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Though there is some dispute about whether
barrels were first invented by the Egyptians, or
rather by Greeks and Romans (some even claim
the achievement for the Celts), earliest finds have
been dated back to as early as 2500 B.C. and there
is no discussion on that the barrel geometry fa-
cilitates transport by maximizing cube utilization
allowing tight loading of ships and wagons [1]
and that even more importantly casks generally
hold good things, such as wine, oil, beer, honey
or in case of a “barrel of laughs” also fun.

Keeping in mind the macroscopic wooden
barrel’s great transport and packing-component
potentials, as well as its importance for the civ-
ilization and technology development, this book
will call to the reader’s attention a completely
different kind of barrel: the nano-sized so-called
B-barrel membrane protein (see Fig. 1.1).

B-barrel membrane proteins that regardless of
their nanoscopic size have as great potential as
their large wooden counterparts These potentials
lie within their structure that forms channels in
hydrophobic membranes and that it is for a pro-
tein exceptionally robust imparting outstanding
nano-material properties.

1.1 Nano-technology - An

Overview

Originally the term nano-technology was used for
anything technologically applicable and smaller
than microscopic. More recently the term is
associated with the bottom-up construction of

nano-scale components purposefully built to
be assembled to form nano-materials. Nano-
technology thus operates at the first level of
organization, means at the level of atoms and
molecules (107 m) and it promises the ability
to build precise machines and components at the
molecular size scale. In theory the feasibility of
nano-technology was envisioned and prophesied
by the physicist Richard Feynman [2] as early as
1959 in his famous talk entitled “There’s plenty
of room at the bottom” [3] (available online at
http://www.zyvex.com/nanotech/feynman.html).

As nano-structures can be either derived from
non-biological or biological components and as
nano-materials can be applied to a broad range of
fields like electronics including opto-electronics,
medicine, pharmaceutical drug development,
water-purification, food-technology to name but
a few, nano-technology research necessitates the
cooperation of scientists from various disciplines,
such as physicists, engineers, chemists, and
biologists.

1.2  Biological Nano-materials

The aim of nano-technology is as mentioned
the design of new functional materials and de-
vices through controlling their organization at
the atomic and molecular level. One common
strategy when designing a new nano-device is to
survey naturally occurring biological structures
with the ability to perform the desired process
and use them as nano-material components or

M. Fioroni et al., 3-barrel Channel Proteins as Tools in Nanotechnology, Advances 1
in Experimental Medicine and Biology 794, DOI 10.1007/978-94-007-7429-2__1,
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Fig. 1.1 f-barrel shaped membrane protein “in the light
of”” its macroscopic geometrical counterpart

scaffolds based on which to build the new nano-
construct. This approach opens the promising
field of bio-nanomaterial design.

In this sense the intrinsic nano-scale architec-
ture and rich chemistry of proteins, as well as
their catalytic activity in the case of enzymes,
may be exploited to build a wide array of specific
components in sophisticated nano-sized devices
such as nano-motors, nano-reactors or stochastic
nano-sensors. The protein based nano-material
development is backed up by the vast progress
that has been made in the molecular biology and
biotechnology field, specifically in the develop-
ment and optimization of advanced genetic en-
gineering techniques allowing a tailoring of pro-
teins towards a specific technical application [4].

Many of the possible applications of protein
nano-materials (i.e. nano-reactors, functional-
ized nano-compartments, nano-sensors, drug-
release systems) require channel shaped nano-
components that allow the controlled transport
of matter or the detection and analysis of an
analyte that interacts with the channel interior
by channel conductance measurements (nano-
sensing elements).

Having said this, a rather obvious protein
choice is the class of transmembrane proteins that
reside within the various biological membranes,
as many of these proteins form channels and
pores to facilitate the passive or active transport
of solutes, nutrients or cellular waste over the
membrane. From the two types of channel
shaped transmembrane protein classes, i.e. o-
helical bundle and P-barrel proteins, the f-
barrel structure stands out due to its versatility,
flexibility, exceptional robustness and stability.
Moreover B-barrel membrane proteins have the
ability to refold in vitro and to reconstitute
or insert into artificial lipid and polymer flat
membranes or lipid and polymer vesicle (i.e.
liposome and polymersome) membranes.

Due to the mentioned robustness of the
B-barrel membrane proteins, they are easily
modified by genetic engineering without loss
of overall structure or function allowing
the resulting protein nano-channels to be
adapted to the non-biological synthetic polymer
environment, rendering them competitive with
artificial non-biological nano-pores. An example
of the conception of a P-barrel nano-channel
employing polymersome release system is given
in Fig. 1.2.

Therefore the B-barrel and its serviceability for
the nano-material design will be the chief topic
of the present book and on the example of the
Escherichia coli FhuA (ferric hydroxamate up-
take component A) the design of a set of protein
nano-channels with tailored geometry (diameter,
length), conductance and functionality will be
reported as a case study.

In order to make this book a valuable source of
information for both biotechnologists and other



1.3 Outline

Engineering

Fig. 1.2 Schematic conception work-flow of a hybrid
bio-polymer nano-system on the example of a synthetic
block copolymer based (A — hydrophophilic block, B —
hydrophobic block) polymersome functionalized with a

scientists interested in bio-nanotechnology an
overview of the different steps involved in the
nano-channel protein design and production will
be reported, including concept design, theoretical
considerations, genetic engineering and large
scale production, as well as the system assembly
and biophysical characterization.

In the following section a brief outline on the
individual chapters will be given.

1.3 Outline

1.3.1 Chapter2

To enter the membrane protein nano-channel ma-
terial design topic, Chap. 2 will introduce to
the biological basics of natural membranes and
membrane proteins in general.

It will give some elementary information on
the lipid bilayer composition and function, the
main models to describe the bilayer membrane as
well as on the lipids that assemble to form the
membrane.

The various classes of membrane proteins (i.e.
integral vs. peripheral) and their key differences
will be mentioned. The two main structural

New Nano-Material

tailored B-barrel nano-channel for controlled compound
release; involving protein engineering, protein polymer
assembly and the resulting finished nano-release system

classes of integral membrane proteins (i.e. a-
helical and B-barrel) will be presented with regard
to their biological origin, functional and struc-
tural features (considering primary, secondary,
tertiary and quaternary sequence/structure), their
biogenesis and their usability as bio-based nano-
material components. For both protein classes
several well-known and well-studied literature
examples will be given.

In the light of the present book’s title:
B-Barrel Channel Proteins as Tools in Nano-
technology, the main focus however will be
on the characteristics and unique structural
and functional properties of the P-barrel outer
membrane proteins (OMPs). Their relevance
for the nano-channel material design will be
emphasized by presenting recent examples of
the nano-technological use of lipid or polymer
reconstituted P-barrel channel proteins.

The E. coli outer membrane iron transporter
FhuA, which is a member of the TonB protein-
dependent transporters and is one of the largest
known B-barrel membrane proteins, will be in-
troduced. Its unique biological characteristics (re-
garding structure and function) will be outlined.
Since the FhuA and its engineered variants have
been successfully employed as a model for the


http://dx.doi.org/10.1007/978-94-007-7429-2_2
http://dx.doi.org/10.1007/978-94-007-7429-2_2

transformation of a §-barrel outer membrane pro-
tein into a custom-made nano-channel, Chap. 2
aims to use the FhuA example to view B-barrel
proteins not only within their biological context
but to already introduce the reader to the rele-
vance of members belonging to this membrane
protein class for the nano-material sciences and
specifically to their use for the design of biolog-
ical nano-channels that can be reconstituted into
artificial lipid or polymer membranes.

1.3.2 Chapter3

The biophysical characterization of B-barrel outer
membrane proteins (OMPs) opens the master
way for the OMP behavioral understanding
under the alien conditions they experience in
a new environment such as a polymersome
membrane.

The OMP characterization, furthermore,
grounds the basics for a rational protein
engineering necessary to solve the problems
related to their functional reconstitution and
widens their use and applications in technologies
such as drug delivery, stochastic sensors and
bio-nanoelectronics (see Chap. 6).

The main tools for the structural characteriza-
tion of channel proteins and OMPs in particular
is given in Chap. 3, where the state of the art
of the main biophysical techniques used in f-
barrel membrane protein analysis will be in-
troduced, specifically mentioning X-ray crystal-
lography, Circular Dichroism (CD) and Nuclear
Magnetic Resonance (NMR).

The main problems, difficulties and limita-
tions for each of the single techniques will be re-
ported and most importantly, their alliances with
other sophisticated techniques i.e. synchrotron
radiation, to obtain structural, kinetic as well as
thermodynamical informations will be reported.

Obviously the chapter is not intended as an
exhaustive description of the single techniques,
where existing reviews and books have been cited
alongside the text, but has the aim to show how
the X-ray diffraction measurements of protein
crystals, CD spectroscopy and NMR have been
and are used to study channel proteins further

1 Introduction

illustrating the direction toward which modern
methodology and applications are facing.

However in the reported case of studies, many
of the characterization problems associated with
channel proteins and OMPs are intertwined with
the difficulties deriving from the expression and
purification methods that can be, quite often, the
determining step in membrane proteins studies.

A particular stress will be given to Circular
Dichroism. CD is a qualitative undervalued tech-
nique which gives general content in secondary
structure of a protein and, in some cases, clues on
the tertiary/quaternary structural changes, with
no atomistic detail. However its use due to its
quite user friendly experimental procedure and
rapid data acquisition and processing, can rapidly
uncover basic information on the protein stability
within different environments not always easily
obtainable or even impossible to obtain for ex-
ample, by NMR analysis.

The obvious aim of each scientist working in
the channel protein field is to obtain complete
knowledge on the system with which he/she is
working, however the fast development and num-
ber of bio-technologically modified B-barrel pro-
teins to be, for example, embedded in liposomes
or polymersomes, result in a need of a rapid
characterization, a need that CD can promptly
answer to, giving first clues on the obtained
mutant secondary structure and stability.

1.3.3 Chapter4

Chapter 4 will describe different theoretical
and computational approaches that are useful
to model and design new nano-systems based
on P-barrel membrane proteins. Computational
power in terms of continuously growing
hardware facilities together with the continuous
development of theoretical methodologies makes
biomolecular modeling and bioinformatics
a basic tool to complement experiments in
many ways. In this sense computational
simulations can provide valuable information
on the specific system under study. Chapter
4 will moreover stress on the importance of
computational simulations and bioinformatic
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1.3 Outline

tools to interpret experimental observables, to
rationally guide further improvements providing
data unaccessible or difficult to access by
experimental studies.

The chapter has been divided in two parts.
The first part aims to provide the reader with a
broad scope about the most common and useful
simulation tools in biomolecular modeling stress-
ing on the advantages and limitations of each
methodology. At first will be presented the basis
of Quantum Mechanics (QM) based methods,
including an analysis on the case studies to which
QM can be fruitfully applied.

Even though QM represents matter at the most
accurate level of description, QM based meth-
ods are computationally very expensive and their
practical application in the context of the present
book will be limited only to small parts of the
system. In this sense the present chapter will
illustrate the importance of QM methods to de-
sign new functional groups that can be used
to functionalize B-barrel membrane proteins for
nano-technological applications. Secondly atom-
istic Molecular Dynamics (MD) simulations and
their suitability to simulate B-barrel membrane
proteins will be presented. Atomistic MD simu-
lations represent a system in the Molecular Me-
chanics framework, where atoms are represented
as spheres and bonds as harmonic springs, and
allow the simulation of systems to be analyzed at
the nanosecond timescale with a resolution at the
atomistic level.

However many important processes such as
refolding or self-assembly of lipid/copolymer bi-
layers occur at the microsecond timescale, far
beyond the timescale reachable by atomistic MD
simulations. To that end will be introduced a
third level of biomolecular simulations, i.e. the
so-called Coarse Grained (CG) simulations. In
CG simulations many atoms are grouped into a
single bead and consequently the total number of
particles is drastically reduced compared to the
total number of particles present in a full atom-
istic description, which allows reaching longer
timescales.

The second part of the chapter will briefly
introduce some common bioinformatic structure
prediction tools used to perform a first 2D and

3D structure prediction of the B-barrel membrane
proteins focusing on the challenges and problems
one might encounter when applying these tools to
predict the structure of non-natural (engineered)
B-barrel membrane proteins. The basic logic al-
gorithms used by these tools will be summarized
and reviewed.

1.3.4 Chapter5

Chapter 5 will assist the experimentalist that
plans to work with membrane proteins and in
particular with bacterial B-barrel outer membrane
proteins in the context of the development of new
nano-material components (i.e. nano-channels).
It will offer an overview on genetic engineering
methods as well as expression, extraction and pu-
rification procedures considering standard tech-
niques, new alternatives as well as methods com-
patible with scale-up and high yield production
purposes, including difficulties that the beginner
might encounter and tips and suggestions on how
to overcome these difficulties.

In a narrower sense Chap. 5 will explain in
detail how to practically transform a P-barrel
membrane protein into a nano-channel with de-
sired geometrical and functional features, starting
from the gene design, when planning an entirely
novel protein variant. Site-specific mutagenesis
for slight changes or the introduction of amino
acid residues suitable for chemical modification
purposes will be furthermore discussed. An over-
view on commonly used protein chemical modifi-
cations (useful to introduce triggers and switches
to OMP channels) will be given focusing on outer
membrane protein examples. Here the FhuA pro-
tein of E. coli will serve as the main example,
as it has great potentials as a starting-template
to develop a set of engineered nano-channels
with tailored geometry and controllable channel
function and as the reader will see considerable
steps toward this goal have been already made
during the last decade.

Chapter 5 will then summarize the conven-
tional means of production and purification
of bacterial OMPs (outer membrane proteins),
stressing on the problems and challenges of
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over-expressing proteins belonging to these class
into the Gram-negative bacterial outer membrane
and providing the reader with ways to overcome
these problems by using alternative methods.
These alternatives (i.e. expression into inclusion
bodies and cell-free expression) will be explained
and examples for the successful OMP production
will be given.

Different ways of analyzing OMP samples
regarding yield, purity and correct folding will
be considered briefly and the chapter will discuss
distinctive experimental adaptations to scale-up
the production of OMPs and genetically engi-
neered OMP variants.

The chapter will then close with a brief dis-
cussion on artificial B-barrel structures that are
developed for the use in nano-technological ap-
plications, as biological OMPs can be a valid
alternative material to these chemically derived
structures.

1.3.5 Chapter6

The reconstitution of OMPs is a challenging
“art”, lacking a general applicable protocol or
set of protocols. This lack is mainly due to the
different stability and behavior of membrane pro-
teins affecting the functional reconstitution into
liposome or polymersome membranes. For ex-
ample, in some protocols, the presence of or-
ganic solvents during the reconstitution process
can perturb strongly the protein structure deny-
ing its functionality once inserted in the lipo-
some/polymersome membrane.

In general there is also a lack of a detailed
understanding on how microscopically B-barrel
based membrane proteins reconstitute into a li-
posome/polymersome membrane, though some
information have been translated from the a-
helical membrane proteins and membrane insert-
ing peptides.

The failure of a functional reconstitution of an
OMP is generally recognized to be due to some
variables where the hydrophobic mismatch be-
tween the embedded protein and the hydrophobic

1 Introduction

thickness of the polymer membrane, in partic-
ular, plays a fundamental role. Therefore the
hydrophobic mismatch term will be defined and
explained.

Other variables will be also considered such as
the chemical nature of the detergent to solubilize
OMPs and its miscibility with the polymer consti-
tuting the polymersome membrane, mechanical
properties of the membrane as well as the poly-
mer polydispersity, a further “obvious” variable
that should be always considered when working
with polymers.

A case study will be shown based on a ge-
netically engineered P-barrel membrane protein
(FhuA) so to obtain a longer hydrophobic portion,
to overcome the hydrophobic mismatch with the
used block copolymer membrane.

Further sections will describe some of the
characterization methods used in the proteo-
liposomes and proteo-polymersome systems,
such as dynamic light scattering (DLS),
spectroscopic flux assay, patch clamp, electron
microscopy (EM) and tryptophan fluorescence.

At the end of the chapter a summary of the
actual OMP based nano-channel applications
will be given (i.e. drug-delivery, stochastic nano-
sensing elements and bio-nanoelectronics).

1.3.6 Chapter?7

In Chap. 7 final considerations and future per-
spectives will be given and outlined.
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This chapter will be an introductory section on
the biology of membrane proteins in general,
with regard to the different structural as well
as functional classes of these proteins (i.e. a-
helix and p-barrel). It will furthermore give some
basic information on biological membranes and
the lipids they consist of. The focus will be
on the characteristics and unique structural and
functional features of B-barrel outer membrane
proteins. This chapter will then introduce to the E.
coli outer membrane iron transporter FhuA (Fer-
ric hydroxamate uptake component A), which as
a member of the TonB protein-dependent trans-
porters belongs to the largest known B-barrels.
The FhuA has been successfully employed as a
model for the transformation of a -barrel protein
into a custom-made nano-channel. By means of
the FhuA example this chapter will therefore look
at B-barrel proteins not only within the biological
context but it will already introduce to the rele-
vance and use of proteins belonging to this class
for the nano-material sciences and specifically for
the design of biological nano-channels.

Membranes and Membrane
Proteins

2.1

Biological membranes, whose functional unit is
the phospholipid, are barriers that shield the in-
terior of pro- and eukaryotic cells as well as
of organelles and compartments of eukaryotes
from their external environment. At the same
time membrane spanning proteins or proteins

that are located on the membrane surfaces, allow
communication with the outside and play a key
role in cellular adhesion, molecular recognition
as well as in the transport of nutrients and excre-
tion processes; functionalizing the membrane and
leading to its selective permeability.

Biological membranes consist of amphiphilic
lipid molecules (mainly glycerophospholipids,
but also sphingolipids and steroids) that self-
assemble in water to form bilayers. Further
components of biological membranes are
proteins that interact with these bilayers. Single-
membrane assembly occurs upon hydrophilic
interaction of the phospholipid hydrophilic
head regions and hydrophobic interactions
between the hydrophobic fatty acid tails. The
hydrophilic membrane part is in contact with the
aqueous outer medium (i.e. cytoplasm, aqueous
environment) and the hydrophobic part interacts
with the hydrophobic region of a second single-
membrane resulting in the formation of a double-
membrane. In this way, the nonpolar fatty acid
regions are sequestered from contact with water,
maximizing hydrophobic interactions. Both
membrane halves are aligned to each other in a
parallel fashion. This double membrane character
of all biological membranes be it Gram-negative
bacterial outer membrane, plasma-membranes or
internal membrane systems has been perceived
as early as 1925 [1] leading to the term lipid-
bilayer. Since then numerous models of the
membrane structure have been proposed starting
out from a suggested very thin lipoid film with
a protein film adsorbed upon it [2], as shown in
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Fig. 2.1 (a) Schematic representation of the proposed
lipoid film with adsorbed protein film; (b) fluid-mosaic
model with a homogeneous array of membrane lipids and
globular integral or peripheral proteins; (¢) Schematic rep-

Fig. 2.1a, eventually resulting in the now still
commonly used fluid mosaic model [3]. The fluid
mosaic model states each half of the membrane
as a homogeneous lipid environment behaving
as a two-dimensional fluid. Incorporated in
or floating on this fluid lipid membranes one
finds globular proteins and glycoproteins that
alternate the membrane’s phospholipids in a
mosaic fashion (Fig. 2.1b) and that float around
more or less freely in the two-dimensional plane
of a uniform membrane. However at the time
the fluid mosaic model was proposed (1972) not
much was known about the actual organization
of biological membranes. In 1997 an important
addition to the fluid mosaic model led to the
understanding that membranes are fluid but not
homogeneous in their lipid composition and
their molecular dynamics. Based on findings
on eukaryotic cell and organelle membranes
Rietfield et al. and Brown et al. suggested
that within relatively homogeneous, crystalline
phases one finds phase-separated domains rich in
sphingolipids and cholesterol with proteins that
bind specifically to these lipids, so called lipid
rafts (Fig. 2.1c) [4]. These rafts are somewhat
thicker than the rest of the membrane due to
the bulkiness of the sphingolipid head group.
While the raft hypothesis with sphingolipid and
cholesterol rich patches within the membrane
remains controversial, the occurrence of phase
separation within biological membranes is a fact.

resentation of the lipid-raft model with a fluid membrane
in which phase-separation occurs within sphingolipid and
cholesterol rich, raft-like micro-domains (dark grey)

Membrane lipids can be classified into

three separate groups: phospholipids (e.g.
glycerophospholipids, and certain sphingolipids),
glycolipids  (e.g.  glycosphingolipids) and

sterols (e.g. cholesterol). Most abundant are
glycerophospholipids, with phosphatidylcholine,
consisting of a glycerol backbone and a two
fatty acid chains tail, being the most prevalent
glycerophospholipid in biological membranes.
The polar head group is bound to the third
carbon atom of glycerol and is composed
of an alcohol (e.g. glycerol, ethanolamine,
choline, inositol and serine) [5]. The different
membrane lipid classes vary in size, charge,
hydration extend and hydrogen donor/acceptor
number of their head groups as well as length
and conformational freedom (as function of
saturation and branching) of their tails. Therefore
the flexibility, thickness and organization of
a membrane are strongly dependent from its
lipid composition [6]. For a very complete lipid
information collection with many useful links,
the interested reader might want to check Dr.
Claude Leray’s website “The Cyberlipid Center”
(http://www.cyberlipid.org). The composition of
the two plasma membrane layers differ from
each other with phosphatidylethanolamines
and phosphatidylserines in the inner half and
phosphatidylcholines and sphingomyelins in
the outer half [7], leading to the curving of
the membrane. Furthermore it is known that
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Fig. 2.2 Schematic representation of lipid-bilayer with a set of membrane proteins with different functions

membranes are highly dynamic structures with
diffusion of proteins and membrane lipids that
may either diffuse laterally or even pass from one
layer of the membrane to the other [8].

The overall composition of biological mem-
branes is flexible and dynamic; it differs from
organism to organism, organelle to organelle and
changes according to the physiological status of
a cell and due to its environment [6]. Changes
in temperature for instance lead to changes in
the membrane composition to maintain a constant
fluidity. The ratio of saturated and unsaturated
fatty acids influences the membranes solid-to-
liquid transition temperature, as different lipids
have a different transition temperature. In general
it can be said that the more saturated and trans-
unsaturated fatty acids or those with long hydro-
carbon chains are present, the higher the tran-
sition temperature [9, 10]. Furthermore osmotic
stress may influence the ratio of different fatty
acids present in a membrane [11].

However flexible biological membranes may
be they still have a function as barriers to main-
tain the integrity of what they enclose. Due to
their lipidic nature membranes are impermeable
for most polar substances, while apolar com-
pounds pass the lipid bilayer. The barrier function
of the membrane can be overcome when needed.

The proteins that either span the membrane,
are anchored to one of the membrane layers
or that are bound to its outer or inner surface
by electrostatic or Van-der-Waals interactions or
covalently, can be considered the main “com-
munication devices” to allow contact with the

environment and are thus a key feature of each
membrane. In fact these proteins closely attached
or bound to the membrane can make up more
than half of the membrane’s dry weight [12], in
bacteria up to 25 % of all cellular proteins are
membrane proteins (MP) and up to 20-30 % of
an organisms genes code for MPs [13, 14]. In
addition MPs make up more than 50 % of all
drug targets [15]. The number of proteins present
in and on a membrane differs from organism to
organism and depends on where the membrane
is localized (i.e. Gram-negative bacterial outer
membrane, plasma membrane or membrane of an
organelle) and on the membranes function.

In 2013 there were approximately 79,000
(accessed 20-04-2013) protein structures solved
by X-Ray diffraction analysis saved within the
RCSB (Research Collaboratory for Structural
Bioinformatics; www.rcsb.org) Protein Data
Bank (PDB). Only about 300—400 of these struc-
tures belong to integral MPs, showing the current
lack of structural understanding on the majority
of MPs. About their function is known consider-
ably more. Some various vital cellular functions
of membrane proteins are summarized in Fig. 2.2;
reaching from receptor functions to transport,
anchoring, and enzymatic functions in case of in-
tegral membrane proteins, while most peripheral
MPs act as regulators for integral proteins [16].

As already mentioned membrane proteins can
be integral and span the lipid bilayer, they can
be anchored to one membrane layer or they can
be located on the membrane surface as peripheral
proteins.
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Peripheral MPs (also called monotopic mem-
brane proteins) can be bound directly to the mem-
brane by electrostatic interactions between posi-
tively charged amino acid residues of the protein
and negatively charged lipid head groups (like
phosphatidic acid, phosphatidylglycerol or phos-
phatidylserine), van der Waals interactions with
lipid head groups [17] or through a hydropho-
bic anchor. They can furthermore be indirectly
bound to the membrane through electrostatic or
hydrophobic interactions with integral MPs. Pe-
ripheral proteins can often be stripped from the
membrane by increasing the ionic strength of the
surrounding solution, by changing the pH or by
the addition of mild detergents, pointing out the
reversible character of the bond. As peripheral
proteins are localized always on the outer mem-
brane surfaces facing in case of the plasma mem-
brane either the cytosol or the outside aqueous
medium, they behave like soluble proteins.

Peripheral proteins that bind to the membrane
by interaction with the membrane lipids do
so via a hydrophobic hydrocarbon chain (i.e.
palmitoyl, myristoyl or farnesyl) or a lipidic
glycosylphosphatidylinositol (GPI) anchor that
is attached post-synthetic. The palmitoylation
of cystein residues of peripheral proteins is
a reversible process adding to the dynamic
changes of the membrane composition [18, 19].
Many peripheral MPs contain certain domains
that recognize different membrane lipid head
groups, the so called PH (pleckstrin homology)
domain for instance specifically binds to the
phosphoinositide headgroup [20, 21]. Peripheral
proteins often interact with integral MPs and are
involved in many important cellular functions
such as cell-adhesion, regulatory mechanisms,
signaling cascades [22], cell-cell recognition,
keeping contact with the cytoskeleton or
metabolic functions in case of peripheral MPs
with enzymatic functions. The peripheral MP’s
relevance for the development of nano-materials
can be seen mainly in their binding interaction
with the membrane surface, however as this
interaction is reversible use as for example
targeting devices in drug-release systems is
limited. And though peripheral MPs (especially
the ones that act as regulators of integral MPs)
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make interesting targets for study and genetic
modification, the methodology used to study and
alter soluble proteins can be applied. Therefore
peripheral proteins will not be discussed further.

The second main class of membrane proteins,
integral or transmembrane proteins (TMP), is
characterized by a membrane spanning, highly
hydrophobic region that strongly interacts with
the membrane lipids hydrocarbon chains and hy-
drophilic extra-membrane portions reaching into
the aqueous outside. All integral MPs therefore
have “to cope” with a heterogeneous solvent with
varying dielectric properties (consisting of an
aqueous part outside of the membrane, an ionic
part on the surface of the membrane and the
hydrophobic inner part of the membrane) very
different from the conventional aqueous solvent
of all soluble cytosolic proteins [23]. While cy-
tosolic, water-exposed proteins show a variety
of different folds, the folding of integral MPs is
restricted to two main folding classes (a-helical
proteins and p-barrel proteins). This limitations in
folding diversity can be explained by the physical
and chemical constraints imposed on transmem-
brane proteins by the lipid bilayer, as well as
by the interface character of the surrounding
environment [24].

Integral MPs (referred to as membrane pro-
teins or MPs in the following) can be obtained
only after disrupting the membrane by the use
of detergents. As they are not soluble in water,
in order to isolate, purify and study them, one
needs to provide them with a solvent similar
to the membrane environment, satisfying their
high hydrophobicity. Lipids, detergents, organic
solvents or polymers can be used for this pur-
pose, however reconstitution of purified mem-
brane proteins can be rather challenging [25].
In order to study MPs one often needs greater
amounts of pure protein that can only be ob-
tained by over expression in a suitable host [26].
The difficulties of MP production and purifi-
cation will be discussed in detail in Chap. 5
(Sect. 5.2.1). Furthermore the MPs hydrophobic-
ity leads to the formation of protein aggregates
by hydrophobic interactions upon isolation and
they generally show poor X-ray diffraction when
crystallized. These handling difficulties result in
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the mentioned under-representation of membrane
protein solved structures. However a continuous
and ever growing effort to optimize or find new
methods to study and learn more about the struc-
ture of these intriguing class of proteins is leading
to an almost exponential growth of the number of
solved MP structures [27].

As said before MPs fulfill important cellular
functions. As receptors they receive chemical sig-
nals from the outside resulting in an answer inside
(signaling cascades) and as anchors they attach
cells to each other or to the substrate. However
the most interesting group of integral MPs forms
“holes” in the membrane they reside in. These
channel-forming proteins act as transporters and
pores that allow the passive transport (along a
concentration gradient) or active transport (en-
ergy consuming) to translocate substances like
ions or solutes that due to their nature and char-
acteristics (i.e. size, charge or other) cannot pass
the plain membrane (see Fig. 2.2). The channel
opening may occur upon an external stimulus, a
change in membrane current or upon mechanical
stimulation, i.e. pressure on the membrane [28].

The two known structural classes of integral
MPs are: the ubiquitous o«-helical proteins
that can be found in all types of membranes
apart from the outer membrane of Gram-
negative bacteria (single transmembrane helix,
helical bundle or discontinuous helices) and
the more specialized B-barrel proteins that
are a unique feature of the outer membrane of
Gram-negative bacteria and can be found also
in mitochondrial and chloroplast membranes.
Both are named after their main tertiary structure
elements. The characteristics, biological facts and
advantages/disadvantages for the development of
new nano-materials will be discussed for both
classes in the following sections.

Structural Classes: a-Helical
Proteins

2.2

About 25 % of the proteome of all organisms con-
sists of integral membrane proteins with a-helical
secondary structure [29]. These proteins can be
found in the plasma membrane, the membrane of
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the endoplasmic reticulum and other organelles.
Each transmembrane helix is highly hydropho-
bic and on average consists of more than 25
amino acids, while the membrane spanning part
of each helix is 15-20 amino acids long [30].
The hydrophobicity is due to an over-abundance
of hydrophobic amino acid residues, while polar
residues (especially negatively charged ones) oc-
cur rarely [31]. The most simple a-helical MPs
contain just one membrane spanning helix, as it
is the case for receptor tyrosine kinases [32] or
glycophorin [33].

These single-helix proteins often form
oligomers and oligomerization can be essential
to form an active structure. For instance in
the potassium channel KcsA, four monomers
form the central potassium conductive pore
[34]. More complex bundle shaped proteins
such as the well-studied bacteriorhodopsin
proton pump of Halobacteria spec. consist of
seven transmembrane helices connected by short
external loops [35]. This seven transmembrane
helix motif is a common structural element in a-
helical MPs, found in signal receptors. For a long
time these regular helix bundles were the only
known structures among a-helical integral MPs
until proteins with discontinuous helix structures
were found that may include kinked membrane
spanning helices [36], reentrant regions entering
and exiting the bilayer on the same side thus not
completely spanning it [37, 38] or coils in the
membrane [39]. One well-known example for
a helical membrane protein containing several
irregularities like disrupted helices, non-helical
trans-membrane regions and reentrant loops is
the glutamate transporter homologue [40] (see
also Fig. 2.3). Many helical bundle proteins,
as well as the ones that contain discontinuous
helices, function as ion channels or transporters.

By the use of selected examples the following
section will give a more detailed discussion of the
structure and function of a-helical MPs, giving an
overview on their amino acid composition and re-
sulting secondary and tertiary structures, on their
quaternary structure and thus their geometrical
features, as well as on their various functions.
Structural families and function examples will be
introduced.
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Fig. 2.3 Schematic representation of a lipid membrane
with different types of integral membrane proteins with
a-helical transmembrane regions in New Cartoon repre-
sentation (made with VMD). (a) Transmembrane helix

o-Helical Membrane
Proteins - Structure,
Geometrical Features
and Function

2.2.1

Integral MPs with a-helical transmembrane re-
gions can be divided into bitopic proteins, which
span the membrane once, having only one helix
and polytopic proteins, which span the membrane
several times [41] as opposed to the monotopic,
peripheral proteins (see Fig. 2.3).

