTR 46.01            12.7        15 26  0.009 
  Average  44.47 13.28 15.76 26.46  
 
a 

The composition of the secondary structure of YfiO in the different samples was analyzed from CD spectra using 
the algorithms CONTIN, SELCON3, and CDSSTR, and the reference spectra provided by DICHROWEB.  
bNRMSD is the normalized root mean square deviation obtained from the analysis and should be ~0.25 or below. 
Results with a higher NRMSD are given in italics.  
Analysis was performed for YfiO folded into detergent micelles from urea- and sarkosyl-solubilized forms as 
shown in Figure 4(A) and (B). 
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5.4.5 YfiO forms predominantly β-sheet secondary structure in lipid 
bilayers 

 
 Detailed investigations on the folding of YfiO into detergent micelles showed 

predominant formation of α-helical secondary structure. Based on the assumption that 

interaction of the hydrophobic lipid anchor domain in YfiO with the lipid bilayer may 
alter its folding behavior, I investigated folding of YfiO into preformed bilayers 
composed of DMPC and DLPC phospholipids. Folding was initiated by dilution of either 
urea or sarkosyl in the presence of preformed lipid bilayers and secondary structure 
formation was monitored by CD spectroscopy (Figure 5 and 6). To ensure homogeneity 
and to estimate folding yields of YfiO, sucrose density gradient centrifugation was 
performed on folded samples. Three layers containing YfiO were obtained in each case 
and were designated as low density (LD), medium density (MD) and higher density (HD) 
fraction. The HD fraction contained the folded protein as indicated by CD spectroscopy 
and estimation of lipid/protein ratio.  
 
 YfiO folded into DMPC bilayers from its urea-unfolded form with a high yield of 
80%, as estimated from the HD fraction using the method of Lowry et al. (Lowry et al., 
1951). Phosphate analysis indicated a molar DMPC/YfiO ratio of ~ 450. Figure 5(A) 
shows the CD spectra for YfiO folded into DMPC bilayers from its urea-unfolded form. 
The spectral line shape for the HD fraction and its deconvolution analysis indicate 

predominant formation of β-sheet (24.8% β-strand and 22.9% β-turn) secondary structure 

(Figure 5(A) and Table 3(A)). The α-helical content was estimated to be ~ 22%, which is 

significantly lower than observed for YfiO folded into micelles. In contrast, sarkosyl-
solubilized YfiO folded into DMPC bilayers with poor yields. Only ~ 37% YfiO was 
found in the HD fraction and the rest in LD and MD fractions. The secondary structure of 

YfiO in HD fraction was formed of ~ 68% α-helical and ~ 18% β-sheet content (5.9% β-

strand and 11.7% β-turn) (Figure 5(B) and Table 3(B)).  
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Figure 5. Folding of YfiO into diC14PC (DMPC) bilayers as monitored by CD spectroscopy. 12 μM of 
YfiO from both urea- (A) and sarkosyl- (B) solubilized forms were incubated with 10.2 mM of DMPC 
bilayers in pH 8 buffer with gentle shaking at 37°C for 24 h. The end concentration of urea and sarkosyl in 
the folding reaction was 0.375 M and 0.67 mM respectively. Upon sucrose density centrifugation, three 
layers of different density were obtained for YfiO, folded either from urea- or from sarkosyl- solubilized 
forms, referred to as low (LD), medium (MD), and high density (HD) fraction. Urea-solubilized YfiO 
folded to 80% yield in DMPC bilayers, as estimated from the HD fraction. The LD and the MD fraction 
contained the misfolded forms. In contrast, sarkosyl-solubilized YfiO folded to only 37.5% yield, as 
estimated from its HD fraction. Urea-unfolded YfiO develops more β-sheet secondary structure than the 
sarkosyl-solubilized form, when folded in presence of preformed lipid bilayers of DMPC. The 
deconvolution analysis of the spectra is shown in Table 3(A) and (B).  
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Table 3 Analysis of the CD spectra of YfiO folded in DMPC bilayersa 
  
Sample Algorithm     α-Helix    β-Strand β-Turns  Random Coil NRMSD b 
          (%)        (%)    (%)    (%) 
 
(A) Folding from the urea-unfolded form 

 
Refolded SELCON3 18.29             34.4 20.3 26  0.334 
  CONTIN 14.96             36.73 15.7 32.7 0.312 
  CDSSTR 13.02             33.46 27 26  0.017 
  
LD  SELCON3 28.79 20.4 22.9 26.6  0.259 
  CONTIN 30.24             25.02 20.6 24.1 0.229 
  CDSSTR 15.95 35.52 25 25  0.036 
  
MD  SELCON3 13.6 28.9 25 31.2  0.152 
  CONTIN 16.2 33.89 22.8 27.2 0.151 
  CDSSTR 14.16 29.21 24    32  0.032
   
HD  SELCON3 24.31             22.3 22.3 27.6  0.069 
  CONTIN 22.46             24.57 23.5 29.4 0.049
  CDSSTR 20.02 27.45 23 29                    0.024 
  Average 22.26 24.77 22.93 28.66  
 