When considering the structure (from primary
to quaternary) of MPs in general, it can be seen as
an adaptation to their heterogeneous environment
(aqueous outside, interface, “oily” membrane)
thus the structure needs to match the different
solvents dielectric properties and it has to align
to the lipid hydrocarbon chain packing with hy-
drogen bonds satisfied. Statistical analysis of the
primary sequences of a-helical MPs revealed
that residues like Ala, Cys, Phe, Gly, Ile, Leu,
Met, Ser, Thr, Val, Trp and Tyr are common in
the membrane spanning helices. This would be
expected for amino acids like Phe, Ile, Leu, Met,
Val, Ala, Gly and Trp as their side chains are
nonpolar. And in fact a simple comparison of
the ErbB2 growth factor receptor transmembrane
helix primary sequence, as an example for a typ-
ical transmembrane helix with one of the ovine
interferon helices (helix 73-95), as an example

of growth factor receptor ErbB2 (2JWA; [32]); (b) Bac-
teriorhodopsin (1C3W; [42]); (c) Glutamate transporter
homologue monomer (3V8G; [43])

for a soluble helix shows an amount of polar
amino acids of 56 and 21 % respectively (see
Table 2.1).

It was found however that the amino acids Ser
and Thr in spite of their polar nature prefer to
reside within the membrane, also. The same is
true for all aromatic amino acids [44]. Originally
it has been assumed that Pro as a “helix breaker”
will not be found [45], while later studies re-
vealed that proline can be found quite frequently
within transmembrane helices [46], which is true
also for the membrane spanning helix of the
ErbB2 growth factor (Table 2.1). As will be
explained when considering the o-helical MPs
tertiary structure the amino acid Pro distorts the
helix and makes it more flexible, thus playing an
important role in membrane helix packing [47].

In conclusion it has to be pointed out that
the simple approach of just checking an amino
acids polarity can give only a very first clue
on whether it is likely to be found within a
transmembrane region. A more forward approach
is to look at its hydrophobicity value. The hy-
drophobicity of an amino acid is related to its
free energy of transfer from a polar medium (such
as the cytoplasm or water) to an apolar medium
(like a membrane or octanol). Hydrophobicity
scales are scales that give numerical values to
define an amino acid’s hydrophobicity. Most of
these scales are experimental scales derived from
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Table 2.1 Primary sequences of ErbB2 growth factor receptor transmembrane helix and ovine interferon helix 73-95

Protein name, UniProt ID Primary sequence

ErbB2 growth factor receptor
transmembrane helix (P04626)
Ovine Interferon helix 73-95
(P56828)

Gly Cys Pro Ala Glu GIn Arg Ala SerPro Leu Thr Ser Ile Ile Ser Ala Val Val
Gly Ile Leu Leu Val Val Val Leu Gly Val Phe Gly Ile Leu Ile

Glu Met Val Glu Gly Asp GIn Leu GIn Lys Asp Gln Ala Phe Pro Val Leu
Tyr Glu Met Leu GIn GIn Ser Phe Asn Leu Phe Tyr Thr Glu His

Polar amino acids are bold and underlined. The “helix breaker” Pro within the ErbB2 growth factor receptor is written

in italics

measuring the concentration of the molecule of
interest in the two different phases. One of the
first scales applied to a-helical MPs has been de-
veloped in 1986 [48]. The problem with applying
such scales to amino acids is that free amino acids
obviously behave very different from amino acids
within a peptide or protein. Exposed amino acids
will interact stronger with a given solvent than
buried ones that are not readily accessible to the
solvent. Furthermore structural changes within
the protein may occur upon solvent change [49].
It is therefore much more accurate to take into ac-
count crystallographic data, and the broadly used
scale proposed by Kyte and Doolittle rises from
a combination of crystallographic and solution-
based methods [50]. The experimental scale by
Wimley and White focusses on the transition at
the interphase between the aqueous environment
and the membrane bilayer and is therefore well-
fitted to be applied to membrane proteins [51].

While older experimental studies use short
model peptides to study the phase transition be-
havior of single residues, recent studies on MPs
of eukaryotic cells try to give a more complete
picture by using the cells own transmembrane
helix recognition system, the Sec61 translocon
that will be discussed in detail in Sect. 2.2.2.
In this way Hessa et al. (2005) offered a set
of specifically designed peptide sequences to the
translocon and measured how well these peptides
were inserted into the membrane [52]. The results
of this study are consistent with the values set by
a purely database knowledge-based hydrophobic-
ity scale for polytopic MPs, published in 2009
[49].

Further information that can be obtained by
statistical analysis of the protein primary struc-
ture is the occurrence of significantly recurrent
sequence motifs. In fact several motifs have been

found in a-helical MPs. The first such pattern
found within the membrane spanning regions has
been named the “GxxxG” motif as it always
consists of two Gly separated by three other
amino acids (x) or GpA motif after the protein
in which it was noticed first, the glycophorin A
[53, 54]. The GpA motif as well as the patterns
GxxxGxxxA and AxxxGxxxA play a role in the
interaction between transmembrane helices and
thus the packing of helices within the mem-
brane [37, 55]. Walters and DeGrado found that
many recurrent sequence motifs within the trans-
membrane protein regions consist of small chain
amino acids like Gly, Ala and Ser separated by
three other residues (x) [56]. Since then several
other motifs have been identified that are unique
for membrane protein, such as a dimerization mo-
tif (A- [AS]- [FIV]- [NR]-A-P-L- [AT]-G) found
in voltage gated chloride channels or the loop
sequence motif [WY]-x(2)-Y-P-P-L that occurs at
the interphase between membrane and water [57].

The oil-like nature of the hydrocarbon
interior of bilayer membranes limits the possible
secondary structures that are able to overcome
the thermodynamic costs to integrate into this
environment to two types: a-helices and f-
sheets that assemble to a [-barrel tertiary
structure. These secondary structure elements
have in common that the peptide amide nitrogen
and carbonyl oxygen form hydrogen bonds
with each other in a regular fashion. The
number of available solvent hydrogen donors
is strongly reduced in comparison to what
soluble proteins encounter within their aqueous
environment. It seems that the helical structure,
in which all backbone carbonyl oxygens and
amide protons are intrahelically hydrogen-
bonded to reduce the energetic cost of exposing
unsatisfied hydrogen bond donors/acceptors to
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Fig. 2.4 Hydropathy plots for (a) the ErbB2 growth fac-
tor receptor (P04626) and (b) ovine interferon (P56828).
Amino acid hydrophobicity values were obtained using

the hydrophobic membrane core [58, 59], is
especially suited to answer to the demands the
membrane as a solvent makes. For this reason
most known transmembrane elements are o-
helices consisting of 15-20 mainly apolar amino
acids, to accommodate to the lipid hydrocarbon
chains length of 14-24 CH,. A comparison
of known structures revealed that in a typical
transmembrane helix, hydrogen bonds are as said
intrahelical, with interactions between residue
i and residue i+ 4. Based on this knowledge
it is possible to roughly predict a membrane
spanning a-helices from a protein sequence and
to distinguish them from non-transmembrane
secondary structure elements. Predictions are
based on the mentioned hydrophobicity scales,
plotting the values for each amino acid of the
analyzed protein against the residue number.
The protein is scanned from the N- to the C-
terminus. If the average hydrophobicity of a
certain sequence region lies above a base value
this region might be a transmembrane secondary
structure element [60]. Figure 2.4 shows such
plots for the ErbB2 growth factor receptor
(left) and the ovine interferon (right) based on
the Kyte & Doolittle scales. Only the growth
factor receptor sequence shows one short region
above the hydrophobicity value threshold of
1.8 corresponding to its single transmembrane
helix (see also Table 2.1 and Fig. 2.3). Further
information on the membrane protein structure
prediction can be found in Chap. 4.
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the Kyte & Doolittle scales [50]. The single transmem-
brane helix of the ErbB2 receptor is indicated by the dark
grey box above the plot

The membrane spanning helices of polytopic
proteins are generally connected by loop shaped
secondary structure elements with various
lengths, containing mainly polar amino acids,
as these loop regions protrude into the aqueous
non-membrane environment.

As pointed out a MPs tertiary structure is, as
is its secondary structure, a function of the amino
acid preference depending on whether a residue
resides within the membrane, the interphase or
the aqueous environment. Therefore one finds
amino acids with nonpolar side-chains mainly
on the surface of membrane spanning regions,
standing to reason, as the membrane interior is
nonpolar. Outside-facing polar residues within
the transmembrane regions of a protein are rare,
as they lower the structural stability [31, 59,
61]. Polar groups that are found in the MPs
hydrophobic region generally interact with other
hydrophilic residues in the protein, build the sur-
face of internal water filled cavities and channels
or if close to the hydrophilic lipid head groups
they can reach out toward these groups. Amino
acid distributions in the protein parts that reside
outside the membrane and that are in contact with
water, resemble distributions found in soluble
proteins, while on the interphase between the
watery outside and the lipid membrane a higher
number of tyrosines and tryptophanes may be
found [29].

This rather simple generalization on the
tertiary structure led to the assumption, that
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a-helical MPs form simple bundles, with straight
membrane spanning helices that are connected
by extra membrane loops. In fact proteins like
the seven-helix bundle bacteriorhodopsin (see
Fig. 2.3) follow this cut down rules, with seven
helices that traverse the membrane in a more or
less perpendicular fashion, showing a “knobs-
into-holes” geometry [62], in which the nonpolar
sidechain positions of the first helix, the “knobs,”
superimpose between the nonpolar sidechain
positions in the second helix, the “holes”, to
maximize helix-helix packing. In this way two
helices interact via van der Waals interactions
between their side chains, as well as by polar
interactions. This resembles the coiled-coil
structure of soluble helical proteins [63]. As the
rise/residue of an a-helix is 3.6, approximately
every third residue should be polar for two
interacting helices and two of three residues
in case multiple helices interact with each other.
These considerations on helix association also
apply to the formation of quaternary structures
of MPs.

The very common four-helix bundle proteins
follow the straight forward ‘“knobs-into-holes”
geometry as well. In the four helix bundle four
a-helices are organized into a bundle with an
angle of about 20° between the helical axes. The
packing of helices is so tight that the hydrophobic
bundle core is void of water. The helices in the
four-helix bundle can be either parallel as in the
human growth hormone [64] or anti parallel as
found in cytochrome c [65].

However since then the picture became more
and more complex as many proteins have been
found that differ from the “knobs-into-holes”
structure arrangement. Proteins like aquaporin or
the glutamate transporter homologue (Fig. 2.3c)
show variations such as “reentrant” regions that
do not fully traverse the membrane, but span only
part of it to exit on the same side of the membrane
as they enter [55]. Other differences from the
general model are transmembrane helices that
are kinked, interrupted or tilted [36]. Kink-like
distortions within the helix structure are known
to be the result of the amino acid proline that as
a “helix breaker” is rarely found in the helices of
soluble proteins [66, 67]. The helix distortions by
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proline occur to avoid a steric hindrance between
the proline ring and the adjacent carbonyl group
within the protein backbone. Furthermore less
hydrogen bonds are formed leading to an in-
creased flexibility within the kinked region [47],
thus affecting the packing of helix pairs and
leading to hinge structures that play a role in
signal transduction. The transmembrane helices
of polytopic proteins are connected by loop struc-
tures that differ in their amino acid composition,
depending on whether they face the inside or
outside of the cell. This “positive-inside” rule
may be explained with the mechanism involved
in the insertion of transmembrane domains and
the electrochemical potential over the respec-
tive membrane that leads to positively charged
residues (i.e. arginine and lysine) staying on the
cytoplasmic side more often than not [68], espe-
cially in case of E. coli outer MPs [69]. Extra-
membranous tertiary structure elements that are
not just connecting loops, often are related to a
proteins function and may be involved in ATP
(adenosine triphosphate)- or cation binding.

The functions of a-helical membrane proteins
are diverse and include receptor functions such
as is the case for the acetylcholin receptor [70],
light driven transporters as Bacteriorhodopsin
[35], plant and bacterial photosynthetic light-
harvesting complexes [71, 72], influx and efflux
transporters belonging to the ABC (ATP-binding
cassette) superfamily [73], voltage gated ion
transporters [74], ammonia and urea transporters
[75, 76] or bacterial vitamin uptake transporters
[77]. For readers interested in an extensive
database on functional and phylogenetic
classification of transporter proteins, visit the
“Saier Lab Transporter Classification Database”
(http://www.tcdb.org/).

Two structurally and functionally well-studied
examples of a-helical MPs are the Streptomyces
lividans KcsA potassium channel [34, 78] and
the ubiquitous aquaporin water channels whose
structures and functions have been examined ex-
tensively, both resulting in a Nobel Prize in chem-
istry in 2003 awarded to Professor Peter Agre
for his discovery of the aquaporins [79] and to
Professor Roderick MacKinnon for his studies on
the function of the potassium channel.


http://www.tcdb.org/

The bacterial tetrameric KcsA potassium
channel is a model ion channel, as many of its
features are analogous to eukaryotic and also
mammal potassium channel features. Its opening
is activated by acidic pH values. Its narrow
and highly selective pore, acts as a selectivity
filter leading to a 10,000 times higher selectivity
towards potassium than towards sodium ions.
The selectivity filter is formed by the amino acid
sequence: Thr, Val, Gly, Tyr, Gly. Below the
filter lies a water-filled cavity. The KcsA channel
transports 103 K ions per second, which is close
to the diffusion limit [34].

The six transmembrane helix bundle-
containing aquaporins or water channels are
widely conserved and have been found so far
in bacteria, plants, amphibians, insects and
mammalian cells and have been isolated first
from human kidney cells [80, 81]. As aquaporins
allow the passage of water molecules (and in
some cases also of small uncharged water soluble
compounds as ammonia, urea or glycerol) they
increase a membrane’s water permeability, by
conserving the membrane’s impermeability
towards ions, as they do not permit the passage of
charged species. While aquaporins in monomeric
form act as functional water channels, they have
been found to form tetramers of four active
channels within the membrane [82].

Both the aquaporins and ion channels as the
KcsA potassium channel have among others great
impact on the application of a-helical proteins
with pore structure as functional nano-materials,
as will be discussed in Sect. 2.2.3.

2.2.2 o-Helical Membrane
Proteins - Genetics,
Biogenesis, Folding
and Insertion

As far as DNA to mRNA transcription and the
subsequent translation to an amino acid chain
are concerned, the involved mechanisms are the
same for soluble proteins and MPs. In both eu-
karyotes and prokaryotes translation takes place
in the cytoplasm and while soluble proteins fold
while they are still synthetized at the ribosome,
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things are more complex for membrane proteins.
The fact that MPs are synthetized within the
cytoplasm leads to the questions on how they
are transported to the respective membrane, how
they insert into this membrane and how and when
they obtain their correct folding. In pro- and
eukaryotes there exist co- and post-translational
pathways for the translocation of a protein to and
the insertion into a membrane.

The most abundant plasma membrane pro-
tein insertion mechanism is the so called Sec-
pathway:

In case of prokaryotes the Sec pathway that
depends on the signal recognition particle (SRP)
that binds to a short N-terminal signal sequence
characteristic for MPs, while the protein is still
synthetized and in contact with the bacterial ri-
bosomes. The bound SRP then interacts with the
signal recognition particle receptor (SR) within
the plasma membrane. As the SR is located
in the proximity of the secretase translocon, or
SecYEG-translocon (a complex of three proteins
Sec Y, E, G), the nascent polypeptide chain can
exit through the ribosome exit gate to be trans-
ferred into the translocon channel. Meanwhile
translation will still proceed. Protein parts pass-
ing the translocon channel that show sufficient
length and high hydrophobicity will then exit the
channel laterally to enter the lipid bilayer [62,
83]. Hydrophobicity plays a key role as trans-
membrane helices seem to exit the translocon to
be inserted into the membrane by means of a
process, in which hydrophobic helices will stay in
the lipid bilayer, while less hydrophobic elements
prefer the translocon channel. Such a mechanism
explains also the evident amino acid distributions
one finds in helical MPs (see Sect. 2.2.1). Fur-
thermore a helix hydrophobic interaction with
other helices that are already positioned within
the membrane has been shown to trigger insertion
[84].

Correspondingly one finds in eukaryotes a
SRP/SR dependent Sec pathway for transport and
membrane insertion of proteins that are targeted
toward the membrane of the endoplasmic reticu-
lum (ER). Again the SRP will recognize and bind
to an N-terminal signal sequence within the MP
primary sequence as soon as this sequence exits
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the ribosome. In eukaryotes this leads to a chain
elongation stop until the ribosome contacts the
translocon. After which translation continues and
translocation/insertion occurs as described [85].

Apart from the MP insertion via Sec path-
way one finds several other mechanisms in the
membranes of some eukaryotic organelles (mito-
chondria, chloroplasts and peroxisomes). Chloro-
plasts own different translocons for the inner and
outer membrane (TOC/TIC) and the so called
twin arginine translocon (TAT) that besides its
main function to facilitate secretion of proteins
over the thylakoid membrane is involved in the
insertion of MPs [86]. The complex chaperon-
dependent mechanism involved in the import of
proteins into mitochondria, seems to be the same
that is responsible for the membrane insertion of
proteins into the mitochondrial membranes [87],
while many peroxisomal proteins originate from
ER vesicles [88].

A simple approximating thermodynamic
model considers the folding of a-helical
MPs as a two-step process that occurs co-
translationally [89]. The foundation of this
model is that the free energy minimum of a
helical MP native conformation depends on
the interactions between solvent molecules,
intramolecular interaction within the protein
itself, and interactions between solvent and
protein molecules. During the proposed first
step, hydrophobic regions within the protein
primary sequence associate with the lipid bilayer
upon which insertion occurs. The secondary
structure formation takes place simultaneously.
In the second step the individual helices associate
by interacting with each other to form more
complex tertiary structures [90] (see Fig. 2.5).
While the two step model can be applied to
the insertion of short single helix peptides, MP
folding is more complex and the simple two-step
model does not take into account all the different
problems and effects that come with membrane
insertion, protein-lipid interaction, partitioning
of membrane components and helix packing
within the membrane [91] (For a more detailed
discussion on MP reconstitution into artificial
lipid or polymer membranes see Sect. 6.1.1). It
seems that large structural rearrangements during
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folding occur quite commonly and that some
protein elements as reentrant loops might be
inserted into the bilayer post-translational [92].

Nevertheless a number of MPs can be dena-
tured and refolded in vitro, including mainly p
barrel proteins and proteins belonging to the class
of light-harvesting complexes, the first of which
has been bacteriorhodopsin [93].

2.2.3 o-Helical Membrane
Proteins - Relevance for
Nano-material Development

Channel-type MPs in general have a huge impact
on the development of biologically derived or
bio-mimetic nano-materials, as they are rather
robust and show a natural affinity towards hy-
drophobic environments such as lipidic- or poly-
meric membranes. Among the class of a-helical
MPs two examples reveal the significance of
these proteins as nano-devices with the potential
to functionalize membrane systems or vesicular
nano-containers.

The ion channel protein family is certainly
an interesting target to study for various reasons,
such as their medical relevance, for mutations in
human ion channel coding genes are related to
many diseases [94] or their relevance as drug-
targets. Within the nano-technology field they
were found suitable as biosensors to substitute
or complement enzymatic sensors for analytes
such as drugs, toxins, viral antigens or DNA
to name just a few [95]. The main feature that
enables ion channels to act as biosensors is that
binding of specific chemicals (ligands) to an ex-
tracellular domain, current-change or mechanical
stimulation result in a protein conformational
change and thus in channel opening and change
in channel conduction. Ion channels therefore
contain a natural inbuilt “switch” [96]. As the
KcsA ion channel is selective for potassium ions,
there are ion channels that selectively pass single
Nat, Ca2t or CI~ ions. The ion flux results
in a change in current that can be measured by
several methods of which the most widely-used
surely is the so called “patch-clamp” technique
[97] and automated patch-clamp variants (see
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Fig. 2.5 Two-step folding model for a-helical TMPs.
Unfolded primary sequence chains fold into secondary
structure elements and insert into the membrane simul-
taneously during step 1. It is unfavorable for an a-helix

Sect. 6.1.3). The great advantages of ion chan-
nels as biosensors are their great specificity for
one single molecule, their sensitivity in which
one single channel can detect a single analyte
molecule and their ability to transduce and am-
plify a small chemical signal into an easily mea-
surable response. Furthermore as proteins they
can be modified by use of protein-engineering
tools (a feature that applies to all MPs with nano-
technological application). In 2010 for instance
a constitutively open KscA potassium channel
mutant had been reported [98]. Examples for ion
channel-based biosensors are potassium or chlo-
ride channels used to screen for channel affecting
drugs [99, 100].

And recently much effort has been put into
the development of new membrane carriers, such
as silicone chips [101] or by suspending a mem-
brane patch on a glass surface [102], as the lipid
bilayer is rather unstable and not suited for long-
term use.

The aquaporin water channels obtained
great interest for their potential use as nano-
sized water-treatment filters, as the majority of
aquaporins allows the specific passage of water
molecules at rates near to the diffusion limit
[103]. This specificity leads to filtered water
of great purity and as isolated aquaporins have
been successfully reconstituted into synthetic
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to unfold in the bilayer as in this apolar environment
hydrogen bonds need to be satisfied. In step 2 these helical
structure elements associate to form tertiary structures
(New Cartoon representations of helices made with VMD)

polymer membranes, the development of stable
filter systems is possible [104]. This even caught
the attention of NASA that is currently testing
in collaboration with the Danish company
Aquaporin  A/S  (http://www.aquaporin.dk/)
whether aquaporin-functionalized membranes
can be utilized to supply the International Space
Station (ISS) Extravehicular Mobility Unit space
suit cooling system with the necessary ultra-pure
water [105].

However there are certain disadvantages to the
a-helical ion channels as nano-materials. They
are structurally complex and often reveal a nar-
row pH and temperature range and they require
certain ionic conditions to work properly. Prob-
lems that can be avoided by using the more
stable and structurally simple B-barrel proteins
(see Sect. 2.3.3).

2.3  Structural Classes: $-Barrel

Proteins

The second structural class of integral mem-
brane proteins, the B-barrel membrane proteins
or “outer membrane proteins” (OMP) can be
found solely in the outer membranes (OM) of
Gram-negative bacteria, and in membranes of the
eukaryotic organelles with an outer and inner
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membrane (mitochondria and chloroplasts). Ap-
proximately 2—3 % of the genes of Gram-negative
bacteria code for p-barrel proteins. B-barrel MPs
cannot be found in the inner membrane or cyto-
plasmic membrane, although physically their as-
sembly into these membranes should be possible.
A probable reason for the B barrel protein absence
in the cytoplasmic membrane is their effective
pore creating ability that would dissolve the pro-
ton motive force [106]. Indeed a special class
of barrel shaped MPs, such as the a-hemolysine
of Staphylococcus aureus, are bacterial toxins
that form pores within host energy transducing
membranes [107, 108].

All proteins with barrel structure contain an
even number of meandering all-next-neighbor an-
tiparallel sheets, with each transmembrane strand
being at least seven amino acids long to span
the hydrophobic membrane core [109]. Strand
residue numbers can be up to 25 and are on aver-
age 12.5 [110]. Up to now the smallest known p-
barrel membrane protein contains eight f-strands,
while the largest consists of 24 strands; water
soluble B-barrel proteins show instead a narrow
range in size from six to eight strands only [111].
While the water soluble barrels expose their polar
residues to the outside aqueous environment and
keep nonpolar residues within their hydrophobic
core, transmembrane barrels show an inside-out
structure where polar residues form a solid core
or, from 12 strands on, a water-filled channel.
Though the B-barrel is a stable and even rigid
structure, barrel shaped MPs greatly vary in the
number of included sheets and thus size, they can
either be monomeric or exist as oligomers. Fur-
thermore they show many different pore/channel
opening and closing mechanisms, as well as a va-
riety of functions, including passive nutrient up-
take, active transport of ions, membrane anchor
function or enzymatic activity [112]. Table 2.2
lists the features of eight exemplary barrel shaped
MPs, clearly showing the variation in number of
strands/size, oligomeric states and functions.

Monomeric, solid bacterial outer membrane
anchors such as the Outer membrane protein
A (OmpA), which can be found in ~100,000
copies/E. coli cell [110], consist of an 8 stranded
B-barrel structure and represent the B-barrel outer
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membrane protein minimal construction [113,
114]. An increase in B-strands leads to increased
diameters and formation of a pore or channel
as can be seen in the OpcA adhesin of Neis-
seria meningitidis [115] or the Tsx nucleoside
transporters of Gram-negative bacteria [116]. The
construction maximum in nature seems to be
reached with 22-24 B-strands as can be found
in the iron transporting, Ton-B dependent “Ferric
hydroxamate uptake component A” (FhuA), with
a height of approximately 69 A and an average el-
liptical cross section of 39 x 46 A [109, 117] and
the PapC translocation core [118]. Both proteins
can be found in E. coli. The TonB-dependent
transporters are active transporters that bind to
their substrate with very high affinity (nM range),
allowing transport of low concentration nutrients
against a concentration gradient. The PB-barrel
active transport mechanism will be introduced on
the example of the FhuA protein in Sect. 2.4.1.
Many of the monomeric barrels large enough
to form a pore contain an N-terminal “plug”-
domain closing the channel reversibly. A FhuA
based “plug-less” barrel with 24 strands has been
created artificially [119] and will be discussed
extensively in Chap. 5 (see Fig. 2.6, structures
1-5). General porins such as the OmpF protein
or the Malto-porin of E. coli [120] are formed
by 16-18 B-strands. These proteins trimerize and
form passive diffusion channels. These water
filled channels allow unspecific diffusion of small
molecules up to 600 Da without binding to the
transported substrate [121] or facilitate the pas-
sive but specific uptake of abundant nutrients (see
Fig. 2.6, structure 7 and 8).

Proteins like the S. aureus heptameric o-
hemolysin [122] are members of a special class of
cell-toxic, pore-forming B-barrel proteins. These
barrels consist of several portions belonging
to different subunits. Only when all subunits
assemble, a functional pore is formed (see
Fig. 2.6, structure 6).

Due to their structural robustness and the fact
that many of them are known to refold after
denaturation B-barrel MPs are very suitable for
nano-biotechnological applications. The fact that
geometry and architecture of all proteins of that
structural family follow the same general rules,
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Fig. 2.6 New Cartoon representation of tertiary struc-
tures of eight exemplary B-barrel shaped membrane
proteins (made with VMD), showing their structural
diversity. 1 — OmpA (1BXW), 2 — OpcA (1K24), 3 —

which will be discussed in the following section,
adds to their suitability to be used as nano-
channels and makes it easy to modify them for the
respective application. Furthermore these general
architectural principles allow the construction of
synthetic artificial p-barrel structures [123] or
the design of peptide building-blocks that self-
assemble into barrel structures [124].

2.3.1 f-Barrel Membrane Proteins -
Structure, Geometrical

Features and Function

The B-barrel is the second regular structural el-
ement found in membrane spanning portions of
MPs, in which hydrogen bonds are formed be-
tween protein backbone atoms. Membrane bar-
rels are structurally much less variable than their
a-helical counterparts (see Fig. 2.6) and follow
clearly definable geometrical principles, while
their sequences may vary greatly.

The membrane spanning minimal length of a
B-strand is ~7 residues and in trimeric porins
for instance each strand consists of 11 residues
on average, while strands of monomeric barrel
proteins are on average 13—14 residues long [125,
126]. In a B-strands primary sequence one finds
repeated patterns of amino acid pairs of which in
the secondary structure one amino acid will face

Tsx (1TLY), 4 — FhuA (1BYA), 5 — PapC translocation
core (3FIP/2VQI), 6 — a-haemolysine (7AHL), 7 — OmpF
(3K1B), 8 — Malto-porin (IMAL)

to one plane of the sheet, while the other will face
the other plane. In a B-barrel membrane span-
ning portion therefore one half of the residues
faces the barrel inside, while the other half faces
the outside [127]. Generally one would assume
that while the inside facing residues are always
hydrophilic, as in a pore-forming barrel they
reach into the water-filled channel; the outside
facing residues are hydrophobic, as they are in
contact with the membrane. This would mean
that one should find alternating polar and non-
polar residues in the primary sequence. This has
been found partly true, but it has been found to
be a too simple generalization also, as a barrel
interior must not necessarily be hydrophilic. Fur-
thermore the alternating inside- outside-facing
amino acid pairs have been found in soluble
protein B-strands, too. Table 2.3 shows the pri-
mary sequences of representative p-strands of the
OmpA and the soluble Aequorea Victoria “Green
fluorescent protein” (GFP) with corresponding
loop and turn sequences. Both strand sequences
show ~42 % of polar amino acids. Therefore the
prediction of membrane P-strands or in general
B-barrel proteins from their amino acid sequence
is not trivial and simple methods as the common
hydrophobicity scales applicable to predict mem-
brane helices do not apply to barrel proteins (For
details see Sect. 4.2).
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Table 2.3 Primary sequences of OmpA strand 4, with loop 2 (beginning) and turn 2 (end) and the soluble “Green
fluorescent protein” (GFP) strand 6, with short turns (beginning and end)

Protein name, UniProt ID Primary sequence

Arg Met Pro Tyr Lys Gly Ser Val Glu Asn Gly Ala Tyr Lys Ala — Gln Gly Val Gln

OmpA (P0A910)
GFP (P42212)

Polar amino acids are bold and underlined

Recently a unified hydrophobicity scale
applicable to both a-helical and B-barrel MPs,
based on theoretical considerations and statistical
methods has been reported [49]. Protein
statistical analysis revealed that the aromatic
amino acids Tyr, Phe, Ile, Thr, Trp, and Val occur
frequently within B-sheets, while Gly and Pro
are rare. Near to a strand end however Pro may
be found with a higher rate resulting in a bulge
within the barrel (see Table 2.3). The B-strand
connecting periplasmic turns (T) that extend
into the hydrophilic environment mainly contain
polar amino acids, with a preference for Asn,
Gly, Pro, Asp, Ser and also the outside loop (L)
structures mostly contain polar residues [128].
The amino acid Cys is in general rarely found in
transmembrane B-barrels and if so then never in a
B-strand. When discussing the membrane barrel’s
tertiary structure further position dependent
amino acid preferences will be introduced.

The B-sheet secondary structure element is
not immediately obvious from a proteins primary
sequence and not easy to predict from sequence,
as it involves the hydrogen bond formation be-
tween backbone atoms of adjacent f-strands that
within the primary sequence are positioned far
from each other (see Fig. 2.7a). Strands can
be parallel (running in the same direction) or
antiparallel (running in opposite directions). Two
interacting, antiparallel B-strands, connected by
a short loop or turn sequence (B-turn) of on
average two to six residues on one end, form
a so called P-hairpin structure [129], shown in
Fig. 2.7a. Several hairpins may then form super
secondary structure sheets with varying numbers
of strands. In P-barrels adjacent B-hairpins are
connected by longer loop regions. A sheet may
also be formed of adjacent strands that are not
connected by turns, but that are in each other’s
vicinity. Sheets may curl up or twist right- or left-

Leu Thr Ala Lys Leu Gly Tyr Pro — Ile Thr Asp Asp
Glu Asp — Thr Leu Val Asn Arg Ile Glu Leu Lys Gly Ile — Asp Phe

handedly, with a predominance of right-handed
twists [130]. In a sheet as good as all back-
bone amide-groups/carboxylic-groups are hydro-
gen bonded intra-molecular, exceptions are the
amide- and carboxylic-groups on the terminal
strands ends of a P-sheet structure. In soluble
non-barrel proteins these groups may form hy-
drogen bonds with water molecules, whereas in
barrels these groups hydrogen bond to each other
to close and form the cylindrical tertiary struc-
ture. While in soluble proteins one finds f-sheets
consisting of two or more strands, the membrane
barrel sheets are made of two strands only (one
hairpin each). Transmembrane B-barrel protein
strands are always anti-parallel to each other,
whereas soluble proteins contain parallel, anti-
parallel or mixed sheets [131].

As the hydrogen bonds between backbone
amino- and carboxylic groups of antiparallel
strands and resulting sheets are more linear than
in parallel sheets, anti-parallel sheets are more
stable [132]. Though the strands in antiparallel
sheets are actually shifted or “sheared” against
each other in a way that backbone carboxylic-
and amino-groups are not exactly opposite from
each other, due to a displacement of the C, along
the backbone direction [133]. Shearing can be
negative or positive depending on the shearing
direction (see Fig. 2.7b).

The B-barrel protein tertiary structure con-
struction follows several universal rules first com-
piled by G. E. Schulz [134]:

1. The N- and C-termini are located at the
periplasmic barrel end, restricting the f-
strands number to an even number.

2. Due to the B-sheet twist the B-strands tilt at
an angle of ~20-45°

3. The shear number of an n-stranded barrel is
positive

4. All B-strands are antiparallel.
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Fig. 2.7 (a) “CPK” representation of two antiparallel of parallel, antiparallel and antiparallel sheared p-strands
B-strands forming one P-hairpin, by backbone atom  (structures drawn with Accelrys Draw (http://accelrys.
hydrogen-bonding (dotted lines) (made with VMD). (b)  com/products/informatics/cheminformatics/draw/))
Hydrogen bonds (dotted lines) between backbone atoms

Fig. 2.8 (a) Schematic
view of the general B-barrel
protein architecture with
aliphatic ring, between two
aromatic bands and
external, charged residues,
shown on the example of
the OpcA protein (1K24).
(b) Cartoon representation
of OpcA 3-D structure,
showing outside (O) loops,
transmembrane (TM)
B-sheets and periplasmic
(P) turns (made with

VMD)
turn ]

5. The strands on the periplasmic barrel end are (L1, L2 etc.), with a length of two to 46
connected by P-turns (T1, T2 etc.), with a residues. These loops show exceptionally
length of one to 12 residues (Fig. 2.8b). high sequence variability, contain mainly

6. The strands on the external barrel end polar, charged amino acid residues and are

are connected by longer loop regions usually flexible and mobile (Fig. 2.8b).
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7. The B-barrel surface in contact with the hy-
drophobic membrane consists of aliphatic
side-chains, forming an on average 22 A
wide, hydrophobic ring (Fig. 2.8a).

8. Above and below of the non-polar ring can
be found two bands with an overabundance
of aromatic side-chains (here up to 40 %
of all lipid-exposed residues may be aro-
matic) [135]. These bands with intermediate
polarity are positioned at the interfaces be-
tween lipid-bilayer and aqueous environment
(Fig. 2.8a).

9. Protein parts in contact with the aqueous
environment contain mainly polar, charged
residues.

10. Above a number of 10 B-sheets the barrel
interior will form a water-filled pore.

Each B-barrel protein can be characterized
by a set of geometric parameters such as the
number of strands (n), the shear number (S) and
the resulting B-sheet tilt and barrel diameter. By
giving values to these parameters it is possi-
ble to get an idea on the size and shape of a
barrel protein. As mentioned before membrane
B-barrels have an even number of antiparallel
strands and the strands are inclined at an angle to
the transmembrane axis. This results in a shift in
the H-bonded residues, termed the shear number.
The shear number is a measure for the B-strand
inclination angle against the barrel axis. A shear
number of +1 means that the H-bonded partner
of the residue at position a, is at position b + 1
rather than j (see Fig. 2.7b). Shear numbers of
transmembrane barrels are positive and generally
even, they range between 8 and 26. As a rule of
thumb the shear number can be defined as n + 2
[136].

Apart from these principles some peculiarities
of the P-barrel tertiary structure element can be
explained by the introduced P-sheet secondary
structure characteristics. The extensive inter-
strand hydrogen bonding between backbone
atoms leads to an exceptional stability of the
formed barrel and barrel proteins do not easily
unfold in their membrane environment [137].
However with extended stability comes an
increase in structural rigidity, also [138, 139].
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Regarding local amino acid preferences within
a transmembrane barrel protein it has to be noted
that apart from the already mentioned aliphatic
and aromatic girdles the barrel interior mainly
contains polar amino acids such as Ser, Tyr, Asn,
Gln or Thr, as well as the small Gly, while
non-polar residues are rarely found [135]. Some
OMPs contain N-terminal, globular cork- or plug
domains that are mobile and may close the chan-
nel, e.g. in the TonB-dependent auto-transporters
like the FhuA protein (Fig. 2.6, structure 5).
The barrel plugs are often comprised of p-sheet
structures as well as a-helical portions connected
by short loops and as melting temperature cal-
culations show in some cases the plugs play a
role in stabilizing otherwise unstable transmem-
brane parts [140]. Apart from cork-structures
there can be other non P-barrel regions, such as
a-helices that are packed against the -strands, as
reported for the antimicrobial peptide resistance
and lipid A acylation protein PagP, where an N-
terminal helix associates with two B-strands on
the periplasmic protein end [141]. In case of the
PagP the N-terminal helix can be deleted without
losing protein function. However as a deletion
decreases the protein’s stability, seemingly the
helix conserves the native protein structure by
acting as a locking clamp after the protein is
folded and inserted into the bilayer [142].

In the Gram-negative bacterial outer mem-
brane the trimeric porins are most abundant. All
porins known so far contain three identical -
barrel monomers that form a trimeric quaternary
structure. Non-specific porins are comprised of
16-stranded barrels, while barrels of substrate
specific porins show 18 strands [134]. The inter-
face region between the trimerized barrels con-
tains mainly apolar amino acid residues. Eloffson
et al. reported a higher than average sequence
conservation for residues in this region [127].
Porins are extremely robust and do not fully dena-
ture in presence of 5 M guanidium hydrochloride
or at 70 °C, partly due to the stabilizing effects of
the interface region between the three monomers.
There are several rules apart from the general -
barrel construction rules summarizing their gen-
eral construction features [110].
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1. Upon trimerization, a nonpolar core is formed
at the threefold interface axis so that the
porin’s central part resembles a water-soluble
protein.

2. The porin barrel center is constricted by an
inserted long loop L3.

In the a-hemolysin pore forming toxins the
functional protein consists of seven identical
monomers that assemble to form one 14 stranded
barrel, with each monomer contributing one f-
hairpin [122].

As mentioned Gram-negative bacteria outer
membrane B-barrel proteins serve a great number
of different cellular functions, ranging from
membrane anchors, as the OmpA, physically
linking the E. coli outer membrane to the
peptidoglycan layer below [143]; non-specific
passive diffusion pores, such as the OmpF
porin allow [144] the diffusion of small, polar
molecules (600-700 Da in size), e.g. water, ions,
monomeric sugars or cellular waste products;
substrate-specific passive diffusion pores like
Malto-Porin for the up-take of maltose; enzymes
such as proteases (OmpT) or lipases (OmPIA);
bacterial pore-forming toxins (a-hemolysins)
and active transporters (FhuA, Tsx). The FhuA
protein structure and function will be discussed
in detail in Sect. 2.4.

Examples for mitochondrial and chloroplast -
barrel MPs are the pore domains of the respective
protein translocase complexes (translocase of the
mitochondrial outer membrane — Tom, translo-
case of the chloroplast outer membrane — Toc)
that translocate pre-proteins from the cytoplasm
into the organelle’s intermembrane spaces. These
pore domains are formed in mitochondria by the
19 strand Tom40 protein [145] and in chloro-
plasts by Toc75 with 16 p-strands [146].

2.3.2 f-Barrel Membrane Proteins -
Genetics, Biogenesis, Folding
and Insertion

For the protein OmpA it was reported that it
cooperatively folds and inserts into liposomes in
spontaneous manner [147]. The same has been
demonstrated for other small B-barrel proteins
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and several pore-forming toxins [148—150]. How-
ever as outer membrane proteins have to reach
their target membrane prior to insertion a wholly
spontaneous mechanism is not likely for in vivo
systems, as will be discussed in the following,
with regard to the Gram-negative bacterial OMPs
(a detailed review on mitochondrial and chloro-
plast OMP assembly can be found in [151]).

The Gram-negative bacterial cell envelope
consists of two membranes, the inner and
the outer one. The two membranes enclose
the periplasmic space with a thin (1-2 nm)
stabilizing peptidoglycan layer (murein) between
them [152]. The inner membrane is a common
phospholipid bilayer, as introduced in Sect. 2.1,
showing the ubiquitous a-helical TMPs. The
outer membrane (OM) instead is a robust
asymmetrical bilayer containing phospholipids
(70-80 % phosphatidylethanolamine and 20-
30 % phosphatidylglycerol and cardiolipin) in
the inner leaflet and lipopolysaccharides (LPS)
in the outer leaflet (Fig. 2.9) [153, 154]. The
LPS have saturated fatty acyl chains with an
average of 14 carbon atoms and complex acidic
polysaccharide chains linked to a glucosamine
disaccharide backbone. Due to the saturated fatty
acyl chains the OM is rather rigid and due to
acidic sugars its net-charge is negative. The outer
membrane is restricted in permeability and thus
a selective barrier that protects the cells. One
possible reason for the absence of a-helical MPs
in the outer membrane is that OMPs have to pass
the inner membrane to reach their destination.
Proteins containing hydrophobic helices would
most probably be retained in the inner membrane
[155]. This stresses the necessity of bacterial
barrel OMPs to pass from the cytoplasm through
the inner membrane to reach their destination.

While in eukaryotes mitochondrial and
chloroplast OMPs are encoded in the nucleus,
expressed as pre-proteins in the cytoplasm
and need to be trafficked to the respective
organelle membrane. In Gram-negative bacteria
the different OMPs are encoded by 2-3 % of all
genes. They are expressed with an N-terminal
signal sequence.

The signal sequences or signal peptides of
different Gram-negative bacteria show little
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Fig. 2.9 Schematic representation of E. coli cell, outer and inner membrane with a-helical and pB-barrel membrane

protein respectively and LPS structure

Table 2.4 Amino acid sequence of E. coli FhuA

Amino acid sequence (N — C)

Met Ala Arg* Ser Lys* Thr Ala Gin Pro Lys* His Ser Leu Arg* Lys* Ile Ala Val Val Val Ala Thr Ala Val Ser Gly Met

Ser Val Tyr Ala Gin Ala

Underlined — hydrophobic amino acids; italics — polar, neutral amino acids; bold — boundary between hydrophobic and

C-terminal region
*Positively charged amino acids

sequence identity, however they reveal several
common features, such as a short N-terminal
region of 1-5 positively charged residues,
followed by a hydrophobic region consisting
of 7-15 amino acids and a C-terminal region of
3-7 neutral, polar amino acids that is recognized
by a signal peptidase. The boundary between the
hydrophobic and the signal peptidase recognition
region is often marked by a Pro or Gly amino
acid [156]. The 33 amino acid long signal
peptide sequence of the E. coli FhuA (Table 2.4)
shows positively charged residues (*) on the N-
terminal side, hydrophobic residues (underlined)
mainly in the sequence middle, while polar,
neutral amino acids (in italics) are distributed
over all the sequence parts. However the three
different regions can be identified approximately
(highlighted in grey). The hydrophobic and signal
peptidase regions are divided by Gly (bold).

Signal sequence deletion on gene level leads
to OMP accumulation in inclusion bodies upon
over-expression. Inclusion bodies can then be
isolated and OMPs can be refolded by choosing
suitable detergents [157] or diblock-copolymers
[158] (see Sect. 5.2.2).

After expression OMPs have to be transported
to the outer membrane and therefore first pass
the inner membrane. The inner membrane
passage requires energy provided by an exergonic
reaction provided by the SecYEG-translocon
(see also Sect. 2.2.2). The pre-protein has to
be kept in an unfolded state, as correct folding
can only occur at the outer membrane and as
will be discussed folding occurs together with
membrane insertion. Unfolded OMPs tend to
aggregate when in aqueous environment and
furthermore translocation through the inner
membrane is possible only if the protein is still
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in an unfolded state. Therefore the cytoplasmic
chaperon SecB binds to the newly synthetized
OMP, keeps it in open chain conformation and
thus fit for translocation [159]. The necessary
energy for the passage of the inner membrane
via the SecYEG-translocon is provided by SecA,
an ATPase, binding to the N-terminal signal
peptide [160, 161]. The N-terminus passes the
Sec-translocon first after which the whole protein
enters the periplasm, a process during which the
signal peptide is cleaved by peptidases localized
at the inner half of the inner membrane. As the
periplasm is a water-filled cell compartment, the
still unfolded outer membrane proteins are again
prone to aggregation after leaving the translocon
pore. Therefore periplasmic chaperones as the
E. coli SurA bind to the OMPs, keep them
in an unfolded state, preventing aggregation
and assist in the OMP folding. If OMPs are
left chaperon-unbound (for instance in certain
deletion mutant strains), misfolded aggregates
will form that are toxic for the cells or the OMPs
might partly assemble into the inner membrane,
triggering stress-response [162]. SurA is able
to assemble all OMPs, however deletion of the
SurA gene does not affect the correct folding
and membrane insertion of most OMPs [163].
In SurA absence the chaperon Skp (seventeen
kDa protein) together with the chaperon/protease
DegP facilitate the assembly of most OMPs [164,
165].

Now that the OMPs have passed the inner
membrane, reached the periplasm and have been
recognized and bound by periplasmic chaper-
ones, they are ready to fold and insert into the
outer membrane.

As for the protein insertion into the low-
dielectric-constant  bilayer lipid phase the
complete saturation of main-chain hydrogen
bonds in the transmembrane regions is necessary.
Folding and insertion have to be simultaneous,
concerted events. This is due to the hydrogen
bonding between backbone residues in neighbor-
ing strands instead of, as in helical membrane
proteins, between residues next to each other
in one helix. Therefore a two-step model as
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proposed for the folding of a-helix membrane
proteins, in which each helix folds and then
inserts into the membrane, is not applicable to
OMP folding/insertion. The assembly of an OMP
is thus following an “all-or-none” mechanism
[139]. Since the periplasmic space lacks ATP -
barrel folding has to be either a spontaneous act
or a guided process in which cellular components
at the outer membrane are involved. The fact
that in vitro some OMPs are able to refold from
a completely denatured state [166] speaks for
the spontaneously occurring folding. However
the in vitro folding happens too slowly as to be
relevant for in vivo folding [162], which shows
the need for an in vivo folding assistant. This
assistant has been found with the discovery of the
Bam (B-barrel assembly machine) multi-protein
complex in the E. coli outer membrane [167]. The
Bam complex has been identified in several other
Gram-negative bacteria [168]. The Bam complex
main component is the 16-stranded OMP BamA,
through whose pore the nascent OMPs might
reach the outer membrane, as it was found that
denatured E. coli OMPs increased the BamA
channel activity by direct interaction, while
periplasmic proteins have no such effect [169].
In earlier studies a conserved sequence at the C-
terminus of most OMPs has been identified. This
sequence that is supposed to be recognized by
BamA consists of a Phe or Trp at the terminal, a
hydrophobic residue or Tyr on the third position
and hydrophobic residues at positions 5, 7 and
9, as counted from the C-terminal end [170].
BamA contains an N-terminal region with
five so called POTRA domains (polypeptide
translocation associated) P1-P5 that reach into
the periplasm, allowing interaction with four
lipoproteins BamB, C, D and E [171]. BamA
homologues have been identified in the outer
membranes of mitochondria and chloroplasts
[172]. While BamB, C and E can be deleted
without lethal effect in E. coli, deletion of both
BamA and BamD lead to lethal OMP assembly
defects [173]. Furthermore suppressor mutations
in BamB led to a defective LPS assembly, so
BamB might directly assist in LPS assembly or
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Fig. 2.10 Schematic
representation of OMP
translocation from the
cytoplasm (C) through the
inner membrane (IM) into
the periplasm (P), via the
SecYEQG translocon
(1RHS). In the periplasm
the nascent OMP reaches
the Bam complex, which
facilitates the assembly
into the outer membrane
(OM). Cytoplasmic and
periplasmic chaperones
guide translocation and
keep OMP in unfolded,
non-aggregated state
(Protein structures in New
Cartoon representation
made with VMD)

periplasmic
chaperone

-rg, assembled

\

cytoplasmic
chaperone

in assembly of components necessary for the
LPS-assembly [167].

How exactly the Bam complex facilitates 8-
barrel-assembly remains a secret up to day. How-
ever the recent success of reconstituting the puri-
fied, functional components of the E. coli OMP
assembly machine into proteoliposomes [174,
175] and the successful crystallization of Bam-
BCDE [176-178] might lead to a much better un-
derstanding of in vivo mechanisms involved in B-
barrel membrane protein folding and membrane
insertion. Figure 2.10 gives an overview on the
translocation and assembly of a bacterial OMP.

nascent OMP
+ signal peptide

2.3.3 [-Barrel Membrane Proteins -
Relevance for Nano-materials
Development

As the potentials, limitations and engineering-
strategies of bacterial OMPs application for the
design of nano-materials and especially nano-
pores will be the main subject of Chaps. 5 and 6,
here only some general point will be addressed.
B-barrel OM proteins and bacterial pore-
forming toxins are suited for various nano-
pore applications such as drug-release [179-
181], nano-reactors with controlled permeability
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[179-182], nano-sensors for the detection of
biomolecules [183—185], the sequencing of short
RNA- or DNA-fragments [186], and hybrid-
biocatalysts [187]. Up to now the pore-forming
toxin a-hemolysin is the most widely used
biological nano-pore sensor for the detection
of single molecules, as it lacks any mobile
domains that might interfere with channel
conductance. Furthermore the a-hemolysin has
been successfully engineered to obtain specificity
for a certain analyte [184]. The OMPs relevance
towards the design of nano-materials is mainly
due to the exceptional robustness of the -
barrel structure [110], the ability of OMPs to
spontaneously refold from a denatured state,
when in presence of detergent micelles, lipid
membranes or diblock-copolymers, opening the
possibility to purify them from inclusion bodies,
including solubilization in urea and subsequent
refolding [166], as shown for FhuA [158],
OmpA [188], OmpF [189] or FepA [190]. In
some cases refolding occurs even after harsh
treatment, i.e. heating to 75 °C for 30 min in
presence of 6M guanidine hydrochloride and
isopropanol, as it is necessary to extract the E.
coli OmpF [110]. Furthermore correctly folded
OMPs, as obtained from purified outer membrane
fractions, spontaneously insert into lipid or block-
copolymer membranes and vesicles or nano-
discs [179, 182, 191], allowing for the design
of new hybrid materials and better ways of
characterization. Moreover it has been shown that
the B-barrel scaffold tolerates extensive deletions
and protein engineering (e.g. deletion of plug-
domains and loops regions or mutations changing
the channel geometry) without losing its overall
structure and channel functionality, or leading
to a change in function, as shown for the E.
coli FhuA [119, 181, 183, 192-194] and OmpA
[195]. The wide range of different applications
and approaches to use OMPs as nano-materials
is also due to their good temperature and overall
stability, which has been determined by solvent-
stability tests and differential calorimetry [126].
It has been reported for instance an exceptional
heat resistance for proteins like OmpA [126],
or FhuA with and without plug-domain. The
FhuA containing the plug-domain proved to
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be more stable, up to temperatures of 75 °C,
while the plug deletion decreased its stability
to 62 °C [196]. However certain limits have
to be overcome when working with OMPs, as
their production especially in larger scales is not
trivial. As with all membrane proteins the general
production strategy involves expression into the
respective membrane, the membrane then has to
be isolated from all other cellular compounds
and the protein has to be solubilized, commonly
by the addition of detergents [25, 26]. The yield
and purity are often rather poor, as the membrane
offers a limited space for production and other
proteins residing in the same membrane might
be solubilized likewise [158]. These production
issues can be overcome by the mentioned
expression into inclusion bodies and subsequent
solubilization/refolding or by the use of cell-
free expression systems [197] (see Sect. 5.2).
The hydrophobic residue exposure characteristic
for all OMPs makes it impossible to work in
aqueous solution, instead a hydrophobic or rather
a mixed (water/hydrophobic) environment has
to be offered to conserve OMP structure and
function, limiting employable OMP carrying-, or
immobilization-systems. The overexpression of
certain OMP variants can have toxic effects on
the expression host, for instance barrel mutants
that act as passive diffusion pores for larger
molecules might lead to osmotic imbalance and
cell death, when using conventional media.

Since Chap. 5 will introduce the E. coli FhuA
protein and variants thereof as main models to
explain the p-barrel channel geometry modifica-
tion by protein engineering, the following sec-
tions will give an overview on the general FhuA
features.

2.4  E. colilron Transporter: FhuA

The transition metal iron is a vital trace-element
for all living organisms as it, by changing
its oxidative state, acts as oxidation/reduction
reagent. Therefore its presence as a cofactor is
required for many essential cellular processes,
such as electron transport, synthesis of
desoxyribonucleotides (dNTPs) [198] or the
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Fig. 2.11 (a) Schematic representation of E. coli cell,
inner membrane with TonB-ExbDB complex and outer
membrane with FhuA protein in cartoon representation.
(b) Cartoon representation of FhuA protein in side-view

catalase reaction [199] and bacteria require a
minimal concentration of 1077 M in order to
grow. Despite the relative abundance of iron
in nature, the concentration of biologically
available, soluble Fe3t is ~107° M [200].
This is due to the formation of insoluble Fe’*-
hydroxide polymers in presence of oxygen.
These hydroxides have a rather poor solubility
of 10"® M at pH 7 [201]. In order to obtain
the iron necessary to survive bacteria secrete
low molecular weight Fe(IlI)-chelating organic
compounds with a very high iron-affinity,
when under the effect of iron depletion. These
so called siderophores can be classified into
three different structural groups, catechols (e.g.
enterobactin), hydroxycarboxylates (e.g. citrate)
and hydroxamates (e.g. the fungal ferrichrome)
[202]. The complex of siderophores and iron
is then transported actively into the cell, as it
happens generally with all essential components
that are present in low concentrations. In Gram-

(left) and top-view (right); protein height and elliptical
cross-sections are indicated by arrows (Protein structures
made with VMD)

negative bacteria specific transporter OMPs could
be identified for all three siderophore classes,
often expressed in parallel. These transporter
OMPs are dependent on the inner membrane
protein TonB that in complex with the proteins
ExbB and ExbD transduces the electrochemical
potential of the cytoplasmic membrane into
energy needed for the active transport, as the
periplasmic space is void of ATP (see Fig. 2.11a).

From E. coli TonB-dependant OMP receptors
for all three kinds of iron-binding siderophore
types were isolated, i.e. FepA, specific for ferric
enterobactin [203], FecA, specific for diferric
dicitrate [204] and FhuA, specific for among
others ferrichrome [205]. Though E. coli itself
secretes only the enterobactin, it is able to utilize
siderophores secreted by other organisms, such
as ferrichrome, secreted by fungi [202]. Crystal
structures have been obtained for all three recep-
tors [206-208] and structures show a high sim-
ilarity. All three siderophore transporters consist
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of a C-terminal 22-stranded B-barrel and an N-
terminal, mobile plug (or cork) domain, located
inside the barrel and that is able to reversibly ob-
struct the channel interior [110]. The cork domain
contains the so-called TonB-box close to the N-
terminus, interacting with the TonB C-terminus
[209].

2.4.1 FhuA - General Overview

and Unique Features

FhuA, Ferric hydroxamate uptake component A
(Mw 78.9 kDa) is a monomeric outer membrane
protein composed of 723 amino acids. It always
attracted much attention, since it has been first
isolated in 1973 by Brown et al. as the second
pure protein obtained from the E. coli outer mem-
brane ever [210]. Originally it had been named
TonA, as it had been found that T1 phages are
unable to binds to certain E. coli mutants, namely
tonA and tonB (ton for T one), while TS phages
do not bind to mutant tonA [211]. Two years later
its ability to bind and transport ferrichrome was
revealed [212], leading to the new name “Fer-
ric hydroxamate uptake component A” [213].
In the following years several other components
transported by FhuA had been identified, such
as siderophores structurally close to ferrichrome
(i.e. ferricrocin) antibiotics albomycin, rifamycin
or CGP 4832 and its receptor function was found
to range from phages TS5, T1 and ¢ 80 and UC-
1 to the toxic protein colicin M protein and the
toxic peptide microcin J25 [206]. The FhuA’s
main physiological function however is the up-
take of ferrichrome bound iron.

More recent structural studies revealed that
amino acids 1-160 compose the protein’s plug
region, while the B-barrel domain is comprised
by amino acids 161-723. The barrel consists
of 22 antiparallel B-strands that are connected
by short periplasmic turns (T1-T10) and longer
loops (L1-L11) reaching into the outside en-
vironment [206]. The plug domain consists of
a mixed 4-stranded B-sheet and five a-helices,
it is connected with the barrel by at least 60
hydrogen bonds and 9 salt bridges [117]. The
plug P-sheet plane is inclined by ~45° to the
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membrane normal, thus obstructing the barrel
interior, prohibiting passive siderophore diffusion
[202]. Plug-related channel obstruction was fur-
ther supported by the finding that FhuA reconsti-
tuted into planar lipid bilayers shows no channel
conductance [214]. Deletion of the plug domain
instead results in a passive diffusion channel,
allowing the passage of ferrichrome, maltodex-
trins and antibiotics into the periplasm [193, 215,
216]. As depicted in Fig. 2.11b the FhuA barrel
is 69 A in height and has an elliptical cross
section of 46-39 A in the part delimited by
the B-turns, while the loop side has a smaller
cross section of 40-35 A as deduced from its
crystal structure. It is thus one of the largest
known B-barrel proteins [206]. Co-crystallization
of FhuA with its ligand ferrichrome revealed
that its binding pocket mostly contains aromatic
and hydrophilic amino acids and that the first
four residues in the plug domain are involved in
ferrichrome binding. Structures showed however
that ferrichrome binding did not lead to consid-
erable changes in conformation and especially
had no effect on the position of the cork do-
main [117]. The plug residues 7-11 comprise
the FhuA TonB-box [217]. Its structure and the
interaction with the TonB C-terminus had been
revealed due to the co-crystallization with TonB.
The obtained structures showed furthermore that
the TonB C-terminus forms a four stranded f-
sheet to which the FhuA TonB-box adds a fifth
strand [218]. Currently it is thought that upon
ferrichrome binding the TonB-box reaches out
into the periplasm to interact with TonB. The pro-
teins ExbB and ExbD then help to energize TonB
via the cytoplasmic membrane’s proton motive
force (PMF). ExbB and ExbD are homologous to
the bacterial flagellar motor proteins MotA and
MotB [219].

As ferrichrome binding did not seem to result
in the plug-domain exiting the channel interior,
the question remained how the necessary channel
for ferrichrome transport was formed. In FhuA
this channel has to be at least 10 A in diameter to
allow ferrichrome translocation, a pore this large
can be formed only by the plug leaving the barrel
interior or by major conformational changes in
the plug-domain [209]. Several in vivo studies
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on either FhuA or FepA addressing this question
came to different conclusions, either showing
that the FhuA plug-domain remains within the
barrel [220] or that in case of FepA it leaves
the barrel entirely [221]. In 2012 Udho et al.
reported an in vitro study, where the FhuA was
reconstituted into planar lipid bilayers, showing
that 67 plug residues could be cleaved off of the
reconstituted OMPs in presence of 4 M urea and
trypsin. They concluded that urea pulls part of
the plug out of the barrel, making it accessible to
trypsin. Furthermore they showed that though the
separately expressed and purified plug-domain is
unfolded in solution, it is still able to seal-off
reconstituted barrel domains without cork [222].

Much has been discovered about the FhuA
transport activity since the protein was first iso-
lated from the E. coli outer membrane, how-
ever the exact substrate translocation and energy
transducing mechanisms remain still unclear and
further studies are necessary.

Regarding the interaction with bacteriophages
it has been found that in case of phage T5, the
receptor binding protein pbS5 at the phage tail
end binds to the FhuA protein in an irreversible
way. Upon interaction with FhuA the phage struc-
ture undergoes changes in conformation that ulti-
mately lead to capsid opening and DNA-release.
As the host cell envelope is permeabilized at the
same time, phage DNA is transferred into the
cell [223]. The same has been reported for in
vitro systems, using liposome reconstituted FhuA
[224].

2.4.2 FhuA - Relevance for
Nano-channel Design

It’s well studied robust B-barrel structure, solved
crystal structure and large diameter make the
FhuA an ideal starting point for the design of new
nano-channel materials. The following section
will give a short introduction to this topic, while
Chaps. 5 and 6 will deal with it in detail.

The most striking FhuA feature apart from
its channel diameter is, as for all B-barrel mem-
brane proteins, its exceptional robustness and
thermostability. As mentioned before, for the

2 Biology

FhuA wild-type (WT) barrel domain it could be
shown that it maintains its folded state up to
temperatures of 75 °C, while the plug-deleted
variant shows a decreased temperature stability,
however maintaining the folded state up to 62 °C,
as determined by differential scanning calorime-
try [196]. This can be explained by the exten-
sive hydrogen bonding between backbone atoms
in adjacent B-strands. As FhuA WT and FhuA
variants have been successfully reconstituted into
triblock-copolymer membranes, with copolymers
solubilized in organic solvents like ethanol [193]
or tetrahydrofuran (THF) [181], it can be deduced
that the FhuA structure tolerates lower to middle
concentrations of these solvents.

A molecular dynamics simulation study on
the FhuA ferrichrome-free and ferrichrome-
bound states showed that while the loop and
turn regions at both channel ends are extremely
flexible, the hydrophobic barrel part maintains
a rigid geometry [225]. Of further importance
is that the FhuA structure proved to tolerate
drastic mutations such as deletions (e.g. cork-
domain deletion or deletion of loop regions)
[183, 192, 193] and protein engineering to
modify its geometry [119, 181] without losing
its overall structure and channel functionality
Other mutations led to a functional change i.e.
the creation of a passive diffusion channel upon
cork deletion.

Of further advantage is that procedures
to obtain pure FhuA WT or variants from
purified fractions of E. coli outer membrane
are well established [192, 193, 226]. The
addition of an internal Hexa-His-tag opens
the possibility to further purify isolated FhuA
protein by metal affinity chromatography [227].
In addition a cork-deleted FhuA variant was
successfully expressed into inclusion bodies
in E. coli upon deletion of the N-terminal
signal sequence. Inclusion body material was
solubilized in urea and the protein could be
refolded into polyethylene-poly(ethylene glycol)
diblock copolymer solutions by dialysis [158].
Another variant lacking the cork domain and
four major, channel occluding extracellular
loops (FhuAAC/A4L), was equally expressed
into inclusion bodies. Inclusion body material
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was solubilized, affinity purified and refolded
on-column by the addition of the detergents
n-dodecyl-D-maltoside ~ [192],  n-octyl-B-d-
glycopyranosid or  1-lauroyl-2-hydroxy-sn-
glycero-3-phosphocholin [183].

The FhuA and its variants tolerate di-
verse hydrophobic environments, apart from
conventional detergents. Membrane obtained
and purified FhuA WT [228] and different
FhuA variants [119, 180] for instance were
successfully reconstituted into lipid vesicles.
The variant FhuAAC/A4L was reconstituted
into planar lipid membranes [192]. FhuA
missing the cork domain was furthermore
reconstituted into ABA triblock copolymer
vesicles of the PMOXA-PDMS-PMOXA
type [PMOXA = poly(2-methyloxazoline);
PDMS = poly(dimethylsiloxane)] [193] and a
plug lacking variant with extended hydrophobic
part was reconstituted into thick membranes
of triblock—copolymer PIB ]Ooo-PEG()QOQ-PIB 1000
(PIB = polyisobutylene, PEG = polyethylenegly-
col) [181].