 
Sample Algorithm      α-Helix     β-Strand      β-Turns       Random Coil  NRMSD b 
          (%)        (%)    (%)    (%) 
 
 
(B) Folding from the sarkosyl-solubilized form 
 
Refolded SELCON3 43.93             9.3 18.7 27.1 0.202 
  CONTIN 43.93             7.04 20.5 28.5 0.085 
  CDSSTR 46.5 11.54 18 24  0.029 
   
LD  SELCON3 26.89 19.2 22.6 28.7  0.053 
  CONTIN 27.31             20.46                22.1 30.1 0.022 
  CDSSTR 27.61             22.99 20 28  0.018 
   
MD  SELCON3 33.89 16.1 20 29.9 0.104 
  CONTIN 33.8 16.8 20.3 29.1 0.047 
  CDSSTR 34.06             20.06 19    27  0.023 
   
HD  SELCON3 70.07            3.2 10.9 19.1  0.225 
  CONTIN 67.28            1.85 15.3 15.6 0.04 
  CDSSTR 66.8              12.79                 9   10  0.002 
  Average  68.05            5.94 11.73 14.9  
 
 
aThe composition of the secondary structure of YfiO in the different samples was analyzed from CD spectra using 
the algorithms CONTIN, SELCON3, and CDSSTR, and the reference spectra provided by DICHROWEB.  
bNRMSD is the normalized root mean square deviation obtained from the analysis and should be ~0.25 or below. 
Results with a higher NRMSD are given in italics.  
Analysis was performed for YfiO folded into DMPC bilayers from urea- and sarkosyl-solubilized forms as shown 
in Figure 5(A) and (B). 
 

 
Interestingly, YfiO folded into DLPC bilayers demonstrated consistency with 

DMPC bilayers not only in the spectral line shape (compare Figures 6 and 5(A)) but also 
in the estimation of secondary structure composition. YfiO in the HD fraction of DLPC 

bilayers was composed of 25.3% β-strand, 23.5% β-turn and 21.6% α-helical content 
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according to dichroweb analysis of the CD spectra (Table 4, compare with Table 3(A)). 
However, folding yields were reduced to 45% in DLPC bilayers. The differences in 
folding of YfiO in detergent micelles and lipid bilayers, strongly indicate the requirement 
of a lipid bilayer for proper folding of YfiO. 
 

 
 

Figure 6. Folding of YfiO into diC12PC (DLPC) bilayers as monitored by CD spectroscopy.  Urea-
unfolded YfiO was folded into DLPC bilayers under conditions mentioned in legend to Figure 5. 
Again, three layers of different density were observed upon sucrose density centrifugation. In DLPC 
bilayers, 45.4% folded YfiO was found in the HD fraction, and the remaining in the LD, and the MD 
fraction as misfolded forms. Similar to DMPC bilayers, here also the HD fraction was formed of 
predominantly β-sheet secondary structure. Deconvolution analysis of the spectra by Dichroweb and its 
algorithms is shown in Table 4. 
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Table 4 Analysis of the CD spectra of YfiO folded in DLPC bilayersa 
  
Sample Algorithm     α-Helix    β-Strand β-Turns  Random Coil NRMSD b 
          (%)        (%)    (%)    (%) 
 
Folding from the urea-unfolded form 
 
Refolded SELCON3 24.16             28.55 19.6 25.4  0.531 
  CONTIN 27.48             32.1 20.4 20 0.345 
  CDSSTR 13.19             36.89 24 26  0.021 
  
LD  SELCON3 10.26 34.22                9.1 22.5 0.336 
  CONTIN              7.39              37.28 22.4 32.9 0.271 
  CDSSTR              4.61              44.01 19                     31   0.044 
  
MD  SELCON3 36.72 16 17.9 29.4  0.183 
  CONTIN 29.78 22.72 17.4 30.1 0.082 
  CDSSTR 29.79 25.93 17    27  0.016
   
HD  SELCON3 24.86             21.69 22.7 28.2  0.06 
  CONTIN 22.3               24.15 23.8 29.8 0.024
  CDSSTR 17.86 30.01 24 29                    0.015 
  Average 21.67 25.28 23.5 29  
 
 
aThe composition of the secondary structure of YfiO in the different samples was analyzed from CD spectra using 
the algorithms CONTIN, SELCON3, and CDSSTR, and the reference spectra provided by DICHROWEB.  
bNRMSD is the normalized root mean square deviation obtained from the analysis and should be ~0.25 or below. 
Results with a higher NRMSD are given in italics.  
Analysis for performed on the spectra shown in Figure 6. 
 