Since the development of B-barrel membrane
protein based nano-channels necessitates a good
structural understanding of the involved proteins,
Chap. 3 will give an overview on the main protein
structural characterization techniques with a fo-
cus on the circular dichroism (CD) spectroscopy
method.
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This chapter will give a state of the art review
on the most commonly wused biophysical
characterization techniques used in f-barrel outer
membrane protein (OMP) structural analysis
such as X-ray diffraction analysis of protein
crystals, Circular Dichroism (CD) spectroscopy
and Nuclear Magnetic Resonance (NMR).
For each of the aforementioned techniques
the alliances with complementary as well
as with other sophisticated techniques to
obtain structural, kinetic and thermodynamical
information will be reported. Though X-Ray
diffraction measurements and NMR studies
result in valuable tertiary structure information,
while CD spectroscopy can give information
on the secondary structure mainly, CD will
be particularly analyzed as a reliable and user
friendly but under-represented method with
which to obtain rapid secondary structural
information on wild-type and engineered f-
barrel OMPs. Protein structural information
studies are especially important for genetically
engineered P-barrel OMP channel variants with
novel structural/geometrical features. For the use
as nano-material components the correct protein
folding into the desired structure is a prerequisite
for channel function and reconstitution ability,
therefore a particular focus should be given to
structure determination.

3.1 Crystallization

Crystal structure determination is the “battle
horse” of structural chemistry and biology. The
high resolution molecular three-dimensional
(3D) structure of biomolecules determined by
X-ray [1], neutrons [2] or electrons [3] poses
the fundamental knowledge to understand how
to resolve the everlasting “structure to function”
relationship problem. Though the methodology
of these techniques is well established and
defined, due to their long time averaged
measurements, as static high resolution structures
[4] opposite to the dynamic high resolution
obtained, for example by NMR, their use is
always considered a fundamental step toward
the general knowledge of the analyzed system.
However Time Resolved Crystallography is a
crystallographic method that gives precious
information on the picosecond scale structural
changes, thus offering valuable insight on the
structure-function relationship and catalytic
compound intermediates in enzymes [5].

The following sub-section will give a
comparison of the main crystallization methods
for membrane proteins in general, listing
some of the known examples of membrane
proteins crystallized by each of the different
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methods. Furthermore specializations regarding
the crystallization of f-barrel membrane proteins
will be mentioned and briefly explained.

3.1.1 Comparison of Membrane
Protein Crystallization

Methods

X-ray crystallography by itself when referred to
protein structure determination already has a long
standing tradition. Its history started almost 60
years ago when the structures of water soluble
proteins like myoglobin [6] and hemoglobin [7]
were first resolved. The constraints posed on the
selection of the protein to be crystallized were, at
the early days of X-ray crystallography, mainly
based on the easy process to obtain a relatively
high amount of the sample with high purity by
protein expression and protein purification. Water
soluble proteins were obviously the first choice.
A time span of nearly 30 years [4] had to pass be-
fore the first crystal structure of a transmembrane
protein was obtained, represented by the publica-
tion of the crystal structure of the photosynthetic
reaction center from Rhodopseudomonas viridis
[8,9].

This long time span stresses how the inher-
ent technical problematic encountered in mem-
brane protein crystallization made their structural
resolution rather complex and difficult. How-
ever with the successful crystallization of the
Rhodopseudomonas viridis photosynthetic reac-
tion center a considerable shift of interest to-
ward membrane protein structure determination
could be observed. The mentioned difficulties in
membrane protein crystallization originate from
a “multi-scale” level because of the nearly in-
extricable steps of expression, purification and
crystallization. Furthermore membrane protein
crystals once obtained often show rather poor X-
ray diffraction.

However during the last two decades a
powerful alliance between molecular biology
and evolved crystallographic techniques based
on robotic systems, able to probe thousands
of different crystallization conditions varying
parameters such as ionic strength, concentration,

3 Biophysical Characterization

temperatures, etc. [10] drastically increased
the number of resolved membrane proteins
structures. As a consequence all the three
aforementioned principal steps i.e. protein
expression, protein purification, and crystal
growth took advantage of the relatively fast
development of each of the specific method.

Due to the fundamental importance of mem-
brane proteins within the physiology of both
prokaryotic and eukaryotic organisms, a contin-
uous research and development is underway. For
example in humans 27 % of the total genome
is supposed to express a-helical trans-membrane
proteins [11] stressing the fundamental and gen-
eral importance of this class of proteins.

Just to mention few of the physiological roles
covered by membrane proteins that are analyzed
by X-ray crystallography, a new series of chan-
nels and transporters have been recently reported
[12] while on the receptor side agonist-bound
structures of G protein-coupled receptors [13]
have been discovered. Another important suc-
cess has been obtained by analyzing the protein-
membrane interactions of the P-type ATPase fam-
ily, functioning as cation pumps and lipid flip-
pases maintaining the electrochemical gradients
and asymmetric lipid distributions across mem-
branes [14]. As a last example, on the prokaryotic
side, in Gram-negative bacteria the pilus bio-
genesis [15] has been found to be based on the
large P-barrel outer membrane transporter PapC
consisting of 24 B-strands. PapC is up to now,
to the best of our knowledge, the largest known
naturally occurring B-barrel membrane protein
(see also Sect. 2.3). For more general and detailed
information on the structure-function relationship
and importance of the a- and p-barrel membrane
proteins see Chap. 2, while Chap. 5 will consider
the challenges in expression and purification of
bacterial outer membrane B-barrel proteins.

Though the number of crystallized membrane
proteins has increased considerably over the
last decade, “only” 393 distinct resolved
structures as reported on the website of
S.H. White “Membrane proteins of known 3D
structure” (http://blanco.biomol.uci.edu/mpstruc/
listAll/list, accessed on 03-04-2013) have been
published, a rather low number if compared to
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the total number of X-ray diffraction resolved
protein structures, ie. ~79,000 RCSB PDB
entries (Research Collaboratory for Structural
Bioinformatics, www.rcsb.org, accessed on
20-04-2013). This under-representation of
membrane proteins is due to the nowadays
still up-to-date problems of membrane protein
expression and purification in order to obtain
the necessary amounts of highly pure protein
(on the hundreds of milligrams) for subsequent
crystallization [16].

However once large amounts of the pure target
protein have been obtained, the protein solu-
tion has to be brought to supersaturation where
spontaneous nucleation and crystal growth can
take place. Pre-requisite is that the protein is
in solution. For water soluble proteins solubility
will generally increase as salt is added to an
aqueous solution, then protein solubility will start
to decrease as the salt concentration is increased
and high enough to compete with the protein for
hydration. Supersaturation can then be achieved
by various vapor diffusion, slow evaporation or
dialysis techniques (e.g. hanging- or sitting-drop
vapor diffusion or micro-dialysis). Within the
thermodynamically instable supersaturation state
of protein solubility (as a function of protein and
salt concentration) three distinct zones can be
defined as shown in the protein solubility plot in
Fig. 3.1. Zone I may sustain crystal growth, it will
generally not easily promote nucleation, zone II
will promote both growth and nucleation, while
zone III instead will lead to protein precipitation.

The main parameters affecting crystallization
are therefore apart from target protein purity the
protein and salt concentration; moreover temper-
ature and pH, as well as certain additives that can
influence crystal growth and initial nucleation.
For further reading on protein crystallization [17]
can be suggested.

When attempting to crystallize membrane pro-
teins however the situation is not so straightfor-
ward as these proteins are not soluble in neat
water and require an amphiphilic environment
(e.g. detergent solutions instead) adding a fur-
ther parameter to the already complex circum-
stances. Different and specialized methodologies
have therefore been developed for the crystal-
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N
r
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Fig. 3.1 Protein solubility curves, plotting protein con-
centration over salt concentration. The three zones of su-
persaturation are indicated (I-1II). Zone I promotes crystal
growth but not nucleation (so crystal seeds are necessary
to start crystallization), zone II promotes crystal growth
and nucleation and zone III leads to protein precipitation

lization of a-helical [18] and B-barrel membrane
proteins [18, 19] with a trend oriented toward
crystallization high-throughput screening and au-
tomated imaging of membrane crystals using
electron microscopy techniques [20].

The general membrane protein crystallization
experiment work flow (including the most com-
mon crystal types and how to obtain these) is
depicted in Fig. 3.2.

The first step corresponds to the extraction
of the membrane proteins embedded in the lipid
bilayer. This step is accomplished by the use of
so called “mild detergents”, important not only
in the extraction step but also to solubilize the
membrane protein, as they keep the protein stable
in an aqueous solution.

Detergents must be selected with regard to
the protein type to be extracted and solubilized.
A detergent that efficiently extracts or solubi-
lizes a certain protein can be often also ap-
plied to other proteins of the same class. A
rather huge variety of detergents is used and is
represented by four main classes characterized
by their chemical structures: ionic, non-ionic,
zwitterionic and bile acid salts [21, 22] (For
more information on specific outer membrane
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Fig. 3.2 Schematic representation of the most commonly
used membrane protein crystallization techniques. The
target protein has first to be isolated from its respective
membrane and solubilized by a suitable detergent (step 1

protein extraction/solubilization methods and the
involved detergents see Sect. 5.2.1). Each class
has some determined physico-chemical charac-
teristics and a balance must be reached consid-
ering their different ability to be denaturants or
to break down selectively, the lipid-lipid, lipid-
protein and protein-protein interactions [21, 22].

Because detergents are used in great excess
to extract/solubilize the protein, the next step is
their removal by single methods each one tak-
ing advantages of the different chemical-physical
characteristics of the detergents like critical mi-
celle concentration (cmc), charge and aggrega-
tion number.

Apart from “pure” detergents, mixtures
of lipids and detergents have been found
useful trying to reproduce a local environment
embedding the protein similar to the natural lipid
bilayer environment.

From this point on there are three possible
routes to obtain crystals of the target membrane
protein. The first is trying to crystallize the com-
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2D crystal

3D crystal
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Step 3

and 2). In step 3 crystals are obtained either by exchanging
detergent by lipids resulting in 2D crystals (fop); in lipid
cubic phase obtaining 3D crystals of type I (middle) or in
detergent leading to 3D crystals of type II (bottom)

plex detergent-protein itself obtaining a 3D crys-
tal (Type II 3D crystal). A second possible route
is based on the detergent exchange with a lipid
reconstituting the protein in an “artificial” lipid
bilayer defined as a 2D crystal generally used
in electron microscopy diffraction studies while
the last considers the insertion of the extracted
membrane protein within a cubic lipid phase
denominated Type I 3D Crystal.

Each of the aforementioned possible pathways
is a quite painstaking “art” to obtain a high
quality crystal to be used in X-ray diffraction
studies and a very active research is under devel-
opment facing the crystallization problem at the
“multiscale” level previously mentioned.

A great effort is also applied to develop a
powerful software basis for the interpretation of
X-ray data. For example the CCP4 (Collaborative
Computational Project, Number 4) software
suite is a database/collection of programs with
associated data and software libraries that can be
used in macromolecular structure determination
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by X-ray crystallography [23]. Another example
is Xsolve, a software environment for automated
structure determination able to execute the
necessary crystallographic data processing
and MAD (Multiwavelength  Anomalous
Dispersion) structure determination steps [24]
or PHENIX, a highly automated software for
macromolecular structure determination giving
an initial partial structure model, when fed
with moderate resolution and good quality
data [25].

When considering crystallization techniques
that avoid the influence of detergents that can
interfere with the protein function by e.g. destabi-
lizing the structure, extraction protocols based on
a detergent-free approach to membrane protein
solubilization using “nanodiscs” or nanolipopro-
tein particles have been developed [26]. By def-
inition “nanodiscs” or nanolipoprotein particles
consist of a raft of lipid bilayer surrounded by
two copies of an engineered amphiphilic helical
section of apolipoprotein, called a membrane
scaffold protein (MSP) [26].

However, many of the X-ray resolved struc-
tures of the membrane proteins have been ob-
tained by crystallizing proteins in detergents [27].
In general the use of detergents that involves the
embedding of the protein within micelles [28] is
thought to influence the membrane protein con-
formation and flexibility due to its inhomogene-
ity and due to the destruction of protein-protein
contacts within the crystal. To avoid this problem
a partial solution was found by stabilizing the
protein-protein contacts by addition of antibody
fragments [22].

To reproduce a more natural environment, the
use of lipids in the crystallization procedure tar-
gets the reproduction of the original environment,
though complications can be brought by the com-
plex phase diagrams that lipids show [29].

On expression and purification level instead,
a new approach consisting of an automated
discontinuous-batch protein synthesis robot,
using a wheat-germ cell-free translation system
was developed [30]. The same technique
able to overcome the problems related to the
protein expression in an organism, the wheat-
germ cell-free expression technique has been
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successfully applied to produce the human
stearoyl-CoA desaturase complex [31] (For more
information on the cell-free expression of
bacterial outer membrane proteins see Sect.
5.2.3). Special purification protocols for proteins
expressed in the yeast Saccharomyces cerevisiae
have been developed [32] to enhance and
increase the quantity and quality of eukaryotic
transmembrane proteins available for structure
determination by X-ray crystallography. Shifting
the attention to the membrane proteins of
prokaryotic organisms, a newly engineered strain
of Escherichia coli able to accept a strong over-
expression of membrane proteins without too
many negative effects for the cells has been
developed [33].

As it will be reported in Sect. 5.1.2.2, a gen-
eral problem related to the over-expression of
membrane proteins in bacteria like Escherichia
coli, especially if dealing with channels or trans-
porters, is the strong deterioration of the phys-
iological parameters of the cell, depressing or
even killing the cell itself practically disabling the
production of the desired protein.

Several general protocols for the crystalliza-
tion of membrane proteins for X-ray structural in-
vestigation have been developed as can be found
in Newby et al. [34] where ten main points for
a successful crystallization process are reported.
A more general protocol that is not only applied
to membrane proteins, defined as a “minimal
crystallization screen” is based on an analysis
of 340,000 individual crystallization trials. This
analysis led to the development of a new minimal
coarse screen (GNF96), which is highly effective
in identifying targets which crystallize easily and
provides leads for the optimization of crystalliza-
tion conditions [35].

The “in meso” approach, i.e. using lipidic
mesophases, is generally not widely used due to
the inherent difficulties related to the handling
of the media. However there are a series of
advantages due to the fact that the target protein is
taken out of the potentially harmful environment
of a detergent micelle originally used to solubi-
lize the protein itself, and is instead placed in a
more natural environment similar to the natural
one [36].
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Recently a new method developing the lipidic
cubic phase crystallization concept was extended
toward a “lipidic sponge phase” [37] that can
be used for all types of bacterial and eukaryotic
membrane proteins in an ordinary hanging- or
sitting- drop vapor diffusion experiment and in
combination with high-throughput crystallization
approaches. The sponge phase method has been
also coupled with sophisticated techniques. For
example a micrometer-sized lipidic sponge phase
crystal of the Blastochloris viridis photosynthetic
reaction center was delivered into an X-FEL (X-
ray free electron laser) beam using a sponge
phase micro-jet obtaining interpretable diffrac-
tion data with a resolution of 0.82 nm [38].

A new “in meso” method has been developed,
where rationally designed lipidic mesophases
have been used to crystallize proteins applicable
to a wide range of integral membrane protein
classes [29]. The “in meso” method accounts
for ~10 % of the published X-ray structures of
integral membrane proteins and though it is not
yet a “user friendly” technology it surely shows
great potential for future developments [36].

Another level of approach is to reduce the
amount of protein using micro to nanocrystals
as successfully carried out for the cyanobacte-
rial Photosystem I (PSI), which is the largest
and most complex membrane protein crystallized
to date [39]. By the use of femtosecond X-ray
protein nanocrystallography based on the high-
energy X-ray free electron laser of the LCLS at
SLAC National Accelerator Laboratory, a liquid
jet of fully-hydrated Photosystem I nanocrys-
tals was brought into the interaction region of
the pulsed X-ray source. Successively, diffraction
patterns were recorded for millions of individual
Photosystem I nanocrystals and data from thou-
sands of different, randomly oriented crystallites
were integrated using Monte Carlo integration
of the peak intensities obtaining a resolution of
0.85 nm.

A continuously updated website based on
the Protein Structure Initiative (PSI) Nature
Structural Biology Knowledgebase is the
Membrane Protein Hub (http://sbkb.org/kb/
membprothub.html) where the state of the art
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on methods and structural information regarding
membrane proteins is reported.

3.1.2 State of the Artin -Barrel
Protein Crystallization

Outer membrane proteins (OMPs) found in the
outer membrane of Gram-negative bacteria or
of the eukaryotic organelles mitochondria and
chloroplasts (also referred to as B-barrel mem-
brane proteins) possess their own expression, pu-
rification and crystallization protocols (see Sect.
5.2). Bacterial porins, in particular have been
considered the main example and precursor of
these class of proteins, with their specifically
developed protocols considered as “master tem-
plates” to be used as first attempt in P-barrel
crystallization procedures [22] (A detailed dis-
cussion on OMP structural and functional fea-
tures, biogenesis and on their relevance for the
development of new nano-materials can be found

in Sect. 2.3).
The website http://blanco.biomol.uci.edu/
mpstruc/listAll/list dedicated to membrane

proteins reports as a subset the known f-barrel
protein structures mainly resolved by X-ray
crystallography or by NMR.

Some procedures specialized on OMPs have
been published in the literature. For example Tan-
abe and Iverson developed a general formulation
to be applied for crystallization of -barrel pro-
teins based on 96 screening formulations (Beta-
Mem™) [40]. Another screening based on 48
formulations (MemPlus™) has been developed
by Iwata and colleagues [41].

The crystallization of OMP is assisted by the
possibility to be over-expressed in Escherichia
coli as inclusion bodies with considerably high
yields. In contrast to a-helical membrane proteins
OMPs readily fold back from solubilized inclu-
sion body material when detergent micelles are
present (see Sect. 5.2.2).

An extension of the techniques previously re-
ported using bicelles or lipidic cubic phases to
B-barrel membrane proteins has been reported.
Using the bicelles technique [42], high resolution
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X-ray crystal structure of mouse VDAC (Voltage
Dependent Ion Channel) a B-barrel transmem-
brane protein has been obtained though lipidic
cubic phases are more frequently used and suc-
cessfully applied [36].

Quite often, however, P-barrel membrane
proteins are associated in complexes or ma-
chineries rendering the crystallization procedure
quite challenging. For example the Bam (B-
barrel assembly machine) complex found in the
Escherichia coli outer membrane is responsible
for the assembly and insertion of outer membrane
proteins and is constituted by an integral f-
barrel outer membrane protein BamA and four
accessory lipoproteins BamB, BamC, BamD and
BamE [43]. While the four lipoproteins have
been successfully and recently crystallized the
BamA P-barrel protein is still unresolved [43].
Further information on the Bam complex and the
role it plays in the OMP assembly into the outer
membrane can be found in Sect. 2.3.2.

Other protocols based on Type V secretion
proteins have been recently published [44]. The
type V secretion pathway is constituted by large
substrate proteins (passenger domains or TpsA)
and membrane proteins (B-barrel domains or
TpsB). The obtaining of the crystal structure
of Type V secretion proteins was possible by
overcoming the challenges in protein production
and crystallization [45].

In conclusion, the development of efficient
crystallization protocols applicable to B-barrel
membrane-proteins is strongly assisted by the
rapidly appearing new crystallization techniques
for membrane proteins in general.

3.2  Circular Dichroism

In recent years the Circular Dichroism (CD) tech-
nique experienced a “Renaissance” especially
as a tool to obtain protein secondary structure
information. By itself CD is a powerful and
elegant absorption spectroscopy mainly used to
extract secondary structure content information
of proteins though it is widely applied to a vast
range of optically active organic, inorganic and
organometallic molecules [46].
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Here will be given some basic CD spec-
troscopy theory including an explanation of
the different spectra obtained for the various
pure protein secondary structure elements. The
different data de-convolution methods will be
mentioned and a short explanation on the analysis
of liposome or polymersome reconstituted outer
membrane protein channels by CD spectroscopy
will be given.

3.2.1 Basic Theory
The CD-spectra are a result of electronic tran-
sitions induced by circularly left and right po-
larized light within optical active (asymmetric)
or symmetric chromophores the last immersed
in asymmetric environments. The difference in
absorbance between the left and right polarized
light will result in a CD signal.

The kinds of asymmetries leading to optical
activity in biopolymers can be generalized into
three main categories:

1. the primary structure is asymmetric. A classic
example are the C, in amino acids where the
electronic transitions involving the C, itself
of a peptide bond are asymmetric due to the
four different substituents (with the exception
of amino acid Gly) and the static electric field
they generate is asymmetric;

2. the secondary structure is characterized by a
well-defined three dimensional organization
where the incident light or electromagnetic
field induces a magnetic as well as an electric
dipole with the electric and magnetic moments
opposite depending on if they are excited by
circularly polarized left or right light. The «-
helix protein secondary structure element is
the prototype of such phenomenon, where the
induced electric and magnetic moments are
parallel to the a-helix axis;

3. the tertiary structure of a biopolymer of a
symmetric group experiencing an asymmetric
environment.

As an example can be reported the electronic
transitions involving the -electron in the aro-
matic Tyr ring generally weakly optically active,
but as a consequence of an asymmetric electric
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Fig. 3.3 (a) Ramachandran Plot with characteristic, de-
fined ¢ and { angles, showing spaces for the o, P,
310-helix and poly(Pro) II helix structures; (b) Far UV
CD-spectra associated with various types of secondary

field built by the protein environment distorting

the electron displacement, it induces a strong

optical activity. In proteins all amino acids with
the sole exception of Gly are asymmetric in their

C, and, as a consequence, optically active.

The use of CD spectroscopy in protein and
peptide characterization deals with:

1. conformational changes wunder different
chemical-physical  conditions like pH,
temperature, solvent environment, ionic
strength;

2. quantitative determination of secondary struc-
ture;

3. quantitative analysis of thermodynamical pa-
rameters in protein/peptide folding;

4. tertiary structure changes (generally local) be-
tween wild type and mutant proteins;

5. binding studies related to conformational
changes;

6. conformational changes kinetics (ms time-
scales).

In an actual CD experimental measurement

[47], the sample is alternately irradiated by a

right and left rotating polarized light and data

200 220 240
Wavelength (nm)

structure. Solid grey line — a-helix; solid black line — anti-
parallel pB-sheet; long dashed line — type 1 B-turn; dotted
grey line — extended 3¢-helix or poly(Pro) II helix; dotted
black line — irregular structure

are generally represented by two different units:
the differential absorbance (AA) correlated to
the molar differential extinction coefficient Aeg
M~ ecm™!), and the mean residue ellipticity
[0], measured in degrees. As the absorption is
monitored in a range of wavelengths the CD-
spectra is a plot of [0] or Ag vs. wavelengths,
showing a characteristic shape depending on the
respective secondary structure present (Fig. 3.3).
The Ae values can be directly deduced by
considering the Lambert-Beer relation, Eq. 3.1:

A=¢Cl 3.1
where € = extinction coefficient,

C = sample concentration,

I =length of the measuring cell.

Due to the chirality of the molecular sample
or the environment itself, a differential absorption
AA between the left and right circularly polarized
light result, Eq. 3.2:

AA=A; —Ar = (e1 —ex) Cl  (3.2)
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where formula symbols are the same as in Eq. 3.1
with the subscript L and R referred to left or right.

Finally from Eq. 3.2 the molar differential
extinction coefficient Ae¢ can be deduced, Eq. 3.3:

(AL — AR)
Cl

When considering the ellipticity unit, the
mean residue ellipticity [0]vrw.» (deg cm?
dmol™!) at a determined wavelength \ is given
by Eq. 3.4:

Ae =g, —eg = (3.3)

MRW x 9(1)

10/C ©h

[9](MRW.A) =
where 6 is the measured ellipticity in degrees, 1
the cell path-length in cm, C the concentration in
g/ml and MRW is the Mean Residue Weight as
a result of the data normalization where in case
of polymers like proteins is selected the repeating
unit, which is in case of proteins the peptide bond.
The peptide bond MRW is equal to MRW =
where M is the molecular mass of the
protein in Da, N is the number of amino acids
and N — 1 the number of peptide bonds. For most
proteins the MRW is 110 &+ 5 Da.
When referring to the protein molar concen-
tration (M) the molar ellipticity at a determined
wavelength A is, Eq. 3.5:

M
N-T’

100 % 9(1)

i (3.5)

[0l pny =
where [0]) and | have the same meaning as in the
previous formula.

The units for both the mean residue ellipticity
and molar ellipticity are deg cm? dmol™!.

The relationship between [0] and Ae is given
in Eq. 3.6

(O] gy = 3,298 % Ae (3.6)

It should be underlined that in most of the
biological studies the detected CD signals are
extremely small with the measured ellipticities
on the scale of ~10 mdeg, corresponding to tiny
differences in absorbance (A A) of approximately
31074,

Proteins can be well defined as heteropoly-
mers made by secondary and tertiary amides
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when proline is involved. Their CD-spectra is a
function of the extent of their secondary structure
and the respective secondary structure content.

As a consequence there is a correspondence
between the secondary structure and the CD-
spectra. In recent years [48] the Ramachandran
plot, showing the correlation between secondary
structures and the dihedral space ¢ and ¢ has
been expanded including additional structures
like P2 (poly(Pro)II type structure; see below).
Such new structures posed some further chal-
lenges to the definition of an overall CD-spectra
of a protein based on single pure structures.

In general a-helices and P-sheets are the most
important secondary structure elements in pro-
teins and they are stabilized by intra- (a-helices)
and inter-chain hydrogen bonds (B-sheet) (For
more details check Chap. 2). The Ramachan-
dran dihedral angles ¢ and { for the o are
defined as —57°, —47° and for the f as —120°,
+120° of each of the amide bonds throughout
the polypeptide chain, forming a well ordered and
oriented structure toward the direction of chain
propagation. Amide groups in a-helices build
a cylindrical surface with intra-chain hydrogen
bonds parallel to the helix axis while those in the
B-sheets build a planar surface. B-sheets exist in
two different forms with the polypeptide strands
organized in a parallel or antiparallel fashion. A
further important secondary structure is the (-
turn, built by at least three residues and stabilized
by a hydrogen bond between the first and the
third amide group reversing the direction of chain
propagation.

Projecting the B-turns in the Ramachandran
space they are characterized by different dihedral
angles for the successive i + 1 and i 4 2 residues.
An important secondary structure with backbone-
backbone dihedral angles defined within the zone
(¢, V: —78°, 150°) present in proteins to some
limited extent (~5 %) is the poly(Pro)II type
structure (P2).

This classification originates from proline-rich
proteins, such as collagen and is a result of the
constraints posed by the proline side chain that
can be defined as a cyclic imino acid. However
P2 structures built by Pro and non-Pro residues
do exist in proteins.
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Fig. 3.4 Molecular orbitals representation of the amide
group reporting the bonding, nonbonding and antibonding
Y orbitals (Y, Y, and ¥*) and two lone pairs localized
on the oxygen atom (n and n’). Electronic transitions are
in the far-UV region

Amino acid residues that do not form any
of the aforementioned well defined and ordered
secondary structures fall under the definition of
“random coils”. Originally the P2 conformation
was not explicitly identified and categorized as
random coil.

In Fig. 3.3a is reported a Ramachandran plot
of the secondary structures with a characteristic
and well defined ¢ and {r angles space with the
o, p and random coil structures leading to char-
acteristic CD-spectra for each of the structural
elements (Fig. 3.3b).

The theoretical basis of protein or peptide
CD-spectra [49] is funded on the amide or
peptide bond chromophore electronic transitions
which dominate the CD-spectra under 250 nm
leaving two typical footprints originated by
a n—>yY* (215<A <230 nm) and yy— Y*
(185 < A <200 nm) transition, Fig. 3.4.

The n— y* transition is electrically prohib-
ited and magnetically permitted and it is the main
responsible for the negative bands shown in the
a-helix spectrum at 222 nm, and the same blue-
shifted at 216-218 nm to characterize the p-sheet
spectrum.

The second transition ¥y — ¥* is primarily
responsible for one positive band centered at
193 nm coupled as well as a negative band at
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208 nm both characterizing the a-helix spectrum,
while in a B-sheet spectrum the 1y — ¥* shows
only one negative band at 198 nm. Depending
on the local protein folding, each transition is
differently perturbed resulting in a characteristic
footprint, Fig. 3.3b.

Specifically B-rich proteins exhibit two kinds
of CD-spectra; a first one showing characteris-
tics reminiscent of the P-sheets with a positive
Y — Y* band centered at ~195 nm followed by
a negative n — ¥* band at ~215 nm and a sec-
ond one characteristic of unordered polypeptides,
reporting a negative ¥ — y* band centered at
~200 nm, resulting in a classification of pI and
BII proteins [50].

Other chromophores than peptide bonds con-
tributing to the protein CD-spectra include aro-
matic amino acid side chains, characterized by an
absorption range of 260-320 nm and S-S bonds
with a weak broad absorption band centered at
260 nm.

Each single side chain of the aromatic amino
acids as for the Cys report a defined spectrum
depending on its mobility and further perturbed
by the local characteristics of the environment
like the presence of hydrogen-bonding, nearby
polar groups and media polarizability [51, 52]:

1. Phe shows a sharp fine structure in the range
255-270 nm with peaks close to 262 and
268 nm (Aeyy £03 M~ em™h);

2. Tyr has a maximum in the range 275-282
(Agp £2M ' em™!) witha possible shoulder
~6 nm to the red;

3. Trp shows a fine structure above 280 nm in
the form of two 'L, bands (one at 288-293
and one some 7 nm to the blue, with the
same sign (Aeyy =5 M~ ecm™!)) and a 'L,
band (around 265 nm) with little fine structure
(Aey£25M L em™h).

4. Cys CD starts at long wavelength in the blue
region (>320 nm) reporting one or two broad
peaks > 240 nm (Aeyy+=1 M~! cm™!) with
the long wavelength peak often negative.

In proteins including cofactors or prosthetic

groups like Fe based heme groups (reporting

a strong band at 410 nm and a wide range

of bands between 350 and 650 nm function

of the Fe spin and oxidation states [53]),
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pyridoxal-5V-phosphate (330 nm) and flavins
(300-500 nm being function of the oxidation
states) their strong spectral signatures can be used
to follow the secondary and tertiary structure
changes.

Though the CD technique is mainly a qual-
itative spectroscopy to measure the secondary
structure content due to inherent difficulties in
the calculation of the theoretical spectra (see
Sect. 3.2.2), the tertiary structural changes can
be monitored by following the CD signals of the
aromatic amino acids [54].

Such analyses are based generally on a com-
parison of the differences in the aromatic CD
fingerprints between the wild type and mutants
of the same protein. Another phenomenon that
can be analyzed by following the aromatic amino
acid CD signal is the presence of a “molten
globule” state in the protein, which arises from
the changed mobility of the aromatic side chains.

It must be underlined that in a “classical” CD
experiment, the obtained spectra are a product
of an averaged measurement performed on a
large ensemble of molecules in thermodynamic
equilibrium, furthermore recorded in time inter-
vals where interesting structural transitions can
occur.

As a consequence to further push the CD tech-
nique toward a more sophisticated spectroscopy
pursuing the target of obtaining protein struc-
ture quantitative data, the use of Synchrotron
Radiation in Circular Dichroism (SRCD) has
enlarged the CD horizon by shifting the absorp-
tion spectrum to lower wavelength <180 nm,
reaching a working range down to 160-120 nm
[55]. Spectral information originating from these
lower wavelengths includes additional electronic
transitions allowing for a unique characterization
of the single secondary structures contributing to
a protein spectrum [56].

Furthermore some other factors like the high
signal to noise ratio of the synchrotron radiation
beam, open the possibility to use small amount
samples and expand the CD toward Time Re-
solved CD spectroscopy (TRCD) [57]. As an
example due to its sensitivity and high ratio of
signal to noise SRCD has been successfully used
to put in evidence the very tiny differences of
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proteins in complexes as compared to the non-
complexed proteins that are not detectable by
classical CD experiments, as in the case of car-
boxypeptidase A in complex with its inhibitor
latexin [58].

Many typologies of experimental alliances
between CD spectroscopy and other experimental
techniques are continuously developed. For
example, pump probe laser experiments are able
to follow conformational changes occurring in
photolyzed carboxymyoglobin [59] or small
time resolution to follow early events in
peptide/protein folding on nanosecond time
scales by T-jumps [60]. Though these techniques
allow the use of CD spectroscopy as an
insightful method to understand local or global
conformational changes out of equilibrium,
the complexity of the experimental apparatus
and of the data analysis/interpretation to avoid
undesirable artifacts [59] and the theoretical
difficulty to calculate “ab-initio” CD-spectra
(see Sect. 3.2.2) limits the main stream of
CD spectroscopy application to the qualitative
understanding of the conformational changes in
secondary and, partially, in the tertiary structures
of proteins.

To list a series of advantages and disadvan-
tages, the pro and the contra of the CD technique
can be categorized as:

Advantages

1. No molecular size limitations;

2. Operatively the experimental set-up is fast;

3. ms acquisition time at single wavelength mea-
surements;

4. Low concentration samples can be analyzed;

Disadvantages

1. No atomic level information is given. As a
consequence though it is possible to obtain
the amount of secondary structure elements
present in a protein or its difference from a
previous sample, it is not possible to affirm
which specific part of the protein is in a de-
termined secondary structure;

2. The observed spectrum cannot be uniquely
determined by a single representation of
secondary structures due to the different
conformational equilibrium ensemble of
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proteins/peptides and to limitations in the

theoretical evaluation of the spectra (see

Sect. 3.2.3);

3. Tertiary structure can be only determined
in cases where special chromophores are
involved.

Though CD spectroscopy derived data lacks
detailed structural information when compared to
X-ray crystallography or NMR spectroscopy, it
is an apparently user friendly and easy to handle
procedure [61] and can be used for survey studies
varying a series of physico-chemical parameters
like temperature, ionic strength, solvent environ-
ment and pH.

For example a thermal, chemical and pH in-
duced denaturation study of multimeric chick
pea B-galactosidase has been conducted. Protein
unfolding was monitored by CD spectroscopy
completed by fluorescence and enzyme activity
measurements [62]. Furthermore targeted proto-
cols based on temperature variation have been de-
veloped to extract thermodynamical parameters
of protein unfolding, binding interactions [63] or
folding kinetics [64].

In conclusion up to now the applications of
CD spectroscopy were based on the determina-
tion of structural changes of proteins/peptides in
solution, complementing and completing other
techniques such NMR and X-ray crystallography.
However CD spectroscopy reveals its usefulness
also in cases where peptides or proteins are em-
bedded in liposomes or polymersomes. Studies
on such more complex systems can be performed
under specific circumstances i.e. avoiding light
scattering and low peptide/protein concentrations
and a more detailed account will be given in
Sect. 3.2.3.

3.2.2 Extracting Secondary
Structure Information: Data
De-convolution
and Algorithm Comparison

As mentioned before the number of membrane
protein crystal structures is rather under-
represented among the total number of structures
(see Sect. 3.1.1). As a consequence CD
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spectroscopy plays an important role in the
investigation of the secondary structure of
membrane proteins in solution due to its
fast experimental procedure and set-up (see
Sect. 3.2.1).

Once the CD-spectra are obtained, two main
procedures to analyze acquired data can be
adopted: an “ab-initio” one where the CD-spectra
are calculated based on the expected chemical
structure by first principle electronic calculations
or the spectrum itself is empirically de-convolved
by a series of structural basis-sets contributing
to the overall spectrum. The selection of the
method, as described in Sect. 3.2.1 is mainly
influenced by the dimensions of the sample.

When considering the “ab-initio” approach,
in the last decades efficient electronic structure
methods for Electronic Circular Dichroism
(ECD) calculations considering molecules
with approximately 10-20 atoms, including as
examples helicenes, fullerenes, iso-schizozygane
alkaloids, paracyclophanes, f-lactams, and
transition metal complexes, are widely used
opening the possibility to determine absolute
configurations of chiral molecules [65].

From the theoretical point of view the calcula-
tion of rotational strengths of proteins by apply-
ing quantum chemical methods is, in principle,
possible. However when applied to peptides or
proteins where the number of atoms and conse-
quently of involved chromophores increases to
>10? atoms, the calculations of CD-spectra from
first principles becomes nearly prohibitive. Such
calculations would be extremely welcome espe-
cially considering that a protein sample is rep-
resented by an ensemble of conformations each
giving a CD-spectra defined by small differences
that can contribute to the final overall CD-spectra
as measured, limited by natural broadening due to
the Heisenberg uncertainty principle, un-resolved
vibronic components and the coupling of the
chromophore with its environment represented by
other chromophores and the solvent [49].

For example the peptide bond, which is
the principal chromophore whose spectrum
is detected, exists in many conformations in
the Ramachandran ¢, {r space function within
the protein location and consequentially the
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spectrum is a result of an average of the various
conformation parameters.

Within the theoretical approach, the matrix
method seems a promising one [66, 67]. The
matrix method has its fundamentals in the
coupled-oscillator and exciton models, by
building a secular determinant based on the
energy and interactions between the transitions
on chromophores [49].

Such theoretical models are today well
developed and on-line tools like DichroCalc
can be applied to calculate CD-spectra of
proteins  [68]  (http://comp.chem.nottingham.
ac.uk/dichrocalc/) using the DichroCalc web
interface for dichroism calculations.

If the calculated CD-spectra fail to reproduce
the experimental data, the structural information
contained in the spectra can be obtained by using
empirical methods generally parameterized on
a set of known protein structures obtained by
crystallography or NMR methods.

The simplest approach to extract the sec-
ondary structure content from a CD spectroscopy
derived data set can be based on the assumption
of the spectrum to be composed of a linear
combination of “pure” CD-spectra i.e., “pure”
a-helix, “pure” B-strand, “pure” P2 etc. each one
statistically weighted by its relative abundance in
the polypeptide conformation.

This hypothesis is described by a linear rela-
tion (Eq. 3.7):

(01yre = ZTan 6],

where the Mean Residue Ellipticity (MRE)

[O]mre is the sum of the single contributions

[0], of a-helix, B-sheet, B-turn, random coil etc.

weighted by the factor a, defined as a fractional

proportion.
However some major drawbacks affect the

linear relation reported in Eq. 3.7:

1. The absence of standard reference CD-spectra
related to “pure” secondary structures. In fact
the synthetic homo-polypeptides that would
be the basic set used to build the reference
spectra are in general poor performing models
for the secondary structures found in proteins,
i.e. influence of the residues as additional
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chromophore contributors to the CD-spectra

and no homo-polypeptide has been found to

be a good representation of B-sheets;

2. the CD signal of an a-helix is length depen-
dent and sensitive to other neighborhood «-
helices with their dipoles in parallel or in
antiparallel fashion to the considered a-helix
dipole.

In general the fitting methods give the most ac-
curate results when helical secondary structures
are considered. To report some of the reasons
for this phenomenon, an a-helical structure tends
to be highly ordered possessing a restricted Ra-
machandran dihedrals space thus producing very
similar spectra and the CD signal intensity of «-
helical segments is very strong. However p-sheet
structures possess a wider dihedral angle space
in the Ramachandran plot with the existence of
parallel and antiparallel orientations of adjacent
strands and different twists, varying considerably
in their CD-spectra [69] with a lower intensity
resulting in negative peaks of only about one-
third of the size as compared to the CD-spectra
minima caused by a-helical structures.

As a consequence when a protein contains a
large amount of a-helix and only a small B-sheet
content, the spectral contribution of the latter may
be overcome and consequently the accuracy of
the derived sheet content is considerably lower,
giving a false low de-convolution derived result.

As previously reported in Sect. 3.2.1 the in-
clusion of the far UV light that is able to analyze
further electronic transitions of the peptide bond
can partially solve this problem because the very
low wavelength data for a-helices and B-sheets
have opposite signs [57]. Moreover the inclusion
of the high-energy transitions in the ultraviolet
CD-spectra of polypeptides and proteins increase
the possibility to calculate and determine bet-
ter poly(Pro) II (P(Il)) type of conformations
[70, 71].

A further problem originates from protein
structure turns that though they show distinct
spectra together with less represented secondary
structures like 3;p-helices, are under-represented
in the databases used for de-convolution. The
number of examples for a given secondary
structure available in any given reference
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database may limit the accuracy of de-

convolution methods.

Nowadays a common solution to these limita-
tions has been obtained by using a database of
reference protein CD-spectra containing known
amounts of secondary structure, giving as re-
sults a series of methods generally more accurate
and reliable than the simple model previously
mentioned using only pure secondary structure
elements. The new methods are often coupled
with highly sophisticated analysis algorithms and
the wider the set of secondary structures included
in the reference databases, the more accurate
will be the obtained result, independently of the
empirical analysis method used.

A series of sophisticated algorithms has
been developed such as singular value de-
convolutions [72], parameterized fits [73],
self-consistency [74], convex constraints [75],
matrix descriptor [76] and neural networks [77,
78]. Further developments [79] include new
computational tools such as support vector
machines, simultaneous partial least squares
(SIMPLS), principal component regressions, or
combinations of several such methods to improve
and extend the analyses [80].

Based on this research philosophy the Protein
Circular Dichroism Data Bank (PCDDB) sets a
freely available database of CD-spectra [81, 82]
(http://pcddb.cryst.bbk.ac.uk/home.php) and the
web interface DichroWeb (http://dichroweb.cryst.
bbk.ac.uk/home/shtml) [80] gives the possibility
to analyze obtained CD-spectra by using several
open source fitting algorithms like SELCON3
[74, 83], CONTINLL [84, 85], CDSSTR [72, 86,
871, VARSLC [72, 86, 87] and K2D117 [78].

To check the reliability of the output analysis
of the secondary structure analysis by CD several
parameters should be considered [61]:

1. The fitting parameter NRMSD (Normalised
Root Mean Square Deviation) is the best in-
dicator on how well the calculated CD-spectra
matches with the experimental data.

The NRMSD parameter is defined by rela-

tion 3.8:
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Z (eexp - 0(761]{,’) 2

NMRSD = (3.8)

> (bexp)?

leading to values between 0 (perfect fit) and
1 (no fit). A NRMSD above 0.25 is generally
considered as a strong error in the analysis
procedure while values of less than 0.1 or
lower are aimed at;

. A good fitting program should always provide

the R value reporting the measure on how
appropriate is the secondary structure com-
position derived from CD when compared to
its X-ray structure, i.e. knowing “a-priori” the
protein structure. The R value is defined as
the sum of all differences between the content
fractions of the different secondary structure
elements (a-helix, B-sheet, and turns) derived
from CD and X-ray analysis of an analyzed
protein. Low R values (<0.1) are an indicator
for a successful analysis. Considering the R
value helps in selecting which one of the
several possible algorithms is the most appro-
priate together with the reference dataset to be
used and this consideration should be made for
each single spectrum to be de-convoluted;

. A visual inspection of the calculated and

experimental spectra should always be
performed in order to check for the presence of
systematic differences. In case of membrane
protein CD data analysis using a reference
dataset of soluble proteins a consistent small
wavelength shift in the absorption maxima
has been reported. This shift is due to the
differences in polarity between the aqueous
environment of the reference protein set
and the environment of a lipid bilayer or
detergent surrounding the analyzed membrane
proteins [88];

. The output of different algorithms should be

always compared. Though not an absolute rule
the output of a certain de-convolution tool
(using a certain algorithm) can be considered
reliable if a similarity is obtained with other
algorithm outputs.
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Furthermore the use of larger reference protein
datasets containing both soluble and membrane
proteins always leads to improvements in the
accuracy of CD spectroscopy derived protein sec-
ondary structure estimation. When considering f3-
barrel OMPs it is extremely important to have
a reference set including a wide ensemble of
spectral and structural variation of reference pro-
teins. The lack of a membrane proteins-only ref-
erence set can cause some problem when analyz-
ing spectroscopic data from a membrane protein
analysis.

In the last years a specific reference set for
membrane proteins has been compiled to obtain
a meaningful and reliable set of results based
on CD-spectra of membrane proteins (data set
MP180) [89].

Specifically the MP180 data set contains the
spectra of 30 membrane proteins including the
secondary structure and fold space covered by all
known membrane protein structures. In addition
a second reference set SMP180 has been created,
which includes 98 soluble protein spectra on top
of the MP180 included spectra.

The analysis of the CD-spectra including both
membrane and soluble protein secondary struc-
tures using the SMP180 dataset gives a signifi-
cant improvement over the use of reference sets
that include only soluble protein CD information
permitting the determination of the percentage of
transmembrane residues, further enhancing and
refining the information previously obtainable
from CD spectroscopy.

3.2.3 Methodological Considerations:
Detergent Solutions or
Liposome/Polymersome
Samples

Due to the insolubility of the B-barrel membrane
proteins in aqueous solutions a solubilization
using detergent or a reconstitution into a lipidic
or polymeric membrane becomes necessary.
Such a procedure, however, imposes some
measurement limits due to the presence of the
light scattering phenomenon (see Sect. 6.1.2).
In fact to obtain a clear and processable signal
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from a CD measurement, the solutions must
be homogeneous in respect to the wavelength
used in the analysis typically within a range of
185 <X <250 nm. As a consequence if particles
with a size comparable to the wavelength used in
the CD-spectra detection are present in solution,
a deterioration of the received signal will be
observed. This is a problem well known in
the polymersome or liposome nano-container
technology, as these nano-containers are on the
same size order of the wavelength used in the CD
spectroscopy measurements.

In general the presence of light scattering in
CD samples is detected by analyzing the wave-
length range 240 < A <400 nm. When a gradual
increase of the absorbance is measured as the
wavelength decreases from 400 to 310 nm, a
light scattering phenomenon is present [61]. This
absorbance increase can be balanced and cor-
rected by plotting log absorbance over log wave-
length, as the obtained line in the non-scattering
region from 400 to 310 nm can be extrapolated
toward the shorter wavelengths to determine the
contribution from scattering to the measured ab-
sorbance at these wavelengths [90, 91].

In general when applied to measurements per-
formed in solution containing nano-containers of
various nature like liposomes or polymersomes,
the best way is to minimize the signal deterio-
ration due to scattering which is directly propor-
tional to the number of nano-containers contained
in the CD light path and to maximize the number
of proteins reconstituted into the nano-containers
membranes.

However though the scattering problem can be
a serious issue, several measurements of mem-
brane proteins or membrane inserting peptides
have been successfully performed.

To avoid the scattering problem the general
approach is to use only sonicated small unil-
amellar vesicles (SUVs) avoiding the extruded
large unilamellar vesicles (LUVs) the latter are
supposed to introduce a high scattering level in
the signal. However in a recent work the Melittin
peptide inserted into LUV, the fractional helical
content of Melittin in LUV was determined [92].

Always by applying CD spectroscopy on
LUVs, a test on the mechanism of antimicrobial,
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cytolytic, and amphipathic cell-penetrating
peptides in model membranes was set up and
the Gibbs free energy of peptide binding to the
lipid bilayer from the surface-associated state
was derived [93], while following conformational
transitions, the effect of the membrane physical
properties of the pHLIP peptide during
transmembrane helix formation was analyzed
and followed by CD spectroscopy [94].

Applying CD spectroscopy to proteins embed-
ded in membranes, differential CD spectroscopy
was used to detect conformational changes that
occur upon binding of the Escherichia coli RNase
E catalytic domain to anionic liposomes calculat-
ing the binding constants [95].

Some novel methodology to estimate the CD-
spectra distortion caused by light scattering when
analyzing membrane-bound peptides and pro-
teins with high content of a-helix has been re-
cently developed [96].

Shifting to the polymersome case where,
by definition a polymersome is an artificial
vesicle with a membrane constituted of synthetic
polymers instead of lipids as used in the case of
liposomes, direct measurements of the change
in the folding state of the Cecropin A peptide
in polymersomes constituted by a synthetic
triblock copolymer  PIB009-PEGeo00-PIB 1000
(PIB = polyisobutylene, = PEG = polyethylene
glycol) was analyzed by CD and fluorescence
spectroscopy [97].

Further details on the polymersome system
analysis will be given in Chap. 6.

3.3 NMR

The Nuclear Magnetic Resonance (NMR) is a
dynamic high resolution structure determination
technique [4]. Its ability lies in the possibility to
probe the fast relaxation of NMR active nuclei
after a perturbation by a magnetic field. While
the NMR technique has been used since the
1940s to inquire on the structure and dynamics
of organic molecules, the first attempt to apply
NMR spectroscopy to protein molecules had been
made by Kurt Wiithrich in 1980. Since then
the protein NMR spectroscopy method has been
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under continuous evolution and a multitude of
protein structures has been solved by NMR. As
a consequence NMR (when applied to proteins)
is a powerful complementary technique able to
give a dynamic overview of the protein in its
environment compared to the static picture given
by X-ray crystallography, apart from the special
cases where time resolved crystallography is used
to “trap” intermediates in enzymatic reactions on
the picosecond scale [5]. In general the advan-
tage of the NMR technique when compared to
other structural techniques is based on its ability
to measure the protein conformational dynamics
spanning over a wide range of time scales from
picoseconds to hours [98] and the protein does
not have to be in crystallized form.

In the following section the basics of protein
NMR structural determination will be explained
focusing on examples of the structural analysis of
B-barrel membrane proteins by NMR.

3.3.1 State of the Art on -Barrel

Membrane Protein NMR

While the resolved crystal structure is derived es-
sentially in solid state, the derived protein NMR
structures represent the “real” liquid conditions
experienced by the protein, though solid state
NMR is a further powerful variant to obtain
protein structural information.

For example liquid NMR is perfectly suit-
able for the analysis of intrinsically disordered
proteins (IDPs), where the IDP conformational
space can be mapped. As IDPs can be crystal-
lized in spite of their extreme flexibility, but the
IDPs disordered part cannot be resolved by X-ray
diffraction [99].

There is a series of fundamental differences
between solution NMR and solid state NMR,
concerning sample preparation and pulse
sequences used to obtain analyzable signals.

Specialized servers exist reporting the current
number of membrane proteins analyzed by
NMR methods (liquid and oriented and magic-
spinning solid state) (http://www.drorlist.com/
nmr/MPNMR.html) giving a total of 98 unique
protein coordinates (accessed on 03-04-2013).
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A typical NMR experiment, independent from
if performed in liquid or in solid state, considers
the insertion of the desired sample under an
oriented, intense magnetic field. Such a magnetic
field aligns the dipoles of all the sample spin nu-
clei (in biopolymers these are mainly represented
by 'H, ?H, 3C, PN and 3!P), splitting the ener-
gies of each spin-state of the atoms into resolved
energy levels within the microwave range.

Due to the high number of atoms constituting
a protein molecule (>10%), the “classical” 1D
spectra representation, i.e. chemical shift toward
intensity used in the analysis of small organic
compounds does not lead to sufficient resolution
causing strong signal overlapping. To avoid this
problem, multidimensional 2D, 3D and 4D NMR
experiments have been developed opening the
possibility to analyze complex spectra such as the
ones derived for proteins.

For each of the nD NMR techniques have been
developed a variety of different characteristic
pulse protocols. In fact each NMR experiment
is based on a time delayed sequence of radio
frequency (RF) pulses and the timing, frequen-
cies, and intensities of these pulses define the
different NMR experiments [100, 101]. Further-
more to increase the resolution and to reduce
the acquisition time or to render the analyzed
protein more NMR active, isotopic labeling with
13C (2C is not NMR active) or N ("N has a
quadrupolar moment preventing high resolution)
can be helpful.

Several pulse protocols have been developed
for the determination of protein structures. When
considering the “homonuclear through-bond cor-
relation method” where the magnetization trans-
fer occurs by a J-coupling of atom nuclei of the
same type connected by up to a few bonds, using
a pulse sequence named correlation spectroscopy
(COSY) [101] or total correlation spectroscopy
(TOCSY) [102] to mention only a few.

The “heteronuclear through-bond correlation
method” analyzes the magnetization transfer
occurring between nuclei of two different types
with pulse sequences like heteronuclear single-
quantum correlation spectroscopy (HSQC) [101]
and heteronuclear multiple-bond correlation
spectroscopy (HMBC) [101].
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When considering the  “through-space
correlation methods” such methods are able
to correlate nuclei which are physically close
to each other independently from whether
there is a bond between them. These methods
make use of the Nuclear Overhauser effect
(NOE) [101] where nearby atoms within
~0.5 nm undergo cross relaxation by a
mechanism related to the spin—lattice relaxation
mechanism. The pulse sequences most used
in this context are Nuclear Overhauser effect
spectroscopy (NOESY) [103, 104] and the
Rotating frame nuclear Overhauser effect
spectroscopy (ROESY) [101].

Another methodology considers the “resolved-
spectrum methods” where unlike correlated
spectra, resolved spectra spread the peaks in
a ID-NMR experiment into two dimensions
without adding any extra peaks [100, 101].

For even more complex pulse sequences and
couplings used in the 3D and 4D NMR special-
ized literature can be referred to [105-107].

For a list of NMR acronyms, abbreviations,
and terms the following website can be very use-
ful:  http://www.bmrb.wisc.edu/education/nmr_
acronym.php?query_id= (accessed 07.04.2013).

Independent of the NMR methodology, solu-
tion or solid state, a four step protocol is always
used: Preparation, Evolution, Mixing, and Detec-
tion [108].

1. Preparation step: In this step a magnetization
coherence is induced by a set of RF pulses.

2. Evolution step: The evolution step is a length
of time during which no RF pulses are irradi-
ated on the sample and the nuclear spins are
allowed to precess (rotate).

3. Mixing step: During the mixing step the nuclei
coherence is perturbed by another series of
pulses into a state that leads to an observable
signal.

4. Detection step: During the detection the free
decay of the signal obtained from the sample
is analyzed as a function of time, as done
in a conventional 1D FT-NMR (Puls-Fourier-
Transformation-NMR).

A general procedure starting from isotope en-
richments to the final structural information out-
put is reported in Fig. 3.5.
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Protein Production

Isotope enrichment (1*N, $2C) by
isotopically enriched growth media

15N, 13C enriched target protein
sample

TN
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NMR Experiments

Chemical shift assignment '

\ 4

Conformational restraints (NMR
derived or by other experimental
technigues)

\ 4

Structure calculation and
refinements

\ 4

Structure validation (e.g.
PROCHECK-NMR)

\ 4

PDB output '

Fig. 3.5 Flow chart representing a typical NMR experiment starting from the protein expression, isotope enrichment
and protein purification to the basic NMR steps including measurements, refinements, validation and to the final output

Due to the mentioned difficulties to obtain
membrane protein structural information by X-
Ray diffraction measurements of crystallized pro-
teins, the use of liquid NMR and solid state NMR
resulted in a fundamental contribution to and a
broadening of the structural knowledge of this
protein class.

However the main problem with both liquid
and solid state NMR analysis of membrane pro-
teins is related to the ability to reproduce the
ideal environment such as the membrane of the
original organism from which the protein has
been extracted. Such a problem can seriously
narrow the validity of data obtained by NMR
techniques and the possibility to obtain any data
at all.

Furthermore in liquid state a major obstacle
to obtain high resolution spectra of proteins is
related to the slow tumbling practically delet-
ing the possibility to average out the anisotropic
interactions resulting in broad resonances and
consequently giving unusable spectra [109, 110].

Such a spin correlation time has been for
decades a major limiting factor in NMR spec-
troscopy, affecting even more the membrane pro-
tein analysis by liquid NMR. In fact as most of
the membrane proteins are insoluble in aqueous
solutions and must be solubilized by use of deter-
gents or lipid micelles, the aforementioned spin
correlation time becomes a major obstacle due to
the low tumbling frequencies of the huge objects
in which the protein resides.

Several solutions have been developed based
on isotope protein-labeling strategies [111, 112],
pulse protocols [113], on reducing the solution
volume by embedding the protein in micelles and
reverse micelles [114, 115] or on increasing the
tumbling frequency reducing the viscosity.

Considering the techniques dealing with the
media for the embedding of the membrane pro-
teins, the insertion of membrane proteins into
bicellar phases has been well established [116]
where bicellar phases are based on a mixture
of phospholipids with detergents [117]. One of
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the fundamental characteristics of such bicellar
phases is their morphological variation as func-
tion of the detergent content. By increasing the
detergent content it is possible to obtain mul-
tilamellar vesicles, multilamellar vesicles with
toroidal pores lined up by detergents, extended
lamellae with magnetic-alignment, magnetically
alignable chiral nematic “worm-like” ribbons,
isotropically tumbling flat disk-like aggregates
and “pure” detergent micelles [116].

Lipid bicelles open up a space between the
two model media based on detergent micelles
and multilamellar vesicles reporting a quite high
flexibility regarding their size with the small
bicelles (also known as isotropic bicelles) small
enough to tumble quickly on the NMR time scale
and consequently used in solution NMR studies.

Larger bicelles, if macroscopically aligned,
can be used under static solid-state NMR
spectroscopy while magic angle spinning (MAS)
NMR experiments (definition see below) can
be applied to lipid bicelles [116]. Alternative
non-micellar solubilization techniques using
amphipoles [118] and lipid bilayer systems apart
from bicelles, such as nano-lipoprotein particles
(NLPs) have been considered also [119].

Amphipols are amphipathic polymers
consisting of polymeric backbones that are
covalently modified with a stochastic distribution
of hydrophobic and hydrophilic groups [120]
and have been successfully used showing
conservation of the membrane protein function
for proteins like the B-barrel outer membrane

proteins OmpA [121], FomA [121] and
OmpX [122].
Nano-lipoprotein  particles (NLPs), also

known as nano-discs or reconstituted high density
lipoprotein particles (rHDLs) are considered
membrane mimics providing a novel technique
for studying membrane proteins in a native-
like membrane environment. NLPs are made
by a non-covalent assembly of phospholipids
organized as a discoidal bilayer, surrounded by
amphipathic apolipoproteins [119] (see Fig. 3.6).
The NLP technology has been successfully
explored to investigate a large number of
membrane proteins by a battery of biophysical
methods [123].
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Fig. 3.6 Schematic representation of lipid nano-disc con-
sisting of disc-shaped lipid bilayer part surrounded by
amphipathic helical apolipoprotein

Nowadays the upper limit for “routinely”
carried out NMR analysis experiments lies at
~100 kDa in molecular weight [124], this upper
limit however has continually increased over the
last years and is therefore expected to further
increase in the future.

However some examples of high resolution
NMR spectra of proteins up to 900 kDa have been
published recently [125, 126].

The same techniques have been applied to
resolve channel proteins such as the a-helical
potassium channel KscA [127], the Escherichia
coli outer membrane proteins OmpX [128] and
OmpG [129], the influenza B proton channel
[130] and ion channel fragments such as the
voltage-sensing region of KvaP [131].

In parallel to the development of special tech-
nical protocols applied to solution NMR, a cou-
pling of this method with other techniques per-
mits to increase the level of sophistication.

For example recently [132] the composition
and physico-chemical properties of detergent-
solubilized integral membrane proteins has been
solved primarily by the use of the micro-coil
NMR technology and functional assays have
been developed and applied to the f2-adrenergic
receptor characterized by assigning '"F-NMR.
Another study [133] again using micro-coil
NMR was able to monitor and determine the
optimization conditions for NMR structure
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determination of the OmpW B-barrel membrane
protein in aqueous solution.

The same micro-coil NMR based technique
has been successfully employed to determine the
final composition of solutions of the integral
membrane protein P(2)-adrenergic receptor
(B(2)-AR), reconstituted with a detergent,
defining the hydrodynamic properties of the
mixed PB(2)-AR/detergent/lipid micelles [134].
Such NMR translational diffusion coefficient
studies can be used as qualitative checks for
reproducible preparation for crystallization trials
and solution NMR studies of G-protein coupled
receptors.

Another important solution NMR application
originates from the fast structure determination
of human integral membrane proteins (hIMPs) by
using systematically labeled proteins produced
via cell-free expression [135] (For details on
cell-free expression of membrane proteins and
especially OMPs see Sect. 5.2.3) obtaining the
backbone determination of six hIMPs solved in
only 18 months from a pool of 15 initial targets.

Another recent study [136] aimed to overcome
the problem of a suitable membrane mimicking
system usable for NMR, made use of specific
small diameter phospholipid nano-discs, i.e. par-
ticles consisting of two copies of apolipopro-
tein A-I (ApoA-I) wrapped around a patch of
phospholipid bilayer. The combination of small
nano-disc size and high protein deuteration levels
coupled with the use of advanced non-uniform
NMR sampling methods enabled to resolve and
assign the NMR peaks obtaining a high resolution
structural determination of the bacterial outer
membrane protein OmpX.

Based on the same line of research try-
ing to understand the interactions between
the membrane proteins and detergents and
lipids [137] the integral membrane enzyme
diacylglycerol kinase (DAGK) has been
analyzed in presence of three different micelles
composed by lysomyristoylphosphatidylcholine,
lysomyristoylphosphatidylglycerol and tetrade-
cylphosphocholine. Liquid NMR measurements
revealed significant differences in DAGK-
detergent interactions involving lysomyris-
toylphosphatidylcholine micelles versus micelles
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composed of dodecylphosphocholine underlining
how some integral membrane proteins can still
behave as in their native environment when in
lipid-free detergent micelles. And '*C-based
detergents have been found to be targets for
the analysis of membrane proteins.

A coupling between NMR spectroscopy and
analytical ultracentrifugation of membrane pro-
tein detergent complexes has been developed for
the screening and selection of the extraction de-
tergent, all these results particularly important
for the finding of initial crystallization condi-
tions [138].

Solution NMR has been also used to establish
specificity of weak heterodimerization of mem-
brane proteins [139].

Protein isotope enrichment [140] has been
accomplished by using SPP (Single Protein Pro-
duction), where membrane proteins are produced
with high efficiency and assembled into appro-
priate membrane fractions, practically convert-
ing E. coli into a bioreactor producing only the
targeted membrane protein. Proteins derived by
such method are very valuable NMR study tar-
gets, due to the label induced signal enhancement
(see above).

Apart from some exceptions previously re-
ported, solution NMR poses as mentioned an
upper limit of ~100 kDa with a routinely reached
base of ~30 kDa to the molecular weight of the
biomolecules to be analyzed.

To overcome the limit of 100 kDa, solid-state
NMR (ssNMR) can be used as it does not require
the sample to be soluble or able to form crystals
[141, 142].

Though solid state NMR applied to biopoly-
mers and in particular to membrane proteins is a
quite young technique it is rapidly developing and
has therefore great potential to further increase
structural insights on membrane proteins [143].

One of the main challenges in a NMR experi-
ment is to produce analyzable signals with peaks
narrow enough to reach a suitable resolution
eliminating overlapping lines. In fact while in
solution NMR the spectra are characterized by
well-defined sharp peaks due to the averaging out
of the anisotropic (orientation-dependent) NMR
interactions by rapid random tumbling, in ssSNMR
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spectra are very broad as the anisotropic effects
are not averaged out as position of the atoms
within the solid is “fixed”.

As a consequence the ssNMR requests for
a number of special techniques and hard-
ware/software to extract the desired information
from the sample under analysis. Techniques
include magic-angle spinning, cross polarization,
special 2D experiments and enhanced probe
electronics.

The fundamental works of both E.R. Andrew
[144] and 1.J. Lowe [145] were able to show that
anisotropic dipolar interactions can be suppressed
by rotating the sample about an axis oriented at
54.74° with respect to the external magnetic field,
today known as magic-angle spinning (MAS)
technique. MAS enabled ssNMR to enter in its
“golden age”.