 

5.5   Discussion 

 
The composition of the secondary structure of YfiO attained on folding into lipid 

bilayers was significantly different from that into micelles of various detergents, 
suggesting the requirement of a membrane to which the lipoprotein can anchor and hence 
fold correctly. The intrinsic consistency in deconvolution analysis observed between 
various detergents, and their differences from the lipids tested suggests that the structure 
formed in micelles is entirely different from the one in bilayers and does not represent the 
correctly folded form. This is not unexpected since micelles continuously form and 
deform while lipid bilayers are more stable. It seems that association of the hydrophobic 
anchor domain of YfiO with the lipid bilayer triggers the formation of native fold. It has 
been reported previously that the cleavage of the lipid anchor domain keeps the 
lipoproteins soluble but also renders them unfunctional. Therefore, it is quite likely that 
the folding of YfiO is dependant on the presence of a lipid bilayer to which its 
hydrophobic anchor domain can associate firmly.  

 
 Integral OMPs like OmpA and FomA do not fold into bilayers of large unilamellar 
vesicles (LUVs) of diC14PC but require small unilamellar vesicles (SUVs) prepared by 
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sonication. Here, we observed that lipoprotein YfiO folded efficiently when bilayers were 
composed of diC14PC LUVs, indicating that the membrane surface, and not the 
hydrophobic core of the bilayer is an important factor in attaining the native fold of the 
lipoprotein YfiO. Reduced folding yields of YfiO in bilayers composed of diC12PC LUVs 
suggest that a less flexible bilayer like diC14PC would better support and stabilize 
anchorage of YfiO to the bilayer and hence be more suitable for in vitro folding 
experiments. This is an interesting observation because in vivo the lipoprotein YfiO 
appears to associate with the periplasmic domain of YaeT specifically at POTRA 5 (Kim 
et al., 2007), which is closest to the transmembrane domain of YaeT. It seems possible 
that POTRA domains of YaeT provide the necessary support and stability required for 
folding of YfiO in native and functional form in vivo. 
 
 It is interesting to compare YfiO with another outer membrane lipoprotein LolB, 
which acts as a receptor and assembly site for incorporation of outer membrane 
lipoproteins (OMLPs) into the OM, and whose deletion is lethal in E.coli (Matsuyama et 

al., 1997). The structure of LolB comprises of an antiparallel β-sheet (11 β-strands) 

covered by three α-helices, which together form an open and highly hydrophobic cavity 

(Takeda et al., 2003a; Takeda et al., 2003b). The OMLPs interact with the hydrophobic 
inside of the open cavity until they insert into the membrane. YfiO, an essential 
lipoprotein of the YaeT complex may be important for maintaining stability of the YaeT 
complex and play a critical role in YaeT-mediated OMP assembly (Malinverni et al., 
2006). In the present study, deconvolution of the CD spectra for YfiO folded into lipid 

bilayers indicate the formation of predominantly β-sheet and some α-helical content. 

ClustalW and EMBOSS sequence alignment reveals that YfiO is strikingly similar to 
LolB in terms of hydrophobicity, beta propensity and helix propensity, both sequences 
share ~ 20% identity and ~ 30% similarity. It seems quite plausible that YfiO would form 
a hydrophobic cavity similar to LolB, which would be involved in keeping the OMPs 
soluble for their YaeT-mediated insertion and folding into membranes. YfiO together in 
conjunction with the periplasmic domain of YaeT may perform a specialized role in 

folding of larger OMPs like OmpG (14 β-strands) FhuA (22 β-strands), which do not fold 

easily into lipid membranes in vitro. 
 

Further studies will involve investigating the role of YfiO in insertion and folding 
of a various substrate OMPs into preformed lipid bilayers. I plan to reconstitute the 
essential components of the OMP assembly machinery, both YaeT and YfiO in the same 
bilayer and investigate their role in OMP insertion and folding. This work is of major 
importance for future investigations to gain mechanistic insight on the interaction of 
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OMPs with essential components of the YaeT complex on molecular level, and in better 
understanding the function of this protein assembly machinery. 
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Summary 
 
 Biomembranes are essential for the structural and functional integrity of the 

cell. Membrane proteins constitute ∼ 50% of the total mass of the outer membrane in 

Gram-negative bacteria, and act as ion channels, drug receptors and solute 
transporters. Insertion and folding of membrane proteins into membranes are not well 
understood, but important for membrane biogenesis and cell growth. In Gram-
negative bacteria, assembly of transmembrane proteins (TMPs) into the outer 
membrane (OM) takes place post-translationally after their translocation across the 
cytoplasmic membrane in unfolded form via the SecYEG translocon. Passage of outer 
membrane proteins (OMPs) through the periplasm is facilitated by chaperones like the 
seventeen kDa protein (Skp), survival factor A (SurA) and others. A multi-protein 
complex composed of a transmembrane protein Omp85 (YaeT in Escherichia coli) is 
required for assembly of OMPs into the OM. In E.coli, this complex is formed of 
YaeT and at least four lipoproteins, namely YfiO, YfgL, NlpB and SmpA, of which 
YaeT and YfiO are the only essential components. Although investigation of insertion 

and folding of bacterial β-barrel membrane proteins into lipid membranes has made 

progress in recent years, our knowledge about the entire process is still very limited. 
Many questions have arisen due to the discovery of outer membrane protein (OMP) 
targeting and/or assembly machinery located in the periplasm as chaperones like Skp, 
and in the outer membrane as Omp85 complex. The factors and principles governing 
targeting of OMPs and the detailed mechanism by which they assemble into the OM 
are still unclear. Therefore, this study was performed to systematically explore the 
effect of these assembly factors on insertion and folding of Outer membrane protein 
A, which has emerged as a model protein to examine the folding mechanism of β-
barrel membrane proteins into lipid membranes. 
  