Other specific methods have been developed
to minimize the anisotropic NMR interactions
between nuclei increasing the signal to noise ratio
in NMR spectra apart from MAS dilution how-
ever naturally occurring when considering >N or
13C nuclei, such as multiple-pulse sequences that
combined with rotation gives CRAMPS (com-
bined rotation and multiple pulse spectroscopy)
and cross polarization. Cross polarization can be
combined with MAS and the polarization from
abundant nuclei like 'H, '°F and 3'P can be
transferred to dilute or rare nuclei like '3C and
5N enhancing the signal to noise ratio [146].

In the late years fundamental developments
have been brought to the magic angle spinning
solid-state NMR (MAS ssNMR) methods repre-
senting an important approach for studying mem-
brane proteins of moderate size. Such methods
have already been successfully used to charac-
terize fibrils, globular proteins and membrane
proteins embedded in lipids [146].

The environment into which a membrane pro-
teins is embedded is also under ssNMR resolved
by using different techniques, for example by
applying different bilayer constructs mimicking
a cellular membrane, including bicelles, multil-
amellar and unilammelar vesicles [117, 147] and
solid supported membranes deposited on glass
layers [148].
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An alliance between solution NMR and
ssSNMR has been used to solve the structure
of the Klebsiella pneumonia OmpA in DHPC
(1,2-dihexanoyl-sn-glycero-3-phosphocholine)
detergent micelles (liquid state NMR) and after
reconstitution in lipid bilayers, its loop dynamic
was assessed by solid state NMR and relaxation
studies [149].

As for the solution NMR, ssNMR is coupled
with other techniques to obtain the desired
structural information. A nice work has been
published, reporting crystallization trials that
yielded only poorly diffracting microcrystals of
the transmembrane domain Yersinia enteroco-
litica adhesin A (YadA). A single, uniformly
13C- and '"N-labeled sample was then used and
ssNMR allowed to obtain information on some
parts of the protein regarding structural flexibility
and mobility [150].

To avoid time consuming protein extraction
and purification steps, an interesting technique
involves the direct application of “cellular solid-
state NMR spectroscopy” on porins from C. glu-
tamicum within the bacterial cell envelope. This
method is based on the use of a combination
of isotope labelling schemes, sample prepara-
tion routes and state-of-the-art multidimensional
solid-state NMR experiments under MAS condi-
tions at high magnetic field [151].

Another powerful alliance has been found by
coupling data from X-ray diffraction analysis
with ssNMR data on the example of the integral
membrane protein complex DsbB-DsbA. In fact
since crystals of biomolecular assemblies based
on membrane proteins can diffract weakly and
their dimensions likewise limits their study by
NMR in solution due to the molecular tumbling,
the parallel use of ssNMR restraints and X-ray
reflections allows a refining of obtained structural
information. In case of the DsbB-DsbA complex
based on a 3.7 A crystal structure the backbone
precision could be improved by 0.92 A in the
transmembrane region by ssNMR. This means
a 58 % enhancement as compared to the X-ray
reflections alone [152].

Finally the so called Rotational Alignment
(RA) ssNMR can be used as a general method for
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structural determination of membrane proteins
in phospholipid bilayers under physiological
conditions. The technique relies on the
ssSNMR  spectroscopy and residue-specific
structural restraints for membrane proteins
that undergo rotational diffusion around the
membrane normal, but whose mobility is
restricted by interactions with the membrane
phospholipids [153].

NMR solved protein structures can be vali-
dated using structure validation program suites
like PROCHECK-NMR [154].

In conclusion the rapid development of differ-
ent techniques on a multi-level scale regarding
molecular biology and biotechnological methods
(expression and purification of membrane pro-
teins, as will be discussed in Chap. 5) and struc-
tural characterization techniques such as X-Ray
diffraction measurements of protein crystals, CD
spectroscopy and NMR, opened the possibility to
understand and increase the knowledge on mem-
brane proteins. In the future membrane protein
structural analysis methods will become more
and more important, as they will promote the
engineering and development of entirely novel
proteins. As Chap. 5 will show such new proteins
(especially when based on B-barrel OMPs) have
great potentials for the development of bio-based
nano-material components that can be combined
with artificial membrane systems, while the fol-
lowing Chap. 4 will focus on theoretical consid-
erations that can be used to validate a new protein
engineering concept or to understand an existing
system.
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This chapter will describe a multi-level approach
to the problem of simulating a complex system
as a membrane protein in its natural environment
or in an artificial environment constituted by a
polymer membrane. Due to the impracticality
to fold a B-barrel protein “in-silico” due to the
long refolding time (from seconds to hours),
shortcuts must be taken and evaluated to obtain
reasonable results. The chapter will show the
benefits and limitations of different levels of
resolution for biomolecular modeling. More con-
cretely a review on the use of Quantum Mechan-
ics, all atom Molecular Dynamics simulations
and Coarse Grained simulations to face different
structural, dynamical and functional features typ-
ical in B-barrel membrane protein based systems
will be given. Structure prediction tools will be
introduced in the context of membrane protein
structure prediction underlining the problems of
applying prediction methods to B-barrel proteins.

From MD to CG: A Multi-scale
Approach

4.1

Throughout the present book will be pointed out
the great potential of B-barrel membrane proteins
as flexible tools to design a broad new family of
nano-devices. The rich chemistry, great availabil-
ity and enhanced selectivity of B-barrel proteins
can be exploited to design highly selective nano-
channels with a broad scope of applications in
drug delivery systems or nano-sensor techniques.

However it should be kept in mind that -barrel
membrane proteins are trans-membrane proteins
showing a specific tertiary structure that forms a
pore that can be selectively permeated by nutri-
ents, water or ionic species. In nature the activ-
ity and function of these membrane proteins is
highly modulated by the lipid composition of the
membrane hosting the protein [1]. Thus their use
in nano-technological applications will always
imply their reconstitution into lipid or polymer
membranes different from their natural environ-
ment. Additionally, for more sophisticated appli-
cations it will be necessary to introduce some
specific functional groups to the interior of the
channel or modify the geometry of the f-barrel
membrane protein. These changes in the environ-
ment and engineering of the P-barrel membrane
proteins may dramatically alter their structural
stability, function and dynamics (for details on -
barrel engineering see Chap. 5).

The rational design of a nano-device of this
kind starts from the smallest “piece” in this “puz-
zle”, i.e. the atoms and individual molecules,
following a bottom-up approach. In this sense in
silico or computational design emerges as a key
partner for the rational development of new f-
barrel based nano-devices. Computational mod-
eling may help explaining some key features that
are not well understood and have a clear impact
on the successful preparation and performance
of this kind of system, i.e. the self-assembly
process, the interaction between the B-barrel and
its new synthetic environment and the impact
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of new functionalities introduced to the p-barrel
as well as other geometric modifications on the
structure and dynamics of the engineered channel
protein. In this sense in silico or computational
design emerges as a key partner for the rational
development of new nano-devices such as those
focused in this book.

In the following will be described a multi-
level approach to the problem of simulating a
complex system such as a membrane protein in
its natural environment or in an artificial environ-
ment constituted by a polymer membrane. Due
to the impracticality to fold a P-barrel protein
“in-silico” due to the long refolding time (from
seconds to hours), shortcuts must be taken and
evaluated to obtain reasonable results.

4.1.1 Why a Multi-scale Approach?
The increasing importance of computation in
chemistry, biotechnology and biology goes hand
in hand with the continuous growing of hard-
ware and the availability of more powerful and
faster computers. Since the first simulation [2] of
a real protein in 1976 computational chemistry
has become an essential tool in protein design,
polymer science, nano-science, drug design or
drug delivery systems design [3]. In present days,
computational chemistry/biology is considered
an essential tool to complement and interpret
experimental measurements as well as to pro-
vide data that is difficult, expensive or simply
impossible to access experimentally. However
some preliminary considerations must be taken
into account before facing a new computational
modeling problem:
1. What is the length scale or size of the system
of interest?
2. What is the characteristic time scale of the
process of interest?
3. What are the degrees of freedom or level of
resolution needed?
As a general rule the bigger is the system, the
longer is the simulation time and the smaller is
the level of resolution the more expensive is the
simulation in terms of CPU (central processing
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unit) time and hardware resources. These three
questions must be answered individually for the
specific system and process of interest. Figure 4.1
summarizes the different time and length scales
achievable for different levels of resolution and
computational methods.

4.1.2 Quantum Mechanics

Quantum Mechanics (QM) offers the most ac-
curate level of description of the matter as it
describes its fundamental behavior at the atomic
and molecular level. QM methods are used in
practice for systems involving only few dozens
of atoms and in systems where an accurate de-
scription of the electronic structure is needed.
QM deals with the motion of electrons under
the influence of the electromagnetic force ex-
erted by nuclear charges and requires solving
the Schrodinger equation (Eq. 4.1), in which
electrons are considered as wave-like particles,
using some approximations mostly ab initio or
Density Functional Theory (DFT) methods:

Hy =E .1
In the last equation H is the so-called Hamilto-
nian operator containing the kinetic and potential
energy of the nuclei and electrons, E is the energy
of the system and 1 is the wave function that
describes the molecular orbitals.

4.1.2.1 The Hamiltonian Operator

The general expression of the Hamiltonian oper-
ator for a system with M nuclei and N electrons
described respectively by position vectors R and
1j is given in Eq. 4.2.

. N 1 M
R M I
i=1 i=1 A=1
ZAZ
D) IEED ) 3

i=1 j>1 B ATigsa

where My is the relation of the mass of the
nucleus A with respect to the mass of the electron,
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Fig. 4.1 Characteristic time and length scales achievable by Quantum Mechanics (QM), all atom Molecular Dynamics

(MD) and Coarse Grained (CG) simulations

Z is the atomic number of the nucleus A and
V12 and V/i are the Laplace operators referred to
the differentiation between the coordinates of the
electron i and nucleus A respectively. In Eq. 4.2
the first two terms are related to the kinetic en-
ergy of the electrons and nuclei respectively, the
third term defines the electrostatic attraction be-
tween nuclei and electrons and the last two terms
are the electrostatic repulsion between electrons
and nuclei. The Born-Oppenheimer approxima-
tion states that nuclei in a molecule are stationary
with respect to the electrons because of their
higher mass. Consequently the second and fifth
terms of Eq. 4.2 can be neglected leading to the
so-called electronic Hamiltonian (Eq. 4.3).

Zan L 1
A
PR D) D
! i=1 j>1 Y
4.3)

. N 1 N M
==} %= Y

i=1 i=1 A=1

4.1.2.2 Basis Sets

As previously stated electrons are considered as
wave-like particles, being 1y the wave function
that describes the molecular orbitals. Molecular
orbitals can be represented as linear combinations

of m basis functions (Eq. 4.4) following the
Linear Combination of Atomic Orbitals (LCAO)
approach [4, 5].

m
\lfi = chi@s

s=1

(4.4)

being {; the ith molecular orbital, ¢, the sth
basis function and cg; weighting coefficients that
must be adjusted to get the best molecular orbital.
Basis functions can be either atomic orbitals or
any set of mathematical functions whose linear
combination yields useful representations of the
molecular orbitals. The linear combination of ba-
sis functions used to generate molecular orbitals
is called basis set.

Slater functions (Eq. 4.5) describe very accu-
rately atomic wave functions, but large computer
time is required to evaluate them. To notably save
computer time, Gaussian functions (Eq. 4.6) may
be used instead.

¢ = a-exp(—br) 4.5)

¢ = a-exp (—br) (4.6)
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The total wave function v is then expressed
as a Slater determinant of spin orbitals o and

Ui(Da(l) W (1)B(1)

v (2n)!

a2 (Da(l)
1 U1(2a2) 4122 ¥22a)  2(2)BQ2) - W(2)B(2)
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f which for a system containing 2n electrons is
expressed according to Eq. 4.7.

Ua(DBA) -+ n(DP(D)

4.7)

1 (20) a(20) 1 (20) B(2n) B2(2n) a(2n) 2 (20)B2)  Wn(20) B(2n)

There are mainly two kinds of basis sets. The
first family is comprised by the so-called STO-
nG basis sets, in which a number n of Gaussian
like primitive functions as described in Eq. 4.6
are used to get the best approximation to the
corresponding Slater function by adjusting the
parameters a and b in Eq. 4.6 [6]. The second
big family is called split-valence basis sets, with
the Pople and Dunning basis sets the most widely
used. Split-valence basis sets make use of one
single basis function to describe core electrons
while valence electrons are described by two or
more basis functions. Pople basis sets are for-
mulated according to the K-MNG scheme, where
K is the number of Gaussian functions used to
describe the basis functions of the core electrons
while M and N indicate that each valence orbital
is split into two parts represented by M and N
Gaussians respectively. Popular examples of this
kind of basis sets are the 3-21G [7] and 6-31G
[8]. In the same way triple zeta Pople basis set 6-
311G indicates that the valence orbital has been
split into three parts each of them represented
respectively by 3, 1 and 1 Gaussians. To achieve
a more realistic electron distribution polarization
and/or diffuse functions are added to the basis set.
Polarization functions are added by supplement-
ing basis functions with d, p or f orbitals so that
the electron distribution is polarized or displaced
along a particular direction. When Pople split-
valence basis sets are used polarization functions
are written in parenthesis. One example is the 6-
31G(d,p) basis set, where d and p polarization
functions have been added to the 6-31G basis set.
On the other hand diffuse functions are Gaussian
functions similar to those in Eq. 4.6 but with
small coefficients a and b with the aim to better
reproduce the behavior of electrons that are far

from the nuclei. Diffuse functions are denoted
as (+4) when added only to heavy atoms and as
(++) when additionally added to helium and
hydrogen atoms. Diffuse functions are normally
used to study molecules with heteroatoms, anions
and electronic excited molecules.

Dunning basis sets, also known as correlation
consistent basis sets, are the other big family
of split-valence basis sets. They are built up by
adding shells of functions to a core set of atomic
Hartree-Fock functions. Each function in a shell
contributes approximately the same amount of
correlation energy. Dunning basis sets follow the
nomenclature cc-pVXZ, with X being the degree
of polarization. The addition of diffuse functions
to Dunning basis sets is denoted with the prefix
“aug” [9-12].

4.1.2.3 Ab Initio Calculations

Ab initio or first principles calculations try to
solve the Schrodinger equation (Eq. 4.1) using
only basic physical theory without using any em-
pirical fit. The Hartree-Fock (HF) method, also
known as Self Consistent Field (SCF) method is
the simplest ab initio method [13, 14]. The HF
wave function is approximated to a single Slater
determinant of spin orbitals (Eq. 4.7) while the
Schrodinger equation is solved through an iter-
ative process applying the variational principle.
Thus energy of any approximate wave function
is always larger than the exact energy. Since
one electron wave functions are used, electron—
electron interactions are neglected and each elec-
tron interacts only with the mean field arising
from all the remaining electrons, which is de-
scribed by the Fock operator. The best approxi-
mate wave function is obtained by varying iter-
atively the weighting coefficients of the atomic
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orbitals (cy; in Eq. 4.4) until the energy expecta-
tion value, E(y), of the approximate wave func-
tion is minimized.

B - LA

4.8
W) @8

The major inconvenience of the HF method is
the poor description of the electron correlation
since each electron is considered to move in
an electrostatic field whereas in reality electrons
repeal each other. This weak point makes the
HF method not reliable to get accurate estimates
of systems where electron correlation plays an
important role such as y-stacking interactions or
chemical reactions. Post-HF methods correct this
deficiency.

Mgller Plesset (MP) [15, 16] and Coupled
Cluster (CC) [17, 18] methods are two of the
most widespread post-HF methods. The Mgller
Plesset method, which is based on perturbation
theory, makes use of a correction term that han-
dles electron correlation by promoting electrons
from occupied to virtual molecular orbitals giving
electrons more space to move and thus making
it easier for them to avoid one another. The
Hamiltonian operator is defined as the addition
of a perturbation operator (/17) to the unperturbed

HF Hamiltonian (I/-i O):

~ ~0 ~
H=H +i-V 4.9)
being A a dimensionless parameter such that
0 <A < 1. Consequently both wave function and
energy are described by this perturbed Hamilto-
nian operator.

¢=¢(0)+)\¢(1)+>\2¢(2)+.+xn.¢(n)
(4.10)

E=E9 £ %.ED £ 2. E® ... £ n.EO
4.11)

where ™ is the nth correction of the wave
function related to the number of virtual spin
orbitals and E™ is the n™ correction energy term.
Since HF energy is the sum of terms E® and
E( electronic correlation corrections are taken
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into account from the second term (MP2) up to
the fourth term (MP4). It should be remarked
that MPn calculations are computationally very
expensive especially as n increases.

The wave function within the Coupled Cluster
method is expressed as a sum of the HF ground
state determinant plus determinants representing
the promotion of electrons to virtual molecular
orbitals:

B | ,T\ /T~2 /T~3 ”I‘\n
P = + +§+§+“'+E - ryr

T
=e -Ynr (4.12)
where T = ?1 + /7:2 +-- 4 /7:,1 and the operators
T, are excitation operators and have the effect of
promoting n electrons into virtual spin orbitals.

4.1.2.4 Density Functional Theory
Opposite to ab initio methods there exist those
methods based on the Density Functional The-
ory (DFT), which is based on the theorems of
Hohenberg-Kohn [19]. These theorems postulate
that the ground state energy and electronic prop-
erties of a non degenerate electronic system are
solely defined by its electron density. In conse-
quence DFT does not use the wave function but
an electron probability density function p(x,y,z),
which refers to the probability of finding an elec-
tron in a volume element dxdydz centered on a
point with coordinates (x, y, z). Assuming r as the
position vector of the point with coordinates (X, y,
z) and taking into account Born and Pauli inter-
pretation, i.e. the square of a one electron wave
function (Kohn-Sham orbitals, {; in Eq. 4.13) at
any point is the probability density at that point,
electron density can be written as follows:

P => [ (4.13)
i=1

being n the number of occupied molecular

orbitals. Electronic energy E(p) is calculated

as a simple summation of different contributions

that depend on the electronic density:

E(p) =E" (p) + EY (p) + E' (p) + E*“ (p)
(4.14)
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where ET(p) the kinetic energy, EV(p) the
term containing the potential attractive energy
electron-nucleus and the repulsive term between
nuclei, E/(p) the Coulombic repulsion between
electrons and EXC(p) the interchange-correlation
energy. The latest term is the only one that is
not determined directly because of its unknown
mathematical formulation. Usually EX¢(p) is
described as a sum of an exchange term EX(p)
and another of electronic correlation E€(p).

E*C (p) = E* (p) + E (p) (4.15)
The exchange term is normally calculated assum-
ing a homogeneous electron density, such as the
Local Density Approximation (LDA) [20] and
the Local Spin Density Approximation (LSDA),
[21] or by using gradient corrected functionals
such as the so called Generalised Gradient
Approximation (GGA) methods. Examples
of functionals using a homogeneous electron
density are the VWN [21] or the local correlation
functional of Perdew (PL) [22]. Several GGA
based functionals have been developed such as
Becke95 (B95) [23], Perdew 86 (P) [24], Perdew-
Burke-Ernzerhof (PBE) [25], Perdew-Wang 91
(PWO91) [26] and the widely used Lee-Yang-
Parr (LYP) [27]. Alternatively the exchange-
correlation term can also be calculated using
the so called hybrid density functionals, which
combine a conventional GGA method with a
percentage of Hartree-Fock exchange. Examples
of hybrid density functionals include B3LYP
[27, 28], B3PWI1 [26, 28], MPW1K [29-31],
O3LYP [27, 32] and X3LYP [26, 27, 33, 34].

4.1.2.5 Solvent Effects

There are two ways of treating the solvent in
molecular simulations, i.e. explicitly and implic-
itly. The first approach includes all the solvent
molecules explicitly defined. To properly solvate
a solute with explicit solvent molecules, a huge
amount of solvent molecules is needed, which
increases exponentially the required computa-
tional time. To avoid this one must rely on the
continuum models, where the solvent is described
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as an infinite dielectric medium while the solute
is treated at the QM level. One of the most
popular models is the so called Polarizable Con-
tinuum Model (PCM) or MST, developed by
Miertu$, Scrocco and Tomasi [35]. PCM is a
Self Consistent Reaction Field (SCRF) method,
i.e. implies the use of a reaction potential to be
self-consistently solved together with the solute
charge.

The PCM method involves the generation of a
solvent cavity from spheres centered at each atom
of the molecule and the calculation of virtual
point-charges on the cavity surface representing
the polarization of the solvent. The magnitude
of these charges is proportional to the derivative
of the solute electrostatic potential at each point
calculated from the molecular wave function.

The PCM method divides the transfer of a
given solute from the gas phase into solution in
three steps:

1. Creation of the solute cavity inside bulk sol-
vent.

2. Generation of the van der Waals particle inside
the cavity.

3. Generation of the solute charge distribution in
solution.

Consequently the net molecular free energy of a

system in solution (AGy,,) is the sum of these

three contributions:

AGsolv = AGcav + AGvdW + AGelec (416)
where AG,,, is the work involved to increase
the cavity, AG,sw is the contribution due to
the van der Waals interactions and AG,,. is
the electrostatic component of the AGy, and
it corresponds to the work required in the po-
larization process. Interaction potential between
solvent and solute is introduced in the solute
electronic Hamiltonian as a perturbation opera-
tor (17 r). Thus the Schrodinger equation, being

=0 . . .
H the solute’s Hamiltonian operator, is then
expressed as follows:

(ﬁ° + ?R) v =EU (4.17)
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4.1.2.6 Application of QM Calculations
to Membrane Proteins

The use of QM calculations, though giving the
most accurate and precise description of mat-
ter, is strongly limited to small systems. Thus
it is clear that the use of QM methods will
be limited by nature to small parts of the sys-
tem where a correct description of the electronic
structure is needed. Coming back to the line of
the present book, QM calculations will be very
useful to design and describe new functional
groups to be incorporated in the inner core of
the P-barrel channel protein to design for in-
stance a great variety of stochastic sensors [36,
37]. These sensory devices are built upon bio-
conjugation of a specific binding site for a given
analyte in the inner wall of a channel protein.
In such cases QM calculations are very useful
to evaluate the relative affinity of the binding
site towards different species and optimize the
chemistry of the sensory site to improve the
selectivity towards a specific analyte. For exam-
ple QM calculations have been used to under-
stand the specificity of crown ether functionalized
polythiophene based sensors [38, 39] where the
coordination of the binding site with different
cations leads to the modification of the electronic
properties that explains the experimental affin-
ity in the order Lit >Nat >K™. In a similar
way and within the stochastic sensory applica-
tions QM calculations can be useful to explain
and optimize enantioselective sensors such as
that proposed by Bayley and coworkers [40]
where the transmembrane pore of a-hemolysin
was functionalized with a p-cyclodextrin in the
inner wall of the channel. The resulting sensor
was used for chiral discrimination of ibuprofen
and thalidomide. Other functionalities that can be
preliminarily designed and evaluated by means
of QM calculations are pH or photo-switched
responsive groups, which have potential appli-
cations to design smart nano-channels rendering
open or closed states upon an external stimulus.
QM calculations are also used to obtain force
field parameters to be used in Molecular Dynam-
ics simulations, as it will be discussed in the next
section. There are many codes available to run
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QM calculations. One of the most popular free
distributed code is GAMESS (http://www.msg.
ameslab.gov/gamess/) [41, 42].

4.1.3 Molecular Dynamics
of Membrane Proteins

Molecular Dynamics (MD) simulations calculate
the dynamic behavior of a system at the molec-
ular level by means of a classical mechanics
approach. Two levels of resolution are typically
considered in atomistic MD simulations. The first
one is known as all atom MD and uses one
individual particle to represent each individual
atom present in the system. The second one is
called united atom MD and has a lower resolution
since hydrogen atoms are lumped together with
the heavy atom to which they are connected
into one single interaction site. Covalent bonds
are represented by springs and each particle is
defined by its radius, hardness and net charge.

MD simulation dates back to the late 1950s
and its algorithm was first formulated by Alder
and Wainwright [43, 44]. First studies were
mainly focused on simulation of hard spheres and
it was not until the mid-1960th that more realistic
systems such as liquid argon were simulated
[45]. Major advances were carried out in the
1970s with the first realistic simulation of liquid
water [46, 47] and the simulation of the bovine
pancreatic trypsin inhibitor, setting the starting
point of protein simulations [2].

4.1.3.1 Force Field

Force field is the principal ingredient to run a MD
simulation and it can be broadly defined as the set
of parameters and mathematical functions used to
evaluate the potential energy of a system. Force
field parameters include both bonded or covalent
interactions and non-bonded interactions. The
quality of the force field parameters will have a
clear impact on the quality of the results obtained
from the MD simulation. Just as an example,
Eq. 4.18 represents one of the most widely used
force fields for biomolecular simulations, the so
called AMBER force field [48, 49]:


http://www.msg.ameslab.gov/gamess/
http://www.msg.ameslab.gov/gamess/
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As can be seen in Eq. 4.18, total energy has five

terms which are, respectively:

1. The bond stretching term in which the stretch-
ing force constant (k) and the distance
between two bonded atoms and its equilibrium
bond distance (r and r,, respectively) are in-
cluded.

2. The angle bending term including the bending
force constant (kp.,q) and the angle between
three consecutive atoms and its equilibrium
value (0 and 0.,).

3. The torsional term contains a dihedral con-
stant (kyr5i0n) Setting the energy barrier for the
rotation profile, the actual dihedral angle (¢)
and the equilibrium one (y).

4. The van der Waals non bonded term, a mathe-
matical model following the Lenard-Jones po-
tential that takes into account the attractive and
repulsive forces between two particles being
r;; the distance between them. A;; and B;; are
parameters that depend on the pair of atoms
referring to hard core repulsion and dispersive
attraction respectively.

5. The electrostatic interactions are taken into
account in the last term, where g; and g; are the
point charges of atoms i and j respectively, r;;
is the distance between them and &y is vacuum
permittivity.

There are many force fields available in the lit-

erature. Most of them share practically the same

terms as those shown in Eq. 4.18 differing mostly
in the mathematical functions, the specific pa-
rameters and the way to derive them. Most of
the force fields are derived from QM calcula-
tions and then refined to reproduce some exper-
imental observable such as heat of vaporization,
free energy of hydration and solvation, partition
coefficients, spectroscopic data, diffusion con-
stants, viscosities, dielectric permittivity or liquid
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densities. The most widely used force fields for
biomolecular simulations are the GROMOS [50,
51], AMBER [48, 49, 52-54], CHARMM [55-
57] and OPLS [58, 59] force fields. Sometimes
new force field parameters must be derived, as
it can be the case of deriving the parameters of
a new functional group that is introduced in the
inner core of a B-barrel channel protein. To avoid
inconsistencies when deriving those new param-
eters, it is highly recommended to follow the
same procedure that has been used to derive the
parameters of the chosen force field, i.e. the way
charges, van der Waals and bonded parameters
have been derived. It is also highly recommended
to start the parametrization by considering the
same force field parameters from similar atom
types. For instance, all the aforementioned force
fields contain all the parameters for all the natural
amino acids. If one has to derive the force field
parameters of a new functionality containing a
phenyl ring, using the same parameters as those
defined for the phenylalanine amino acid is a
good starting point. Subsequently the parameters
can be refined using QM calculations in the same
spirit as the authors of each force field used them
to derive their parameters.

Water is normally treated explicitly, but there
are some force fields that have been developed to
work together with some implicit water models
where the solvent is normally treated using the
generalized Born continuum electrostatics [60].
All atom implicit solvent simulations are com-
putationally substantially cheaper since all the
water related degrees of freedom are not taken
into account. However they must be used with
caution in systems of high complexity such as
channel proteins embedded into lipid or polymer
bilayers. There are many water models ready to
be used in MD simulations. The interested reader
is encouraged to have a look on the review by
Guillot entitled “A reappraisal of what we have
learnt during three decades of computer simula-
tions on water” for a broad overview of the strong
and weak points of several water models [61].
The “top-5" water models used in biomolecular
simulations are, in no specific order, TIP3P [62],
TIP4P [62], TIPSP [63], SPC [64] and SPC/E
[65] water rigid non-polarizable models. In spite
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that none of the water models can perfectly repro-
duce all the thermodynamic properties of water,
SPC/E water model and a modification based on
the TIP4P coined as TIP4P/2005 [66] seem to be
those models that perform better [67].

Again it should be stressed the importance of
the selection of the right force field parameters
together with the right water model to obtain a
reliable expression for the energy of the system
under study.

4.1.3.2 Mathematical Formulation
of Molecular Dynamics

There are many computer programs available to
run MD simulations. Most of them are free code
and are optimized to run in parallel, i.e. the calcu-
lation is shared by a high number of CPUs at the
same time. Just to give a short list of popular pro-
grams without following any order, GROMACS
(www.gromacs.org), NAMD (www.ks.uiuc.
edu/Research/namd), AMBER (www.ambermd.
org), CHARMM (www.charmm.org), TINKER
(dasher.wustl.edu/ffe) or LAMMPS (lammps.
sandia.gov) computer programs should be high-
lighted. Apart from standard MD, some systems
may be simulated using Dissipative Particle
Dynamics [68, 69], Brownian Dynamics [70]
or Stochastic Dynamics where friction terms are
added to the Newton equation of motion. How-
ever this chapter will focus on the standard MD.

Given an atom i with mass m; and considering
that its position is described by a three dimen-
sional vector r;, its motion is ruled by Newton’s
law

dvi(t) _F
= m (4.19)
Vi (1) = dr;t(t) (4.20)

where v; and F; are respectively the velocity and
the force acting on the atom i in a given moment.
F; can be obtained through Eq. 4.21.

BE(rN)
Fi=- or;
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where E(ry) is given by Eq. 4.18 and N is the
number of particles in the system.

Equations 4.19 and 4.20 form a system of
N coupled differential equations that might be
solved numerically. This system can be integrated
step by step by the so called leap-frog Verlet
algorithm [71] which is founded on a Taylor
expansion of the position r; at time ¢, =ty + nAt,
leading to equations 4.22 and 4.23.

th + At
Vil | =V
2

+o(AP)

i(tn_g)_gw

2 mj al‘i

(4.22)

At
; (t, + At) =Tj (tn) =+ vi (tn + —) At

+o(AtY) (4.23)
Time step At might be small enough to simulate
those movements with the highest frequencies,
which normally are the bond vibrations. Conse-
quently time steps take values of the order of
the femtosecond. Small time steps lead to more
expensive simulations.

The CPU time needed for a MD simulation
depends on several factors as the number of the
explicit particles in the system, the time step or
the cut-off, i.e. the maximum distance in which
non bonded interactions are evaluated. In order to
speed up the MD simulation some simplifications
might be done such as freezing the fastest modes
of vibration by constraining the bonds to hydro-
gen atoms to fixed lengths, mostly by the SHAKE
[72] or LINCS [73] algorithms.

4.1.3.3 Periodic Boundary Conditions
and Electrostatics

MD simulations are usually performed in sim-
ulation boxes containing the solute and solvent
atoms. To represent an infinite sized system the
whole system must be replicated periodically in
all directions so atoms outside the simulation box
are simply images of the atoms simulated in that
box. Periodic boundary conditions ensure that all
simulated atoms are surrounded by neighboring
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atoms, either images or not. This condition guar-
antees that atoms moving out of the box at one
side will enter again inside the box through the
opposite side because replicas of each particle
in all duplicated boxes move exactly the same
way. Minimum image conventions avoid dupli-
cate interactions between atoms i and j by taking
into account only the interaction of atom i with
the closest j atom, either original or copy. Thus,
periodic boundary conditions are used to correct
potential errors in the van der Waals non bonded
term. Regarding the Coulombic non bonded term,
the main problem to evaluate it correctly is that a
sudden cut-off leads to large errors. This problem
is easily solved by the use of the so called Par-
ticle Mesh-Ewald summation (PME) [74] which
calculates the infinite electrostatic interactions by
splitting the summation into short and long range
parts. For PME, the cut-off only determines the
balance between the two parts, and the long-
range part is treated by assigning charges to a
grid that is solved in reciprocal space through
Fourier transforms. Alternatively electrostatics
can be treated by other approaches such as a
reaction field [75] or Ewald summation [76].

4.1.3.4 Thermodynamics Ensembles

An ensemble is a collection of all possible sys-

tems that have differing microscopic states but

belong to a single macroscopic or thermody-
namic state. There are four ensembles that are

used in MD simulations [77].

1. The canonical or NVT ensemble, whose ther-
modynamic state is characterized by a fixed
number of atoms N, volume V and temperature
T.

2. The isobaric-isoenthalpic or NPH ensemble,
where the number of atoms N, the pressure P
and enthalpy H are fixed.

3. The isobaric-isothermal or NPT ensemble,
with fixed values of number of atoms N,
pressure P and temperature 7.

4. The microcanonical or NVE ensemble, which
corresponds to a closed or isolated system
since energy E, besides the number of atoms
N and volume V, is fixed.

Temperature is mainly obtained from the av-
erage velocity or kinetic energy of each particle
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present in the system. When the temperature
must be kept constant, a thermostat must be used
to adjust the kinetic energy of the system. The
most widely used thermostats in canonical and
isobaric-isothermal ensembles are the Berendsen
[78], Velocity Rescale [79] and Nosé-Hoover [80,
81] thermostats. The pressure is controlled by
readjusting the size of the simulation box. To that
end a barostat must be used. The most common
barostats are the Berendsen [78] and Parrinello-
Rahman [82, 83] barostats.

4.1.3.5 Combined Quantum
Mechanics/Molecular
Mechanics Calculations

In some specific systems it may be interesting
to consider some smaller parts at a higher level
of resolution, i.e. at the QM level. Imagine a
B-barrel protein where a binding site has been
introduced to the inner pore. As mentioned in
the previous section, electronic structures of that
binding site must play a key role in the interaction
with some specific analytes such as an ionic
species. However the level of resolution of the
rest of the system must be kept at the classical
level because apart from the electronics at this
lower level of resolution the structure and dy-
namic properties can be correctly evaluated and
because treating a very big system at the quantum
level of resolution is unaffordable. To that end
Quantum Mechanics/Molecular Mechanics cal-
culations can be performed, where a small part
of the system is treated according to the quantum
Hamiltonian while the rest is treated using a
classical Hamiltonian. QM/MM philosophy was
first introduced by Warshel and Levitt [84] and
further developed by Field et al. [85]. QM/MM
methods differ, besides the classical force field
and the QM level of theory employed, in the
strategy to connect the two parts with different
level of resolution. There are two methodologies
to connect QM and MM parts:

1. The link atom scheme, which uses a monova-
lent atom — normally hydrogen — to cap the
unsaturated QM atoms [86].

2. Methods based on the use of localized or-
bitals in the boundaries separating the QM
and MM parts. One example is the Local
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Self-Consistent Field (LSCF) method [87] in
which the bonds connecting both parts are
represented by a set of strictly localized bond
orbitals (SLBOs) that are determined by cal-
culations on small model compounds and as-
sumed to be transferable.

Within the framework of QM/MM calcula-
tions the total Hamiltonian operator is defined as
the sum of the QM, QM/MM and MM Hamilto-
nians:

~  ~AQM  ~QM/MM  ~MM

H=H +H +H (4.26)

~SOM/MM
where H is expressed as the sum of
electron-charge, nuclei-charge and van der Waals
interaction potentials between QM and MM
atoms:

~SQM/MM.  oM/MM QM/MM QM/MM
H - Velec + Vnucl + VvdW
4.27)

Equation 4.27 may be expanded for a system
containing N QM atoms and M MM atoms as
follows:

~QM/MM of Al Z;q;
ANy Yy

Thus energy in a QM/MM system is defined as
shown in Eq. 4.29.

E = EM + gMM | gQM/MM (4.29)

EOMIMM

where is defined as:

N M
qgj M/MM
EQM/MM — (lM _er_] Nf) +Vgucl/

i=1 j=1 Y

QM/MM

+ Viaw (4.30)

where the first term is the electronic interaction
within the Electronic Emboding scheme.
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GAMESS-UK (http://www.cfs.dl.ac.uk/
gamess-uk/index.shtml) is a very powerful
free code to run not only QM calculations but

also QM/MM calculations in conjunction to
CHARMM MD program [88].

4.1.3.6 MD Simulations of Membrane
Proteins

The main drawback of atomistic MD simula-
tions is the timescale reachable with the cur-
rent computational resources, which is limited
to hundreds of nanoseconds for systems as big
as membrane proteins inserted in polymer or
lipid bilayers. If a huge membrane protein such
as the E. coli FhuA (ferric hydroxamate up-
take component A) protein is considered, sim-
ulation of the self-assembly of this protein into
a lipid or polymer vesicle or bilayer takes place
in the microsecond timescale, which is far be-
yond the timescale that would be achievable with
atomistic MD simulations. Self-assembly pro-
cesses of systems like this can be tackled at a
lower or coarser level of resolution, as will be
explained in the next section. However atom-
istic MD simulations can capture many inter-
esting events that cannot be studied by simu-
lations at the coarse grained level [89]. Atom-
istic MD simulations have helped to understand
the transport mechanism of ions through small
ion channels embedded in lipid bilayers and to
analyze the interplay between the protein, the
water and the lipid bilayer in modulating the
transport through the channel [90]. The gating
mechanism of mechano-sensitive proteins related
to conformational changes in the protein upon
modification of the surface tension in the mem-
brane has been also reported by means of MD
simulations [91].

This section however will focus on reviewing
two articles in which the FhuA protein was
simulated by means of atomistic MD simulations,
stressing on the information one can obtain from
simulations at this level of resolution. The first
article is a work by Faraldo-Gémez et al. [92].
In this work the authors performed a 10 ns long
MD simulation of a FhuA protein embedded
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in a hydrated dimyristoyl-phosphatidylcholine
(DMPC) lipid bilayer on both the ligand free
(FhuA) and ferrichrome bound states (FhuA-F).
Both initial structures were taken from the protein
data bank (http://www.rcsb.org/pdb/home/home.
do). Simulated systems contained approximately
71,000 atoms. Simulations were used to extract
information regarding the structure and dynamic
response of the protein embedded in the lipid
bilayer. The authors concluded that both ligand
free and bound systems do not suffer any
dramatic structural change within the simulated
timescale and that the secondary structure is kept
throughout the whole trajectory. The authors
observed that the extracellular loop 8 (L8), in the
bounded state, owns an enhanced flexibility that
helps to close the binding site. The presence of
the plug domain closing the pore in the FhuA
protein is expected to reduce the permeability
of water throughout the membrane protein.
However water permeability was remarkably
lower in the FhuA-Ferrichrome system, which
was related to the unfolding of the switch helix
promoting the displacement of the N-terminal
segment and narrowing the pore. This correlation
between higher conformational flexibility and
reduced water permeability supported the view
that high conformational changes in the plug
domain of the FhuA protein are needed for the
siderophore to either passively diffuse or be
translocated into the periplasm (for details on
the FhuA protein structure and function see Sect.
24.1).

In a more recent study were performed
atomistic MD simulations on an engineered
FhuA protein embedded into either a N-octyl-
2-hydroxyethyl sulfoxide (OES) detergent belt
or 1,2-dinervonyl-sn-glycero-3-phosphocholine
(DNPC) lipid bilayer [93]. More concretely
was considered a FhuA protein where the plug
domain was fully removed resulting in an open
pore. Therefore were removed the first 159 amino
acids (FhuAA1-159). Moreover was induced
a closed state in the FhuAA1-159 engineered
protein by labeling six lysine amino acids in the
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inner pore with six 3-(2-pyridyldithio)propionic-
acid moieties (FhuA A1-159-Pyr). The size of the
analyzed systems ranged from ~68,000 when
the proteins where embedded in detergent belt
to ~83,000 when the proteins where inserted
into the lipid bilayers. The GROMOS96 Force
field [50] was used and the Pyr labeling moieties
were parametrized according to the same force
field being the charges obtained from QM
calculations. Simulation time was 50 ns for each
system. Structural information derived from these
simulations stressed on the null role played by
the plug domain on the overall stability of the
FhuA protein. This initial conclusion is of great
importance since it supports the view that the
great stability of the FhuA protein is mainly due
to the efficient hydrogen bond network between
neighboring B-strands and encourages the use of
the engineered FhuAA1-159 variant for nano-
technological applications without fearing a
loss of secondary and tertiary structure. The
FhuAA1-159-Pyr displayed a more elliptical
shape when embedded into the OES detergent
belt. Figure 4.2 displays the equatorial and axial
projection of the final configuration after 50 ns of
all the systems embedded into an OES detergent
belt. On the other hand for both FhuAA1-159
open and FhuA A1-159-Pyr closed states a nearly
circular section was adopted when embedded
into the DNPC lipid bilayer. The FhuAA1-159
protein also showed a remarkable anisotropic
compressibility as it was deduced from the larger
equatorial-longitudinal fluctuations compared to
the more rigid axial-latitudinal direction.

By choosing these two examples the authors
would like to stress the importance of atomistic
MD simulations to obtain information regarding
the structure and stability of large membrane
proteins such as the FhuA protein and its im-
plications when designing new engineered FhuA
based nano-pores. From the biological point of
view, detailed structural information can help
elucidate transport and actuation mechanism of
membrane proteins and their interplay with the
surrounding lipid bilayer and hydrated media.
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Fig. 4.2 Equatorial (fop) and axial (bottom) projections after 50 ns of the FhuA, FhuA A1-159-Pyr and FhuA A1-159
proteins embedded in OES detergent belt. For clarity water and detergent atoms have been removed

4.1.4 Coarse Graining of Membrane
Proteins

Many relevant phenomena in membrane protein
research such as protein folding or membrane
self-assembly occur in timescales in the order
of several microseconds or even hours. These
phenomena cannot be captured at the all atom
level of resolution. Thus a lower resolution scale
is needed, i.e. a Coarse Grained (CG) approach.
Simulations using CG potentials follow the same
mathematical scheme as presented in the previous
section for standard MD, being the main differ-
ence in the “form” of the potential energy func-
tion or force field definition (Eq. 4.18). The main
difference of CG as compared to all atom simula-
tions is that in CG simulations a group of atoms
is grouped into a single interaction site. As a con-
sequence of this lower level of resolution the total
number of particles in the system is dramatically
reduced. Furthermore the interaction potential is

highly simplified, i.e. Eq. 4.18 adopts an “easier”
form or can even be represented in a tabulated
form. Tabulated potentials are simple functions
in which the interaction potential between two
groups is simply a function of the distance be-
tween them. Additionally CG simulations present
a smoothed potential energy surface which leads
to an acceleration of the MD simulation and to
a much broader and efficient exploration of the
whole conformational space and a better sam-
pling of the thermodynamic ensemble [94]. On
the other hand the use of CG simulations implies
an inherent loss of the atomistic detail. However
the atomistic detail can be, if needed, brought
back by using the so called back mapping or
reverse mapping strategies, in which the higher
level of resolution is recovered from a CG simu-
lation by applying a backmapping operator [95].
The next sub-sections aim to summarize some of
the most popular CG approaches to simulate lipid
or polymer membranes and membrane proteins.
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4.1.4.1 Systematic Derivation of CG
Potentials to Simulate Self
Assembly of Amphiphilic Block
Copolymers
As it has been stressed throughout the whole
book, it is desirable for nano-technology
applications to substitute the natural lipid bilayer
environment where membrane proteins sit by
a more robust amphiphilic block copolymer
environment, either AB diblock or ABA
triblock copolymers (A = hydrophilic block,
B = hydrophobic block). These polymers self-
assemble in water leading to the formation of
different shapes/architectures such as micelles,
cylinders, vesicles or bilayers depending on
many different factors such as the molecular
weight, polydispersity, temperature or hy-
drophobic/hydrophilic ratio of their blocks. All
atom MD simulations fail in capturing such
spontaneous self-assembly since the typical
timescales of these phenomena are within the
microsecond scale and because the systems are
too large. It should be remarked at this point the
highest molecular weight of amphiphilic block
copolymers compared to lipids. This highest
molecular weight slows down their diffusion
leading to relaxation times that are only captured
at long timescales. Thus CG simulations are
the only option to reproduce the self-assembly
of such polymers in water under the different
conditions highlighted few lines before.

At this point there is another important issue
to tackle: how to represent the water solvent. In
systems like this, water represents a high percent-
age of the total particles present in the system,
so a lot of computational effort is spent on the
dynamics of the solvent. Accordingly, there are
two alternative ways to treat water in a way that
can reduce the computational time:

1. To define water at the CG level grouping in a

single bead one or more water molecules or;

2. To treat the water as an implicit solvent.

The second approach is the computationally
cheaper one. Decisions on which solvent model
should be used are made on basis of the phe-
nomena of interest. The use of implicit solvent
may lead to the correct assembled structure, but
whenever one is interested in capturing the dy-
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namical properties of these polymers in solution
neglecting the hydrodynamics may lead to mod-
els unable to properly reproduce such properties.

There are several methods stated in the liter-
ature to obtain CG potentials and some of them
have been successfully used to simulate polymer
melts, polymers in solution or lipid bilayers [96].
Briefly summarizing, a large family of CG po-
tentials are derived so that they can reproduce
by construction some target structural or ther-
modynamic properties from all atom simulations
and/or from experiments. One of the most used
methodologies to derive CG potentials is the so
called Iterative Boltzmann Inversion (IBI), which
aims at the construction of a tabulated poten-
tial able to reproduce a target radial distribution
function from parent atomistic simulations [97].
Two CG beads must be defined; one for the
hydrophilic monomers in block A and another
for the hydrophobic monomers in block B. The
IBI method has been extensively used to ob-
tain coarse-grained potentials of several poly-
mer melts and few implicit solvent potentials for
pluronics, which are amphiphilic ABA type block
copolymers, resulting in significant savings in
computational time [98]. The main disadvantage
of this methodology is its limited transferability
to be used at thermodynamic state points beyond
the one that was used to derive the potential.

On the other hand other methods derive non
bonded CG implicit solvent potentials from pair
potentials of mean force calculations and without
accounting for any experimental data as input.
Since these last methods are not biased to re-
produce any target property and they are derived
from the potential of mean force between two
groups as a function of distance, they are ex-
pected to reproduce a wider set of properties in
a wider range of thermodynamic conditions [99].
However this latter approach has not yet been
used to simulate polymer membranes or lipid
bilayers, so new methodological developments
have to be found to adapt the existing schemes to
the systems of interest [99-101]. Bonded poten-
tials to model the flexibility of the degrees of free-
dom associated with CG bonds, angles and poten-
tials can be obtained in a straightforward manner
by Boltzmann-inverting the sampled distribution
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of the mapping points obtained from parental all-
atom simulations.[100]

4.1.4.2 Deriving CG Potentials
for Amino Acids

Deriving CG potentials for polymers using the
methods shown in the previous subsection is
not an easy task but can be fulfilled since very
few CG bead types must be defined. In a block
copolymer it would be enough to define two kinds
of CG beads, i.e. one representing the hydrophilic
monomers and another to represent the hydropho-
bic monomers. Following this strategy to develop
implicit solvent models for all the amino acids
is cumbersome since there are 20 amino acids
and all the effective pair potentials between all
the beads defining the 20 amino acids should be
calculated.

Additionally derivation of all the necessary
bonding parameters would be extremely human
and CPU time-consuming since 20 natural amino
acids would lead to the consideration of 8,000
local Ramachandran plots to account for three
consecutive amino acids (= 20%). This strategy
remains valid for short peptides, but it is out
of reach for large proteins [102]. However one
can take advantage of other developed implicit
solvent CG models for amino acids available in
the literature, like the one developed by Bereau
and Deserno [103]. This model makes use of
three beads to represent the backbone — one for
the amide group, another for the alpha carbon
and a third one for the carbonyl group — while
one bead is located in the beta carbon for the
side chain. The fine graining in the backbone
of the protein was considered by the authors
so that a more reliable description of the con-
formational backbone flexibility that rules the
protein secondary structure is acquired. The most
drastic approximation in this model is the way
side chains are treated. Apart from the position of
the center of mass of the only bead representing
the side chains (except for glycine, where no
side chain is present), they all have the same
van der Waals radii. Again this model must be
validated and, if necessary, modified to be ap-
plied in the systems covered in this book. In
spite that this generic protein CG model has not
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been developed to represent specific secondary
structures, its application to both a-bundles and
pB-barrels led to the correct final structure [104].
Additionally, when considering this approach, a
new set of non-bonded potentials between each
of the 2 or 3 beads in the amphiphilic polymer
membrane and 3 backbone beads plus the 19 side
chain beads will have to be developed in a similar
way as one aims to develop the implicit solvent
non bonded potentials between the beads forming
the membrane (see previous section). Thus it
appears to be very clear that the use of implicit
solvent models to study the self-assembly of this
family of systems is not a straightforward task
and requires the careful development of a series
of potentials.

4.1.4.3 Simplified Models: The Srinivas
Approach

As it has been shown before, obtaining realis-
tic and reliable CG potentials for biomolecular
simulations is the bottleneck of CG simulations.
Interaction CG potentials are not always available
and new potentials must be developed for specific
cases. However to answer some basic questions
such as how the system self-assembles, how the
polymer chains in the amphiphilic membrane (or
the lipid chains in a lipid membrane) pack around
the membrane protein, what is the hydrophobic
mismatch (on hydrophobic mismatch see Sect.
6.1.1) or how different thermodynamic condi-
tions influence the system simplified models can
be very useful.

In this sense Srinivas and coworkers
developed a CG model for the PEO-PE and PEO-
PE-PEO block copolymers (PEO = polyethylene
oxide; PE = polyethylethylene) using as target
properties experimental bulk densities and
surface tension values as well as structural
information from parental all atom simulations
[105]. In their approach three water molecules
were lumped into one single CG bead. Their
model was used to reproduce the planar
membrane formation from 108 (PEO);o-(PE)y
diblock copolymers and the formation of a
spherical micelle from 48 (PEO)9-(PE)y diblock
copolymers. Thus a different spontaneous
self-assembly was captured under varying
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hydrophilic/hydrophobic ratios and a good
agreement with experimental observables such
as the hydrophobic thickness was obtained.
They extended their study to reproduce a
different set of spontaneous self-assembled
morphologies upon variation of the hydrophilic
fraction (fpn;) of the PEO-PE block copolymer
[106]. Their results showed that bilayers were
obtained at fyp; = 30.9 %. Cylindrical or worm-
like micelles were obtained when fy; was
increased up to 51.1 %. Spherical micelles were
seen when fp,; reached a value of 65.6 %.
Additionally other structural information such
as the area per polymer and the hydrophobic
core thickness/radius was determined from
their simulations. The same group of authors
studied the insertion of a model membrane
protein (based on the E. coli OmpF protein)
which was modeled as a hydrophobic cylinder
with hydrophilic edges. Thus, only two beads
were used to represent the protein [107].
Their simulations proved that polymer based
membranes can withstand higher hydrophobic
mismatches (>22 %) compared to lipid bilayers
(2-3 %). In thick membranes it was observed
penetration of the hydrophilic PEO block inside
the pore, blocking the water permeation. Thus a
gating mechanism can be designed by varying
the thickness of the polymer membrane or even
by functionalizing the amphiphilic polymers.
Consequently chain flexibility plays a key
role not only to accommodate the membrane
protein but also affects the transport across it.
In the same work the authors examined the
morphology adopted by different PEO-PE-PEO
triblock copolymers reproducing the tube-like
morphology observed experimentally.

4.1.4.4 Simplified Models: The
MARTINI Approach

Another interesting approach is the so-called
MARTINI force field [108], which is a general
“force-field like” CG model that has been
parameterized so that it can reproduce the
partitioning free energies between polar and
apolar phases of a large number of chemical
species. MARTINI force field considers four
general types of interaction sites, each one
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grouping 4 heavy atoms, which interact through

a shifted 12-6 Lennard Jones potential and a

shifted Coulomb potential (only if the bead

is charged). Within this force field the non-
bonded parameters o; and & are chosen
depending on the specific interbead interaction.

Bonded interactions are described through

weak potentials. The MARTINI force field has

been developed for biomolecular simulations,
mostly proteins and lipids. However the force
field may be refined by considering some
structural target properties to obtain hybrid
thermodynamics-structural CG descriptions for
polymers [109]. Since MARTINI has been also
developed to describe proteins [110] and water,

[111] parameters derived for amphiphilic block

copolymers within the framework of this force

field will be compatible to be used together with

a MARTINI-like CG description of membrane

proteins.

According to the hydrophobicity and
hydrophilicity of the molecules, four main
types of interaction sites are considered: polar
(P), nonpolar (N), apolar (C) and charged (Q),
representing hydrophilic groups, hydrophobic
groups, mixed groups which are partly polar and
partly apolar, and ionized groups, respectively.
Furthermore, a number of subtypes are defined to
distinguish CG interaction sites with different
hydrogen-bonding  capabilities  (d = donor,
a = acceptor, da = both, 0 =none), or the degree
of polarity (from 1 to 5, with 1 representing low
polarity and 5 representing high polarity). The
MARTINI force field describes each amino acid
through 1, 2, 3 or 4 coarser beads [110]. When
considering a new functional group, it must be
defined in accordance to the MARTINI force
field (the same applies for the block copolymers).

The MARTINI force field has been vastly
used by Sansom and coworkers [112] to study
the insertion of membrane proteins into DPPC
lipid bilayer or detergent micelles. They used the
following strategy:

1. Download the crystal structure of a given
membrane protein from the Protein Data Bank
(www.pdb.org);

2. Prepare the initial configuration according to
the MARTINI force field mapping scheme by


www.pdb.org
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using the tools provided on the MARTINI web

site (http://md.chem.rug.nl/cgmartini/);

3. Surround the protein with randomly dis-
tributed DPPC lipids or detergent and water
molecules. All these species defined according
to the MARTINI model;

4. Run the simulation for at least 200 ns;

5. Extract snapshots of the optimum position of
the protein in the lipid bilayer or detergent
micelle;

6. Plot the Root Mean Square Deviation (RMSD)
and Root Mean Square Fluctuation (RMSF)
for the membrane protein;

7. Plot the bilayer distortion.

They have currently used this strategy for ap-

proximately 140 membrane proteins and all the

relevant results are collected in a public data base
built by the own group and freely available under
http://sbcb.bioch.ox.ac.uk/cgdb/index.php . The
final structure obtained for FhuA is depicted in

Fig. 4.3.

This strategy can be easily followed to study
the reconstitution of membrane proteins in am-
phiphilic block copolymers and to obtain rele-
vant structural information of the reconstituted
systems.

4.1.4.5 Hybrid Atomistic/CG
Simulations

There are several strategies published in the liter-
ature to perform hybrid all atom/CG simulations
that can be adapted for the described purposes.
One of the most popular approaches is running
the simulation assuming a resolution at the CG
level for the whole system and then “back-map”
the trajectory, i.e. recover the atomistic resolu-
tion from the coarse grained simulation. This
approach, which is computationally cheap, will
fail however to reproduce specific interactions or
the hydrogen bond network supporting the excep-
tional mechanical behavior of B-barrel membrane
proteins. Another interesting approach defines
the protein at the CG level while the active site
is described at fully atomistic detail, being both
CG/atomistic regions linked by a specific inter-
face region [113]. Such approach is conceptually
similar to the coupling between MM and QM
regions in QM/MM calculations explained earlier
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Fig. 4.3 Equatorial (fop) and axial (bottom) projections
of the final snapshot after 200 ns of the reconstitution of
FhuA in DPPC lipid bilayer. FhuA and DPPC were repre-
sented according to the MARTINI force field. For clarity
DPPC beads are depicted as transparent spheres. Coordi-
nates have been downloaded from http://sbcb.bioch.ox.ac.
uk/cgdb/simtable.php?pdb=2FCP [89]

in the previous subsection. This methodology can
be applied and adapted to the engineered B-barrel
membrane proteins where the functional groups
will be represented at full atomic resolution and
will be connected to the CG protein through an
interface region. The same CG potentials that
have been developed in the previous section can
be used for the rest of the protein and the polymer
membrane.

For a full atomistic description of the whole
protein interacting with coarse grained mem-
branes two approaches are suggested. The first
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one, previously used to study a small ion chan-
nel embedded in a lipid bilayer, requires the
whole reparametrization of all the atomistic/CG
crossed interactions [114]. The second approach
makes use of virtual sites to couple both levels
of resolution. In this latter approach atomistic
parts carry virtual sites that interact with the CG
particles through standard CG/CG interactions
while atom/atom interactions are kept between
particles at the highest level of resolution [115].
This methodology has been proven to give sat-
isfactory results when MARTINI force field and
free energy based derived potentials were used to
represent the CG interactions. This methodology
appears to be highly useful provided the CG po-
tentials for the functional groups used to engineer
the B-barrel membrane protein are developed.

4.1.5 Benefits and Limits
of Different Simulation
Methods

In the previous sections were outlined the benefits

and limitations of different simulation strategies.

As a short summary the following points are

stressed:

1. QM calculations are only useful in the con-
text of membrane protein simulation to design
new functional groups where the electronic
structure plays a key role. Additionally QM
calculations are used to derive new force field
parameters for atomistic simulations. QM cal-
culations on large systems are computation-
ally very costly.

2. Atomistic MD simulations are important to
obtain structural and dynamic information on
systems where the membrane protein is al-
ready inserted into the lipid bilayer, polymer
membrane or detergent micelle. Reconstitu-
tion is not easily captured in the usual time-
frames of atomistic MD simulations. Atom-
istic MD simulations are also useful to eluci-
date the transport mechanism, gating system
and actuation principle of membrane proteins.

3. CG simulations allow longer simulation times
at expense of a lower resolution. Obtaining
new CG potentials for specific systems is a
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challenging task. However more simplified
strategies such as the MARTINI force field or
the one exemplified by Srinivas and coworkers
are very useful to study the reconstitution of
proteins into lipid/polymer bilayers or deter-
gent micelles and obtain very valid sets of
structural, mechanic and dynamic properties
that can shed some light onto some biological
phenomena which cannot be measured exper-
imentally.

4.2 2D and 3D Structure
Prediction of 3-Barrel

Proteins

The development of transmembrane protein 2D
and 3D topology prediction tools has been since
many years ago a very active field in bioinfor-
matics research. The goal of these bioinformatics
tools is to predict the 2D structure or even the 3D
structure of a protein whose crystal structure is
unknown from the amino acid sequence. Com-
pared to B-barrel membrane proteins, methods to
determine the 2D and 3D structures for a-helical
membrane proteins are relatively easier obtained
as well as more reliable. The main reason for
that is that a-helical membrane proteins generally
contain a fixed pattern of highly hydrophobic
consecutive residues forming the transmembrane
a-helix. Additionally there is a more abundant set
of a-helical membrane proteins whose 3D struc-
ture has been solved at the atomistic resolution
(see also Sects. 2.2.1 and 2.3.1).

4.2.1 Working Principles of the 2D
and 3D Structure Prediction

Tools

First methods to predict the 2D and 3D struc-
ture of B-barrel shaped membrane proteins were
based on hydrophobicity analyses. More con-
cretely these primitive methods used sliding win-
dows to identify the alternating patterns of hy-
drophobic/hydrophilic residues in a sequence of
transmembrane strands [116, 117]. Some other
methods based on comparing the amino acid
sequence with a set of proteins with solved 3D
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structure analyze the propensity of the sequence
to adopt a given 2D and 3D structure based
on propensity scoring criteria [118, 119]. The
main disadvantage of these primitive methods
developed during the 1980s and 1990s is the
reduced protein training set used to derive these
methods, which led to a very poor performance
when the target protein has a very low similarity
with respect to all the proteins in the training set
(this can be the case for engineered membrane
protein variants, especially when the altered se-
quence shows significant differences from the
parent sequence).

However in the last years many more sophis-
ticated prediction methods relying on a larger
training set have appeared. These methods can be
mostly divided in three large groups, i.e. Neural
Networks (NN), Hidden Markov Models (HMM)
and Support Vector Machines (SVM) [120].

The most efficient NN based methods are
those that combine two consecutive NNs [121,
122]. In this method the first NN aims to build a
first estimate of the structure from the amino acid
sequence. Sliding windows give a score accord-
ing to the propensity of the central amino acid
to be within or without the membrane. When the
sliding windows have screened the whole amino
acid sequence the first NN generates as output
a score for each amino acid according to their
propensity to be within or without the membrane.
This output is used as input for the second NN.
The second NN refines the propensities assigned
by the first NN and is able to capture amphi-
pathicity in helices or length of the helices or -
strands.

HMM based methods are more sophisticated
than NN based methods. HMM based methods
include in the integrated model the sequence to
structure and the sequence to sequence relation-
ships, which are captured in two steps in NN
based methods. HMM based methods can capture
global patterns in the structure which for -barrel
membrane proteins is especially useful since the
repeated pattern B-strand/periplasmatic loop/B-
strand/extracellular loop can be potentially cap-
tured by such methods. However NN based meth-
ods perform better to recognize more local amino
acid patterns.
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SVM based methods classify patterns into two
groups. These methods use a set of sliding win-
dows similar to those used in NN based methods
aiming at obtaining a structure from a given
sequence.

HMM, NN and SVM methods all have their
advantages and disadvantages. In order to obtain
the maximum benefit from the advantages of each
specific method several ensemble methods have
been proposed. These methods use the output of
individual predictors based on different methods
and combine them in a weighted way. In this
way the ensemble based final result will have
better accuracy than the result obtained from each
individual predictor because the majority vote
will tend to cancel the errors of each individual
predictor [120].

4.2.2 Tools Comparison

Up to date there are dozens of predictors available
based on the aforementioned methodologies. The
suitability of each predictor to correctly predict
the 2D and 3D structures from a given amino
acid sequence may vary, so it is strongly recom-
mended to use more than one and compare the
results. Some of the predictors allow the user to
specify some conditions that must be satisfied.
Examples are discarding P-strands shorter than
three amino acids or “forcing” a specific part of
the amino acid to adopt a specific 2D structure.
Bagos and coworkers evaluated the performance
of different predictors based on HMM, NN and
SOV methodologies to predict the structure of 20
B-barrel membrane proteins with known crystal
structure [123]. The accuracy of each predictor
was assessed on basis of the per-residue accu-
racy; the segments overlap measure and the pro-
tein topology. The authors concluded that HMM
based methods have a higher success ratio than
NN and SVM based methods to predict both
2D and 3D structures. For NN and SVM based
methods the use of only transmembrane P-barrel
domains rather than the precursor full-length se-
quences led to a higher reliability of the results.
HMM based methods however perform similarly
whether the precursor full-length sequences are
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Table 4.1 Suggested 2D and 3D predictors for -barrel transmembrane proteins

Name Website Reference
ConBBPRED http://bioinformatics.biol.uoa.gr/ConBBPRED/ [123]
BOCTOPUS http://boctopus.cbr.su.se/ [124]
I-TASSER http://zhanglab.ccmb.med.umich.edu/I-TASSER/ [125]
PSIPRED http://bioinf.cs.ucl.ac.uk/psipred/ [126]
BOMP http://services.cbu.uib.no/tools/bomp [127]
PredictProtein http://www.predictprotein.org/ [128]
TMB-Hunt http://www.bioinformatics.leeds.ac.uk/betaBarrel/TMB_WEB/ [129, 130]
Newly engineered
B-barrel MP
Derive CG
potentials
no 4
CG simulation
2D+ 3D
prediction
tools
Design new
functionality or force
field parameter? Need to study
reconstitution?
Performance?
am
Calculations y

Structure and
dynamics? Atomistic
mechanism?

yes All atom MD

simulations

-

Force Field
parameters

Fig. 4.4 General flowchart to design a new nanodevice based on engineered B-barrel membrane proteins by using

bioinformatics tools and biomolecular modeling techniques

present or not. The authors developed a predic-
tor based on an ensemble of various available
predictor methods. The new ensemble method
performed better than each of the individual pre-
dictors evaluated in their work.