 The entire thesis work presented here is based on examining the insertion and 
folding of Outer membrane protein A, OmpA, from its complex with the periplasmic 
chaperone, Skp into preformed lipid membranes. Role of lipid-bilayer inserted YaeT 
in insertion and folding of OmpA into membranes was also examined. Lastly, a 
method for isolation, purification and refolding of an essential lipoprotein, YfiO into 
lipid membranes was established. The major outcomes of this thesis are summarized 
in separate sections below.  
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 In the first study, I examined the spontaneous folding of OmpA of E.coli from 
the complex with its molecular chaperone Skp into lipid membranes composed of 
small unilammelar vesicles (SUVs). OmpA folding into lipid membranes, which were 
either negatively charged (DOPC/DOPE/DOPG) or neutral (DOPC) was examined as 
a function of pH. This study allowed investigations on principles governing targeting 
and assembly of chaperone-bound OMPs into the OM. The major conclusions of this 
study are listed below: 
 

1.  The pH strongly influenced the folding kinetics of OmpA into lipid bilayers, 
not only from its urea-unfolded form, but also from its complex with Skp. 

2.  Independent of folding conditions, the folding kinetics of OmpA was well 
described by two parallel folding processes, a fast and a slow folding process 
that differs by 2-3 orders of magnitude in their rates. 

3. The contribution of the fast folding process determined the overall folding 
yields and was favored when solubility of OmpA was increased, either in 
complex with Skp/LPS or in model experiments with urea-unfolded OmpA at 
basic pH.   

4.   Membranes with a negatively charged surface were necessary to dissociate 
the complex with Skp and to initiate OmpA insertion and folding. Folding 
kinetics of Skp-bound OmpA was faster and higher yields were obtained only 
when the lipid membranes were negatively charged, indicating that Skp not 
only prevents OMP aggregation but also targets them to the negatively 
charged membranes. 

5.  Electrostatic interactions not only dominate complex formation between 
negatively charged OmpA and positively charged Skp, but also targeting and 
release of OmpA at the membrane surface for facilitated insertion and folding 
from its complex with Skp. The data supports a model in which Skp delivers 
outer membrane proteins to the N-terminal half of Omp85 in the periplasm, 
which is negatively charged and serves as the receptor for complexes of Skp 
with outer membrane proteins via charge-charge interactions. 

 
 In the next study, OmpA was folded into membranes composed of large 
unilammelar vesicles (LUVs) of short chain phospholipids. OmpA was folded into 
negatively charged DLPC/DLPE/DLPG and neutral DLPC lipid membranes from its 
urea-unfolded form and from its complex with Skp either, in absence or in presence of 
LPS. The observations from this study were compared with earlier results on long 
chain phospholipids, which were described in the preceding section. The similarities 
and dissimilarities in the two studies are listed as follows: 
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1.  Folding kinetics of OmpA into neutral DLPC bilayers from urea-denatured 
form, and Skp-bound form in presence of LPS was well described by two 
parallel folding processes, a fast phase and a slow phase. Comparison with the 
preceding study shows that OmpA folds into membranes via parallel folding 
processes independent of the hydrophobic thickness of the bilayer. 

2.  In contrast to the previous study, kinetics of OmpA folding from its complex 
with Skp was sigmoidal in absence of LPS and did not depend on whether, 
neutral DLPC or negatively charged DLPC/DLPE/DLPG bilayers were used. 
However, in the presence of negatively charged LPS, sigmoidal kinetics was 
not observed thus indicating the role of charge–charge interactions. 

3.  Kinetics of OmpA folding was strongly sigmoidal when the content of 
negatively charged Phosphatidylglycerol (PG) was increased in the bilayers. 
A plausible explanation is that there is electrostatic repulsion between 
negatively charged OmpA and the membrane surface. The adsorption of 
OmpA on the membrane surface continuously decreases the local charge 
density and thus the negative surface potential for faster insertion of OmpA 
into the membranes at a later time, than at the beginning of the folding 
reaction.   

4.  LPS facilitated folding of Skp-bound OmpA into bilayers of short chain lipids 
more strongly than the long chain lipids used in the preceding study. Folding 
was favored both by, increase in rate constants and also a greater role of the 
fast folding process. 

5.  At physiological pH, folding of OmpA from its complex with Skp into 
bilayers of short chain lipids was faster and high yields were obtained, if these 
bilayers contained the negatively charged PG. This has been observed before 
also for OmpA folding experiments with long chain lipids in the previous 
study. This observation confirms our conclusion that Skp targets OMPs to the 
membrane surface via electrostatic interactions and it holds true independent 
of lipid bilayer properties. 

 
 In the third study, wild-type (wt)-YaeT, and its variant corresponding to the 
transmembrane domain (TMD-YaeT) were isolated from E.coli inclusion bodies in 
unfolded form in 8 M urea. Both variants of YaeT were purified and then successfully 
refolded to their native conformations in a single step upon strong dilution of urea. 
Next, an in vitro folding assay was developed in order to allow future mechanistic 
investigations on YaeT-mediated insertion and folding of OMPs into the membrane. 
In addition, the effect of membrane-inserted YaeT on folding of outer membrane 
proteins like e.g. OmpA was examined. The major conclusions of this study are 
summarized as follows: 
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1.  Wt-YaeT and TMD-YaeT folded spontaneously with high yields into lipid 
membranes (LUVs) composed of short chain lipids. Both variants inserted 
into the membrane in correct orientation. Insertion and folding was confirmed 
by quantitative determination of secondary structure by CD spectroscopy, and 
again verified by proteolysis of the extramembraneous protein domain. The 
unfolded YaeT was separated and homogeneity of the membrane-inserted 
proteins was ensured by sucrose density gradient centrifugation.   

2.  YaeT facilitated insertion and folding of Outer membrane protein A into lipid 
membranes. Kinetics of YaeT-mediated folding of OmpA was well described 
by an adaptation of first order rate law, and thus by customizing single-
exponential function. 

3.  The half time for folding of OmpA into DLPC bilayers is at least a factor two 
slower in presence of TMD-YaeT than in presence of wt-YaeT. This indicates 
a specific role of the periplasmic domain of YaeT in facilitating insertion and 
folding of OmpA. 

4.  YaeT strongly facilitated folding of urea-unfolded OmpA into bilayers 
containing phosphatidylethanolamine (PE). This is an important observation 
since PE is the main lipid present in the inner leaflet of the outer membrane 
and inhibits folding of OMPs in vitro. Folding of OmpA into membranes 
containing PE was strongly inhibited in absence of YaeT. 

5.  The effect of YaeT on folding of OmpA into bilayers composed of DLPC and 
DLPE lipids was even larger when OmpA folded from its complex with Skp. 
YaeT reverted the inhibitory effect of Skp on folding of OmpA into these 
bilayers completely. This result is a significant step forward for further 
mechanistic studies on folding of chaperone bound OMPs into membranes 
and investigations on the interactions of OMPs with the YaeT complex. 

 
 In the final study, initially a method for isolation of YfiO in pure form with 
high yield was established. YfiO was isolated with its hydrophobic lipid anchor, in 
unfolded form either in chaotropic urea or in the anionic detergent sarkosyl. Next, 
folding of YfiO was examined in detergent micelles and lipid bilayers, and analyzed 
by CD spectroscopy. Several important observations were made during the refolding 
experiments: 
 

1. YfiO predominantly formed β-sheet secondary structure when folded in the 

presence of lipid bilayers. In contrast, substantially more α-helical secondary 

structure was observed on folding into detergent micelles. This pointed to the 
fact that lipid bilayers are necessary for correct folding of YfiO.  
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2. The consistency in deconvolution analysis of the CD spectra of YfiO folded in 
various detergents, and its differences to spectra of YfiO in different lipids, 
suggested that association of the hydrophobic lipid anchor of YfiO with the 
lipid bilayer triggers the formation of native fold in YfiO. 

3. Higher folding yields of YfiO were obtained with bilayers composed of 
Dimyristoylphosphatidylcholine (DMPC) than with DLPC. This indicated that 
a thicker and a rigid bilayer better supports and stabilizes the anchorage of 
YfiO and therefore, is more suitable for in vitro folding experiments and 
functional studies. 

4. Urea-unfolded YfiO was better suited for refolding than the form solubilized in 
sarkosyl. 
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Zusammenfassung 
 
 Biologische Membranen sind für die strukturelle und funktionelle Integrität 
jeder Zelle essentiell. Etwa 50% der gesamten Masse der Außenmembran von Gram-
negativen Bakterien besteht aus Membranproteinen. Diese Membranproteine sind 
Ionenkanäle, Rezeptoren, und Transporter für gelöste Stoffe. Der Einbau und die 
Faltung von Membranproteinen sind nicht gut verstanden, jedoch von großer 
Bedeutung für die Membranbiogenese und das Zellwachstum. In Gram-negativen 
Bakterien erfolgt der Einbau von Transmembranproteinen (TMPs) in die äußere 
Membran post-translational, nachdem die TMPs in entfalteter Form durch den 
SecYEG Translokationskanal der Cytoplasmamembran befördert wurden. Der 
Transport im Periplasma wird durch molekulare Chaperone erleichtert, z.B. durch das 
Siebzehn Kilodalton Protein (Skp), den Überlebensfaktor A (SurA) und andere. Ein 
heterooligomerer Proteinkomplex, der aus dem TMP Omp85 (YaeT in Escherichia 
coli), und vermutlich aus den Lipoproteinen YfiO, YfgL, NlpB, und SmpA besteht, ist 
für den Einbau in die Außenmembran wichtig. YaeT und YfiO sind die einzigen 
Proteine dieses Komplexes, die für die Zelle wirklich essentiell sind. Obwohl es bei 
den Nachforschungen zum Einbau und zur Faltung von β-Fass Membranproteinen in 
den letzten Jahren einige Fortschritte gab, so ist der Kenntnisstand immer noch sehr 
begrenzt. Neue Fragestellungen ergaben sich aus der Entdeckung von Proteinen, die 
den gezielten Einbau und den Zusammenbau der Außenmembranproteine 
unterstützen. Dazu gehören die Proteine des Omp85/YaeT Komplexes und auch 
Chaperone des Periplasmas, wie Skp. Die Faktoren und die Prinzipien, die den 
gezielten Einbau von Außenmembranproteinen (OMPs) unterstützen, sind noch 
unklar. Deshalb wurde diese Studie durchgeführt, um die Effekte der verschiedenen 
Faktoren, die bei der Faltung von OMPs wie Außenmembranprotein A (OmpA) 
bedeutend sind, systematisch zu untersuchen. Die Untersuchungen dieser Effekte 
wurden für OmpA durchgeführt, welches für Faltungsstudien häufig als 
Modellprotein eingesetzt wird.  
 
 Die gesamte Dissertationsschrift basiert auf Untersuchungen des Einbaus und 
der Faltung von OmpA aus seinem Komplex mit der periplasmatischen Chaperone 
Skp in vorpräparierte Lipid-Doppelschichten. Zusätzlich wurde untersucht, welche 
Rolle YaeT, welches in Lipid-Doppelschichten integriert wurde, für den Einbau und 
die Faltung von OmpA zukommt. Zuletzt wurde eine Reinigungsmethode für das 
essentielle Lipoprotein YfiO entwickelt, dass in Gegenwart von Lipid-
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Doppelschichten zurückgefaltet wurde. Die wesentlichen Ergebnisse dieser 
Dissertation sind in den folgenden, separaten Abschnitten zusammengefasst. 
 
 In der ersten Studie wurde die spontane Faltung von OmpA aus E. coli aus 
dem Komplex mit seiner molekularen Chaperone Skp in die Lipid-Doppelschichten 
kleiner unilamellarer Vesikel (SUVs) untersucht. Als Lipide wurden entweder 
Mischungen aus Dioleoylphosphatidylcholin (DOPC), Dioleoylphosphatidylethanol-
amin (DOPE) und negativ geladenem Dioleoylphosphatidylglycerol (DOPG) in 
verschiedenen Verhältnissen oder aber reine neutrale DOPC Membranen verwendet. 
Die Faltung von OmpA wurde zudem bei verschiedenen pH-Werten untersucht. Die 
Hauptschlussfolgerungen dieser Studie sind: 
 

1.  Die Faltungskinetiken von OmpA in Lipiddoppelschichten sind stark pH-
abhängig. Dies wurde sowohl für die Harnstoff-entfaltete Form, als auch für 
die Skp-gebundene Form des OmpA beobachtet. 

2.  Unabhängig von der Gegenwart der Chaperone, waren die Kinetiken der 
OmpA Faltung am besten beschrieben, wenn zwei parallele Faltungsphasen 
angenommen wurden, und zwar eine schnelle und eine langsame 
Faltungsphase. Die Geschwindigkeitskonstanten beiden Prozesse 
unterschieden sich um 2-3 Größenordnungen. 

3.  Der Beitrag der schnelleren Faltungsphase bestimmte die Faltungsausbeuten 
und war favorisiert, wenn die Löslichkeit von OmpA (pI ~5.5) erhöht wurde, 
entweder durch Komplexbildung mit Skp (pI ~10.5) und LPS oder in 
Modellexperimenten mit in Harnstoff entfaltetem OmpA bei basischem pH.   

4.  Membranen mit einem negativem elektrostatischen Oberflächenpotential 
waren notwendig, um den Komplex aus Skp und OmpA zu dissoziieren und 
um die Faltung und den Einbau von OmpA zu erleichtern. Die 
Faltungskinetiken von Skp-gebundenem OmpA waren schneller und höhere 
Ausbeuten wurden erzielt, wenn die Lipidmembranen negativ geladen waren. 
Dies zeigt an, das Skp nicht nur die Aggregation verhindert, sondern die 
Membranproteine speziell zu negativ geladenen Membranen steuert. 

5.  Elektrostatische Wechselwirkungen dominieren nicht nur die 
Komplexbildung zwischen negativ geladenem OmpA und positiv geladenem 
Skp, sondern sind auch für die Steuerung und Freisetzung von OmpA an der 
Membranoberfläche notwendig, um den Einbau und die Faltung aus dem 
Komplex mit Skp zu erleichtern. Unsere Daten unterstützen ein Modell in 
dem Skp Außenmembranproteine zu der N-terminalen Domäne des 
YaeT/Omp85 im Periplasma bringt. Diese Domäne ist negativ geladen und 
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dient als Rezeptor für Komplexe von Skp und OMPs durch 
Ladungswechselwirkungen. 
 

 In der nächsten Studie wurde OmpA in Membranen großer unilamellarer 
Vesikeln (LUVs) gefaltet, die aus kurzkettigen Phospholipiden bestanden. Die Lipid 
membranen waren aus Mischungen von Dilauroylphosphatidylcholine (DLPC), 
Dilauroylphosphatidylethanolamin (DLPE) und negativ geladendem Dilauroyl-
phosphatidylglycerol (DLPG) zusammengesetzt. Die OmpA Faltung wurde aus der 
Harnstoff-entfalteten Form des OmpA und mit OmpA aus seinem Komplex mit Skp 
entweder in Abwesenheit oder in Gegenwart von Lipopolysaccharid (LPS) 
durchgeführt. Die Beobachtungen in dieser Studie wurden mit früheren Resultaten für 
die längerkettigen Lipide verglichen, die im vorangegangenen Abschnitt beschrieben 
wurden. Es gab folgende Ähnlichkeiten und Unterschiede in diesen beiden Studien: 

 
1.  Die Faltungskinetiken des OmpA in neutrale DLPC Doppelschichten aus dem 

in Harnbstoff denaturiertem und dem Skp-gebundenem Zustand, entweder in 
Abwesenheit oder in Gegenwart von LPS waren durch zwei parallele 
Faltungsphasen gut beschrieben, und zwar durch eine schnelle und eine 
langsame Faltungsphase. Der Vergleich mit der vorangegangenen Studie 
zeigt, dass diese parallelen Faltungsphasen unabhängig von der hydrophoben 
Schichtdicke der Lipid-Doppelschicht auftreten. 

2.  Im Gegensatz zur vorangegangenen Studie war die Kinetik der OmpA 
Faltung aus dem Komplex mit Skp in Abwesenheit von LPS sigmoidal, 
unabhängig davon, ob OmpA in DLPC oder negativ geladene 
Doppelschichten aus DLPC, DLPE und DLPG gefaltet wurde. In Gegenwart 
von LPS wurde dieser sigmoidale Verlauf nicht beobachtet. LPS ist negativ 
geladen und es könnte sein, dass die schnellere Faltung in Gegenwart von 
LPS auf Ladungswechselwirkungen beruht, jedoch ist dies derzeit 
Spekulation. 

3.  Die Kinetik der OmpA Faltung zeigte stärker sigmoidales Verhalten, wenn 
der Anteil an negativ geladenem Phosphatidylglycerol (PG) in den 
Membranen erhöht wurde. Eine plausible Erklärung dafür ist, dass es eine 
Abstoßung zwischen negativ geladenem OmpA und der Membranoberfläche 
gibt. Der Einbau von OmpA vermindert kontinuierlich die Ladungsdichte und 
damit das negative Oberflächenpotential sodass der Einbau zu einem späteren 
Zeitpunkt schneller erfolgt, als zu Beginn der Faltungsreaktion.   

4.  LPS erleichterte die Faltung von Skp-gebundenem OmpA in Doppelschichten 
kurzkettiger Lipide stärker, als dies in der vorangegangenen Studie mit 
längerkettigen Lipiden beobachtet wurde. Die Faltung war dabei sowohl 
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durch größere Geschwindigkeitskonstanten als auch durch eine größere Rolle 
des schnelleren Faltungsprozesses begünstigt. 

5.  Bei physiologischem pH faltete OmpA aus seinem Komplex mit Skp in 
Doppelschichten kurzkettiger Lipide schneller, wenn diese Doppelschichten 
negativ geladenes PG enthielten. Dies war zuvor auch für die Experimente 
mit längerkettigen Lipiden beobachtet worden und bestätigt die These, dass 
Skp·OMP Komplexe insbesondere durch elektrostatische Wechselwirkungen 
Membranen ansteuern. 

 
 In der dritten Studie wurde der Wildtyp (wt) des YaeT, und Fragment des 
YaeT, dass seiner Transmembrandomäne entspricht (TMD-YaeT) in E. coli in Form 
von Einschlusskörpern überexprimiert und in entfalteter Form in 8 M Harnstoff 
Lösung isoliert. Beide Varianten des YaeT wurden erfolgreich unter Verdünnung des 
Harnstoffs in ihre native Form in einem einzigen Schritt zurückgefaltet. Als nächstes 
wurde ein in vitro Faltungsassay für OMPs entwickelt, um zukünftige mechanistische 
Studien zur Außenmembranproteinfaltung durchführen zu können. Dazu wurde der 
Einfluss von YaeT, das in Lipid-Doppelschichten integriert wurde, auf den Einbau 
von Außenmembranproteinen wie z. B. OmpA untersucht. Die Hauptschlussfolge-
rungen dieser Studie waren: 
  

1.  Wt-YaeT und TMD-YaeT falten spontan in Lipidmembranen (LUVs) 
kurzkettiger Lipide mit hohen Ausbeuten. Beide Varianten inserieren in der 
richtigen Orientation in die Membran. Die Faltung und der Membraneinbau 
wurde durch quantitative Bestimmung der Sekundärstruktur mit der CD 
Spektroskopie, sowie durch Proteolyse der extramembranaren Proteindomäne 
bestätigt. Die Analyse der Homogenität der Membranpräparation sowie die 
Separation von ungefaltetem YaeT erfolgte durch einen Sucrose-
Dichtegradienten. 

2.  YaeT beschleunigte die Insertion und die Faltung von OmpA in 
Lipidmembranen. Die Kinetik der YaeT-vermittelten Faltung von OmpA 
konnte durch ein Zeitgesetz erster Ordnung angepasst werden, also durch 
Anpassungen einer Exponentialfunktion. 

3.  Die Halbzeit für die Faltung von OmpA in DLPC Membranen ist um 
mindestens einen Faktor 2 langsamer in Gegenwart von TMD-YaeT als in 
Gegenwart von wt-YaeT. Dies zeigt, dass der periplasmatischen Domäne von 
YaeT eine spezifische Rolle bei der Erleichterung der Faltung von OmpA 
zukommt. 

4.  YaeT erleichterte insbesondere auch die Faltung von in Harnstoff entfaltetem 
OmpA in Lipiddoppelschichten die DLPE enthielten. Dies ist eine wichtige 
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Beobachtung, da PE das Hauptlipid der inneren Hälfte der Lipiddoppelschicht 
der Außenmembran ist. In Abwesenheit von YaeT zeigt sicht, dass DLPE die 
Faltung von OmpA stark inhibiert. 

5.  Der Effekt von YaeT auf den Einbau von OmpA in Lipiddoppelschichten aus 
DLPC und DLPE war sogar noch größer, wenn OmpA aus seinem Komplex 
mit Skp gefaltet wurde. YaeT kehrte den inhibierenden Effekt von Skp auf 
die Faltung von OmpA in diese Doppelschichten vollständig um. Dieses 
Resultat ist ein signifikanter Schritt vorwärts für weitere mechanistische 
Studien für die Faltung von Chaperone gebundenen OMPs in Membranen und 
für die Untersuchung der Wechselwirkungen von OMPs mit dem YaeT-
Komplex. 

 
 In der letzten Studie wurde eine Methode für die Reinigung von YfiO aus E. 
coli mit hohen Ausbeuten etabliert. YfiO wurde mit seinen hydrophoben Lipidankern 
isoliert, jedoch in entfalteter Form entweder im chaotropen Harnstoff oder in dem 
anionischen Detergenz Sarkosyl.  Die Faltung von YfiO wurde in Detergensmizellen 
und in Lipiddoppelschichten durchgeführt und mit der CD Spektroskopie analysiert. 
Während der Rückfaltungsexperimente wurden eine Reihe wichtiger Beobachtungen 
gemacht: 
 

1. YfiO bildete vorwiegend β-Faltblatt Sekundärstruktur aus, wenn es in 

Gegenwart von Lipid-Doppelschichten gefaltet wurde. Im Gegensatz dazu 

wurde wesentlich mehr α-helikale Sekundärstruktur beobachtet,wenn die 

Faltung mit Detergensmizellen durchgeführt wurde. Dies deutete darauf hin, 
dass Lipid-Doppelschichten für die Faltung von YfiO notwendig sind.  

2. Die Konsistenz der Dekonvolutionsanalyse der CD Spektren des YfiO in den 
verschiedenen Detergenzien und die Unterschiede zu den Spektren von YfiO 
in verschiedenen Lipiden, deutete an, dass die Assoziation der hydrophoben 
Lipidanker des YfiO mit der Lipid-Doppelschicht die Ausbildung der nativen 
Faltung des YfiO auslöst. 

3. Höhere Faltungsausbeuten des YfiO wurden mit Lipid-Doppelschichten aus 
Dimyristoylphosphatidylcholin (DMPC) erzielt als mit solchen aus DLPC. 
Dies zeigt an, dass dickere Membranen die Verankerung des YfiO besser 
unterstützen und daher besser für in vitro Faltungsexperimente und 
funktionelle Studien geeignet sind. 

4. Harnstoff-entfaltetes YfiO war besser für die Rückfaltung geeignet, als die in 
Sarkosyl solubiliserte Form. 
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