As pointed before, there are many predictors
with a different performance depending on the
studied protein. Thus the use of only one predic-

tor can lead to good or bad predictions depending
on the protein. Hence it is strongly recommended
to use different predictors. Based on their ability
to predict the 2D and 3D structures of B-barrel
transmembrane proteins a selection of suggested
predictors is presented in Table 4.1.

To close and summarize this chapter, Fig. 4.4
summarizes a general strategy to design a new
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nano-device based on P-barrel membrane pro-
teins by using bioinformatics tools and multiscale
biomolecular approaches.

In the following Chap. 5 the reader will learn
more on how concretely to design novel nano-
channel materials based on p-barrel outer mem-
brane proteins and how to practically produce
these “designer” proteins in the laboratory. The
E. coli FhuA will receive particular attention as it
can be seen as a model protein channel for protein
engineering of nano-channels.
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The following chapter explains how to practically
transform a B-barrel membrane protein (MP) into
a nano-channel with desired geometrical and/or
functional features, starting from the concept-
design and design of the respective gene. It will
then give an overview on the conventional means
of production and purification of bacterial OMPs
(outer membrane proteins), stressing on the prob-
lems and challenges of over-expressing OMPs
into the Gram-negative bacterial outer membrane
and of isolating them from the outer membrane.
Furthermore the special problems of producing
modified B-barrel MPs and ways to overcome
these problems by using alternative methods will
be named and explained. The different ways of
analyzing OMP samples regarding yield, purity
and correct folding will be considered briefly and
the chapter discusses the distinctive experimental
adaptations to scale-up the production of OMPs
in general and of modified OMPs especially. As
for many industrial applications of OMP derived
nano-materials vast amounts of the proteins need
to be produced, exceeding the capacities of con-
ventional methods. The chapter will close with
a discussion on artificial B-barrel structures to
which OMPs are an alternative.

Outer Membrane Protein
Modification

5.1

As addressed in Chap. 2 the B-barrel shaped
integral OMPs of Gram-negative bacteria are
well-suited for the nano-material design. From

10 PB-strands on, these proteins form pores
and channels that reach to quite substantial
dimensions in strand-rich proteins such as the
TonB-dependant transporters that harbor 22
strands as for instance the E. coli FhuA or 24
as the so-far largest known natural OMP PapC
from E. coli. The robust barrel structure tolerates
mutations and facilitates protein-refolding from
the fully or partially denatured state. OMPs
spontaneously insert into lipid or polymer
membranes opening the possibility to design
novel hybrid materials for various applications
(see Chap. 6), well studied examples are nano-
container systems, in which a protein nano-
channel allows controllable compound release
or biosensor systems in which a membrane
reconstituted protein channel is used to monitor
analytes. Analytes are detected by single channel
conductance measurements. The special class
of bacterial B-barrel pore-forming toxins is
quite interesting in this respect, as they self-
assemble from several monomers to form stable
pores with stable conductance. Especially the
heptameric «-hemolysin from S. aureus has
been successfully employed in the design of
nano-pore sensors for the detection of single
molecules. Since a-hemolysin does not contain
an intrinsic specificity for a certain molecule or
a class of molecules and since specificity is the
result of genetic engineering it can be utilized
very flexibly [1].

In general and as logic dictates the OMP
has to be chosen according to the desired ap-
plication, in case of nano-sensors for instance
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proteins lacking motile loop-regions that interfere
with measurable channel conductance are espe-
cially suited. Further characteristics depend on
the analyte’s nature, a huge and bulky analyte
for example might necessitate a protein pore
with larger inner diameter. For a hybrid-catalyst
system with an OMP as reaction-specificity in-
ducing scaffold for a metal catalyst instead, a
more narrow pore might be of advantage, again
depending on the substrate to be transformed [2].
In drug-release systems specificity (apart from
size-dependent specificity) is generally not an is-
sue as a nano-container enclosed drug simply has
to be released at a target. In this case the ability
to reversibly open or close an OMP channel is
of greater importance [3, 4] and motile loops
that might lead to a temporary channel-closing
are again undesirable. All of these applications
and further ones such as membrane systems or
molecular sieves with certain cut-off might ask
for larger than the naturally occurring protein
channels. Depending on the lipid- or polymer-
based hydrophobic materials used into which
the OMPs should be reconstituted, the protein
characteristics have to be adapted to the material,
if an adaptation of the material is not possible or
proves disadvantageous (for instance due to cost-
ineffectiveness). As these examples show nano-
material design often requires the change of a
chosen OMP’s natural features or the addition of
new features. These changes can be either intro-
duced by chemical modifications or by genetic-
engineering or a combination of both.

Major changes as an altered geometry how-
ever will mostly require the introduction of mu-
tations on gene level that are subsequently trans-
lated to protein level, while a triggered opening
and closing of an OMP channel can be achieved
by chemical labeling of adequate amino acid
residues within the channel. It might however
be necessary to introduce suitable amino acid
residues by site-directed mutagenesis. Genetic
engineering to transform an OMP into a nano-
channel will generally be based on a rational
approach.

A recent example shows the great potential
of PB-barrel proteins and their units (i.e. strands
and sheets) for the creation of artificial nano-

5 Biotechnology

pores. De Pinto et al. reported the nano-pore
design starting from natural B-barrel structures.
A multi-alignment of general diffusion porins
identified a highly conserved motif coding for
two PB-strands (obtained from E. coli OmpF) as
the basic module of the artificial pores. Hex-
americ repeats of the respective sequence were
obtained through cDNA recombinant technology.
The coded protein was expressed, purified and
reconstituted in planar bilayer membranes and
showed channel-forming ability [5].

The following sections will explain how to
modify OMPs for nano-channel design purposes
starting out from gene-design considerations.

5.1.1 Gene-Design

The design of completely new genetic informa-
tion is a very flexible and powerful way to obtain
engineered or entirely novel proteins, especially
so since the designed genes can nowadays be
synthetized commercially at an affordable price
of ~0.25€/bp (in 2013) [6]. Furthermore the vast
sequence information obtained by the various
sequencing projects (as collected on the website
of the “International Sequencing Consortium”:
http://www.intlgenome.org/viewDatabase.cfm),
such as the E. coli genome project [7], allowed
the development of computer based gene-design
software tools helping the scientist to optimize
a newly written DNA sequence. General design
parameters and criteria that apply to the design
of genes coding for soluble proteins apply just
as well to MPs and OMPs. A good way to check
whether a planned design is valid is the use
of theoretical methods that can supply valid
and important information. A comprehensive
overview on computation methods and tools that
can be applied to P-barrel membrane proteins
and nano-systems based on these proteins can be
found in Chap. 4.

Before designing a gene coding for a modified
OMP one generally chooses the expression host
(organism and strain). Considerations on how to
choose the best suited system will be given in
Sect. 5.2. After rationally deciding for positions
to be mutated, the desired modification will be
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introduced “on paper” using the amino acid se-
quence of the OMP to be engineered as a tem-
plate. While point-mutations can be introduced
by well-established PCR (polymerase chain reac-
tion) techniques, as will be shown in Sect. 5.1.3,
vast mutations that will effect a protein’s overall
geometry generally require the redesign of the
respective open reading frame (ORF) and the sub-
sequent synthesis of a synthetic gene. In theory
the design of a new gene from a given amino acid
sequence is rather simple, as the desired amino
acid sequence has “just” to be reverse translated
to the corresponding DNA sequence.

However the practical conversion of such an
altered “virtual” amino acid sequence to a DNA
sequence that is supposed to code for the desired
protein is not so trivial, as there are certain pre-
requisites to be fulfilled:

1. The resulting protein has to be intact, correctly
folded and stable. Sequence elements that are
crucial for stability, folding or function should
be known as they may not be removed or may
be newly introduced.

2. The DNA sequence has to optimally fit the
selected expression host in terms of codon
usage. Each amino acid can be coded by one
to six different codons and different organ-
isms differ in their preference for the various
codons [8]. Many companies that offer gene
synthesis services will also optimize the gene
sequence to the expression host codon bias.

3. For prokaryotic hosts: An important compo-
nent affecting expression levels is the ribo-
some binding site (RBS) needed for transla-
tion initiation between 5 and 15 bases up-
stream of the AUG start codon. Sequence
changes within the RBS might change expres-
sion levels substantially [9].

4. mRNA secondary structures have to be
avoided, as they might occlude the RBS or
start codon in prokaryotic expression hosts
inhibiting translation [10].

5. Certain restriction sites might be desired for
easy cloning, while others instead might inter-
fere with cloning purposes.

6. The protein has to be produced in sufficient
yield. This point can be addressed by using a
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strong promoter sequence, such as the phage

derived T5 or T7 promoters.

7. For purification sequence tags, such as the
Hexa-His- [11], glutathione-S-transferase
(GST)- [12], streptavidin-binding-peptide
(STREP- or STREP II)- [13, 14], FLAG-tag
[15] or others can be introduced on DNA
sequence level. To enhance solubility the
attachment of tags like the maltose binding
protein (MBP)- [16] or the N-utilization
substance A (NusA) [17] can be useful. A
comprehensive review on the different affinity
and solubility tags and how they can be
combined for best results can be found in [18].
There are various software kits and web plat-

forms available that use information from known

DNA sequences to assist the user in optimizing

an engineered or newly written DNA sequence.

While older tools focused mainly on the organism

specific codon bias [19-23], recently developed

tools, such as GeMS [24], Gene Composer [25],

GeneOptimizer [26], Synthetic Gene Designer

[27], GeneDesign [28], Visual Gene Developer

[29] or Gene Designer [30] consider a combina-

tion of the above mentioned parameters.

Apart from these parameters that apply to the
synthetic gene design in general certain issues
have to be considered when designing a gene
coding for a MP or OMP.

If the synthetic gene derived OMP should be
expressed homologous and into its natural envi-
ronment (the outer membrane), the N-terminal
signal sequence that leads to outer membrane
targeting (see Sect. 2.3.2) has to be added on
gene level, otherwise the protein won’t be folded
correctly and will be expressed into inclusion
bodies. Successful heterologous expression of
MPs is often difficult [31], as membrane targeting
might function poorly or might not occur at all
and the protein might be toxic for the expres-
sion host cells [31-34]. To avoid or improve
these issues lowering the expression level (e.g.
by adding a weak promoter sequence) may be
considered [34].

Several of the designing parameters listed can
be also addressed by choosing the optimal ex-
pression plasmid. Especially the larger tags or
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promoter sequences will be generally located on
the plasmid used.

In conclusion though the design of truly novel
genes is becoming more and more facile due
to existing sequence knowledge applied to the
software tool development, the knowledge on
factors that might lead to unsuccessful protein
expression (especially when expressing heterol-
ogous and especially when producing OMPs) is
not yet sufficient to guaranty success in any case.
The experimentalist will still have to test the
virtually designed gene in laboratory experiments
and considerable effort might still be needed to
optimize the protein expression conditions (see
Sect. 5.2). When a new protein is then effectively
expressed it generally needs to be isolated and
purified, which again might prove a rather chal-
lenging task, especially when working with MPs
(see Sect. 5.2.4).

The following Sect. 5.1.2 will explain and
give examples on how the OMP geometry can be
altered by introducing changes to their “virtual”
amino acid sequence in order to derive a synthetic
gene from which to express the altered protein.
The main example will be the E. coli FhuA
protein.

5.1.2 Geometry Modification

Outer membrane B-barrel channel proteins like
the E. coli FhuA can be an alternative to artificial
chemically synthesized nano-pores (on artificial
B-barrels see Sect. 5.4). In order to be useful
as channel structures for nano-technological
applications channel proteins must be flexible
enough to be modified in their geometry, i.e.
length and diameter depending on the application
and hydrophobic carrier (i.e. lipid or polymer
membranes or vesicles). Due to the mentioned
robustness of the B-barrel structure that tolerates
vast sequence mutations; major changes in
channel geometry are rendered possible. As these
geometry changes have been quite successfully
carried out with the FhuA protein, it will serve as
an example on how to mutate a TonB-dependent
siderophore transporter protein with wide
channel diameter to obtain a passive diffusion
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channel, whose diameter can be increased, whose
hydrophobic membrane spanning region can be
elongated and whose flexible loop regions can be
partly removed leading to a more regular channel
structure (For details on the FhuA WT protein
structure and function see Sect. 2.4).

5.1.2.1 From Ferrichrome Transport

to Passive Diffusion
The first mutations leading to a modification of
the FhuA channel geometry were introduced be-
fore the protein was recognized as a nano-channel
for biotechnological applications. Partial or total
deletions of the proteins N-terminal plug-domain
(amino acids 1-159) were carried out to reveal
the plug function (see Fig. 5.1).

In 1999 Braun et al. created a FhuA deletion
variant lacking amino acids 5-160, as they hy-
pothesized that the resulting mutant FhuAAS5-
160 lacking most of the N-terminal plug should
form a stable permanently open channel allowing
diffusion of substances smaller than its inner
diameter. Active transport of ferrichrome instead
was thought to be defective, as the TonB-box
(amino acids 7-11) thought to be vital for the
energy-providing interaction with TonB, as well
as the ferrichrome binding domains within the
plug were missing [35]. They found that indeed
FhuA A5-160 formed stable channels within the
E. coli outer membrane, rendering cells sensitive
to the large antibiotics erythromycin, rifamycin,
bacitracin and vancomycin, and enabling them
to grow on maltotetraose and maltopentaose in
the absence of the LamB protein that is involved
in the transport of maltose and maltodextrins.
Furthermore cells lacking the TonB in the in-
ner membrane but expressing FhuA A5-160 were
able to grow on media containing high con-
centrations of ferrichrome, while cells lacking
TonB and FhuA or lacking TonB and carrying
FhuA WT were not. These findings confirmed
the passive diffusion channel hypothesis. Interest-
ingly though FhuA A5-160 still facilitated active
ferrichrome transport (at 40 % of WT level) in
cells with active TonB, leading to the conclusion
that apart from the TonB-box amino acids there
have to be other regions within the FhuA that
interact with TonB [35]. The same had been
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Fig. 5.1 Schematic representation of E. coli FhuA ge-
netic engineering concept leading from the cork-closed
WT protein to passive diffusion facilitating variant

found for plug-lacking variants of the Gram-
negative bacteria Salmonella paratyphi B and
Salmonella enterica serovar Typhimurium FhuA
homologues [36] and for a plug-less E. coli FepA
(TonB-dependant ferric enterobactin transporter;
see Chap. 2) variant [37].

To further analyze the FhuA A5-160 features
the protein was purified and reconstituted into
black lipid bilayer membranes formed by di-
phytanoyl PtdCho/n-decane and the membrane
current was recorded by high-resolution, single-
channel electrical recordings in 1 M KCI. Results
showed that the reconstituted protein led as ex-
pected to an increased conductance of 0.5 nS in
1 M KCl, however the recordings showed a high
degree of noise, leading to the conclusion that the
channels were not permanently open [38], most
likely due to the long extracellular, motile loops
of the protein that might temporarily close the
channel.

In a later study by Nallani et al. the fully or
partly cork-depleted FhuA was first recognized
as a robust protein channel with wide diameter,
facilitating passive diffusion and thus a perfect
protein-based nano-material. Here the FhuA
N-terminal amino acids 1-159 were deleted
(Fig. 5.1) leading to variant FhuAA1-159
and the deletion of amino acids 1-129 led to

cork-domain
-
2

Deletion of amino
acids 1-159
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FhuA A1-159

FhuAA1-159, by deletion of the cork-domain amino
acids 1-159 (Proteins are shown in New Cartoon repre-
sentation made with VMD)

FhuAA1-129. Both variants had been success-
fully reconstituted into ABA triblock copolymer
vesicles, where A is poly(dimethylsiloxane)
and B is poly(2-methyloxazoline) (PMOXA-
PDMS-PMOXA). The passive diffusion of
single stranded DNA-oligomers through the
protein channels was reported and it was shown
that mutant FhuAA1-159 revealed a higher
translocation efficiency [39]. The FhuAA1-159
potential as nano-material for biotechnological
applications was further demonstrated when
it was found that the protein residing in
PMOXA-PDMS-PMOXA  polymer vesicles
(nano-compartments) can be used to selectively
recover and trap negatively charged molecules
such as sulforhodamine B within the vesicles,
by the use of positively charged poly-lysine
traps enclosed in the nano-compartment. It was
furthermore reported that the same FhuAAl-
159 functionalized nano-compartment system
can be used for the enzymatic conversion in
nano-compartments, shown on the example of
3,3/,5,5'-tetramethylbenzidine (TMB) oxidation
by vesicle enclosed horseradish peroxidase
(HRP) [40]. Sulforhodamine B and TMB
are thus able to diffuse through the large
FhuAA1-159 pore. In 2009 the same FhuA
variant was shown to facilitate diffusion of the
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fluorescein derivative calcein again after being
reconstituted into PMOXA-PDMS-PMOXA
nano-compartments [3].

Though the FhuAA1-159 has not been
crystallized up to now, analysis by circular
dichroism (CD) spectroscopy showed a clear
B-structure (49-65 % contribution of P-sheet
content) [3, 4, 41], while for the FhuA WT a
CD derived fB-sheet content of 51 % had been
reported [42]. Furthermore a recent molecular
dynamics (MD) simulation study on the FhuA
WT and FhuAA1-159 performed in a DNPC
(1,2-dinervonyl-sn-glycero-3-phosphocholine)
lipid bilayer and a water/OES (N-octyl-2-
hydroxyethyl sulfoxide) detergent solution
revealed that the mutant protein shows a
remarkable stability in both environments
independent from the presence of the cork
domain [43].

Though the cork-less FhuA variants useful-
ness as nano-channel, in nano-compartment
systems was further strengthened by the
development of a reduction-triggerable [3] or
light-triggerable [4] opening mechanism of
chemically labeled FhuAA1-159 proteins, as
will be discussed in more detail in Sect. 5.1.3,
the problem of the flexible extracellular
loops interrupting channel diffusion properties
remained and required for the design of new
variants.

5.1.2.2 Smoothing Channel Ends

for a Permanently Open

Diffusion Channel
As it was known from the FhuA WT crystal
structure that one of the long extracellular loops,
loop 4 (L4, amino acids 318-339; see Fig. 5.2)
partially constricts the channel entrance and
decreases its diameter to about half the area
of the total cross section [44], it was thought
that the removal of the cork domain in mutant
FhuA A5-160 might lead to an increase in loop-
flexibility, explaining the instabilities in single-
channel potassium conductance the protein
variant revealed. Braun et al. therefore deleted L4
amino acids 322-336 in FhuAA5-160, ending
up with the double mutant FhuAA5-160 A322-
336. However the variant, as the FhuAA5-160

5 Biotechnology

before, increased the conductance of diphytanoyl
PtdCho/n-decane lipid bilayer membranes but did
not show uniform single-channel conductance.
Instead it revealed rapid alternating channel
opening and closing [38] and again the active
ferrichrome transport mechanism was still intact.
Construction of a further variant FhuAA5-160
A335-355 (deletion of one-third of L4 and
half of transmembrane (TM) strand 8) showed
uniform single-channel conductance of 2.5 nS
in 1 M KClI (2 nS higher than the FhuAA5-160
channel conductance), while it did not facilitate
active ferrichrome transport [38].

Endrif and Braun consecutively deleted the
FhuA extracellular loops in the WT protein and
replaced them by the short peptide sequence
NSEG(S), to reveal their functions. They found
that deletion of L3 or 11 inactivated active fer-
richrome transport, deletion of L8 removed re-
ceptor activity for colicin M and the phages
T1, TS, and ¢80, while deletion of L7 removed
only colicin M receptor function. Removal of
L4 caused resistance against phages T1 and ¢80
[45].

While these first FhuA loop-deletion studies
were still concerned with the analysis of the
protein function, later works were oriented to-
wards the FhuA application in the development
of a stochastic single molecule sensing element.
Mohammad et al. realized the FhuA’s value for
the purpose at hand [46]. Though the suitability
of OMPs in general had been recognized be-
fore, the so far used proteins, S. aureus pore-
forming toxin a-hemolysin [1], E. coli porin
OmpG [47] and E. coli porin OmpF [48], hold
certain disadvantages as they are multimeric pro-
teins making it difficult to engineer them (For
more information on these MPs see Sect. 2.3).
It was reported that the heptameric character
of a-hemolysin leads to many combinations of
engineered and WT monomers, complicating the
separation of a desired modified single sub-unit
[49]. Though recently a mutation study led to the
development of a monomeric OmpF variant [50].
Furthermore the crystal structure derived inner
channel diameters of all three proteins are rather
small at the point of highest constriction; one
finds for a-hemolysin: ~15 A [51], for OmpG
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( FhuA A1-159
Fig. 5.2 Schematic representation of further genetic
engineering concept starting with FhnuAA1-159 theoret-

ically leading to regular channel variant (FhuA Reg) lack-
ing 10 of the 11 flexible external loops that tend to close

~13 A [52] and for OmpF: ~6 A [53, 54], al-
lowing the passage of small, non-bulky molecules
with a maximum molecular weight of ~700 Da.
The FhuA protein combines the general f-barrel
advantages with further inborn advantages, such
as its monomeric character and much wider el-
liptic inner channel diameter of 39 x 46 A [44,
55]. Mohammad et al. therefore deleted apart
from the plug amino acids 1-160 four major
extracellular loops (L3, L4, L5, and L11) includ-
ing L4 that were thought to interrupt channel
conductance of FhuAA1-160. L3 (amino acids
243-274) and L5 (amino acids 394-419) are
large flexible loops folding back into the plug-
less channel interior, L11 (amino acids 482-704)
is another long loop that reaches into the pore
interior [56]. Loops were deleted and replaced by
short turns of the sequence NSEGS. The resulting
mutant FhuAAC/A4L revealed a high unitary
channel conductance in 1 M KCI of ~3.94.9
nS [46, 57]. Results show that the deleted loop
regions actually do interfere with channel con-
ductance, as their removal led to a ~9.5-times
increase in channel conductance as compared
to FhuAA1-160. Furthermore conductance oc-
curred uninterrupted over a long time span [57]
and as the plug-domain deletion seems already
a rather huge protein modification, in the mutant
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FhuA Reg

the channel. The first ever deleted loop (L4) is marked
by a black circle (Proteins are shown in New Cartoon
representation made with VMD)

FhuA AC/A4L almost one third of all FhuA WT
amino acid residues has been removed, indicat-
ing to what extend the FhuA structure tolerates
protein engineering measures. In a later study the
same group showed that the FhuA AC/A4L struc-
ture and conductance remained stable (in contrast
to the a-hemolysin) under harsh conditions, such
as acidic pH, low ion concentration or tempera-
tures up to 65 °C. As a proof of concept that the
new FhuA variant may be used as a molecular
sensor, it had been reconstituted into planar lipid
membranes and was used to monitor the pepsin
digest of immunoglobulin G (igG) (fragments of
digested igG led to short current interruptions) or
to monitor the interaction between the retroviral
gag nucleocapsid (NCp7) protein with a DNA-
aptamer. While free NCp7 blocks the protein
channel, interaction with the DNA-aptamer leads
to a channel opening [57].

In an unpublished study an attempt toward
an even more drastically modified loop-deletion
variant of the cork-less FhuA was made [58].
The engineering concept is shown in Fig. 5.2.
The FhuAA1-159 sequence was used as a
template to design a synthetic gene in which apart
from the very short loop L1 all 11 extracellular
loop-coding regions were cut leading to variant
FhuA A1-159 Reg (for regular channel structure),
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Fig. 5.3 Microscopic images at a 400-times magnifica-
tion of (a) non-induced E. coli BE strain BL 21 (DE3)
omp8 with plasmid pET22b + —FhuA Reg, showing
characteristic rod-shape; (b) E. coli BE strain BL 21

or short FhuA Reg. Loop amino acid residues
were deleted apart from terminal non-f-strand
loop residues (3—5 amino acids), these residues
were kept as P-strand connections (compare
FhuA topology in [44]). Including the removed
cork-domain 321 amino acid residues had been
deleted, leading to a protein with 413 amino acids
and an expected molecular weight of ~46 kDa.

The synthetic gene had been obtained from
GeneArt (Regensburg, Germany) and cloned into
E. coli expression vector pET22b+ (Novagen,
Merck, Darmstadt, Germany). Expression of the
protein was attempted as previously described
[40] using E. coli strain BL 21 (DE3) omp8 (F-
hsdSB (rB- mB-) gal ompT decm (DE3) AlamB
ompF::Tn5 AompA AompC). The general
OMP expression methods will be discussed
in greater detail in Sect. 5.3. However no
over-expressed protein with the expected size
could be isolated from the outer membrane.
It was observed that expressing E. coli cells
showed an altered spherical cell morphology
(Fig. 5.3a), while non-expressing cells showed
the typical rod-shape (Fig. 5.3a). In liquid
culture expressing cells tended to form large
macroscopic aggregates.

These changes in E. coli cell morphology are
known for cells that encounter defects in their cell

(DE3) omp8 with plasmid pET22b + —FhuA Reg after
induction, showing altered spherical morphology and for-
mation of cell aggregates (black arrows)

division mechanism due to mutations, resulting in
cells forming spheres that do not grow or prop-
agate further [59] and also E. coli cells lacking
the outer membrane turn elliptical or spherical
[60]. The so-called L-form E. coli are spherical,
osmo-sensitive cells due to a partial or total loss
of their cell envelope occurring either sponta-
neous or after treatment with f-lactam antibiotics
that inhibit murein synthesis [61]. In the case
at hand the morphological changes were most
likely due to the FhuA Reg over-expression and
they might be connected to osmotic imbalances
upon the insertion of the regular and expected
to be permanently open channel protein into the
outer membrane or to other toxic effects of the
protein. A similar effect has been reported for the
Rhodobacter blasticus porin; its expression into
the outer membrane of E. coli resulted in cell
lysis before the protein could be produced in suf-
ficient amount [62]. The same phenotype as for
FhuA Reg had been observed when expressing
an FhuAA1-159 variant with increased channel
diameter, as will be explained in the following.
In that case the problem could be overcome by
the optimization of culture conditions including
a change of growth media. A possible approach
to produce FhuA variant FhuA Reg might be its
expression into inclusion bodies with subsequent
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Fig. 5.4 Schematic representation of further genetic en-
gineering concept again starting from FhuAA1-159 lead-
ing to a channel variant with expanded channel diameter
(FhuA Exp), in which the last two N-terminal B-strands

refolding to native state or a cell-free expression
approach in the future (see also Sect. 5.2.1).

A similar loop deletion study had been carried
out recently on the OmpF porin of Yersinia pseu-
dotuberculosis. The deletion of three major loops
L1, L6 and L8 however did not lead to a change
in channel conductivity, but rather had an effect
on the antigenic structure of the mutant porins, as
revealed by immune-blotting and ELISA. Protein
variants were expressed heterologous in E. coli
and obtained from inclusion bodies [63].

5.1.2.3 Increasing the Number

of B-Strands for a 0.4 nm Wider

Channel Diameter
As the FhuA and some of its variants had been
found useful as nano-channel biosensors or to
functionalize artificial lipid or polymer vesicle
systems and as its tolerance towards extensive se-
quence mutations (especially deletions) had been
shown in several studies, the attempt to further in-
crease the channel diameter of variant FhuAA1-
159 by inserting P-strand-forming amino acids
seemed not too far-fetched. This was further
backed up by a study in which the three-stranded
B-sheet of Borrelia burgdorferi protein OspA
was successfully extended by two further strands
by duplicating a beta-hairpin that formed a new
sheet, indicating that the addition of new sheets

Strand addition
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“Copy-pasted” B-sheet

&

FhuA Exp

\
-

have been duplicated (black circle) (Proteins are shown in
New Cartoon representation made with VMD; the FhuA
Exp image has been edited using GNU image modification
program GIMP 2.6 to add the duplicated sheet)

to an OMP should be possible [64, 65]. A so
derived increase in inner channel diameter would
further widen the spectrum of substances that can
be translocated through the protein channel.

The gene was designed considering the fol-
lowing concept: As a proof of concept only one
B-sheet (two strands) was to be added, without
introducing completely new genetic information,
leading to a barrel with 24 strands as it can be
found also in nature [66]. Therefore the amino
acid sequence of one existing sheet was to be
copied from the template protein FhuAA1-159
and pasted into the sequence of the new protein
FhuAA1-159 Exp (for expanded channel diam-
eter), or short FhuA Exp. For this purpose the
first two N-terminal strands (30 amino acids)
were chosen for duplication as they are connected
by the short loop L1, in this way the protein
N-terminal sequence is conserved and N- and
C-terminus are still expected to close by hydro-
gen bonding to form the intact barrel [67]. The
engineering concept is shown in Fig. 5.4. The
resulting protein has 628 amino acids and an
expected molecular weight of 66.3 kDa.

When assuming a simple regular polygonal
geometry (hendecagon for FhuAA1-159 and do-
decagon for FhuA A 1-159 Exp), with constrained
side length given by the B-sheets connecting hy-
drogen bonds, the expected diameter increase can
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Fig. 5.5 Microscopic
image of FhuA Exp
pre-crystals

be estimated: The crystal structure derived FhuA
WT inner channel diameter is ~4.2 nm [56].
Based on the FhuA WT apothem, the expected
FhuAA1-159 Exp inner channel cross section is
~4.6 nm as calculated from the apothem ratio,
resulting in a 16 % increase in channel surface
area [67].

The on-paper reverse-translation derived syn-
thetic gene was expressed in E. coli BL21 (DE3)
omp8 using standard expression conditions as
used for FhuAA1-159 [40]. However for the
FhuA Reg variant no protein of the expected size
could be isolated and cells again showed the de-
scribed, spherical morphology (see Fig. 5.3). Ob-
tained optical densities were poor (unpublished
results, [68]). However after optimizing media
and growth conditions (see Sect. 5.2.1 for more
details) the protein was over-expressed without
affecting the expression host cells and could be
isolated from the outer membrane.

Channel functionality was verified after pro-
tein reconstitution into lipid vesicles, by mea-
suring TMB-conversion enzyme kinetics of vesi-
cle entrapped horseradish peroxidase (HRP), as
described in [40]. The channel proved to be
functional and TMB conversion occurred ~17 %
faster than with reconstituted FhuAA1-159 cor-
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relating with the 16 % increase in inner pore sur-
face area. The FhuA Exp structural integrity had
been verified by CD spectroscopy, revealing 63 %
B-sheet contribution [67]. In a first attempt to
crystallize FhuA Ext to analyze its three dimen-
sional structure by X-Ray diffraction, pre-crystals
were obtained (see Fig. 5.5) after an intensive
screening of more than 600 different crystalliza-
tion conditions carried out by Prof. E. Mizohata
(Division of Applied Chemistry, Graduate School
of Engineering, Osaka University) (unpublished
results; [68]).

In conclusion the study demonstrated that the
FhuA structure tolerated larger insertion muta-
tions as well and that the P-sheet secondary
structure information is fully contained in the
existing FhuA amino acid sequence, therefore
the simple “copy-paste” strategy was successful
and led to a protein with increased inner channel
cross-section and it seems likely that insertion of
further strands should be possible. To the author’s
knowledge no similar approach of increasing the
inner pore diameter of an OMP has been yet
followed in other works.

Purified variant FhuA Exp was as mentioned
successfully reconstituted into lipid vesicles
(of E. coli lipid extract) [67] and it was
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attempted to reconstitute the protein into
BAB triblock copolymer vesicles, formed
by the commercially available, cost ef-
fective polymer PIB 1000-PEGg000-PIB 1000
(PIB = Polyisobutylene;  PEG = Polyethylene
glycol), forming impermeable membranes
with a hydrophobic thickness of 5 nm [69].
However FhuA Exp did not insert into PIB -
PEGgp00-PIB1g99 membranes, due to their
thick hydrophobic region and the resulting
hydrophobic mismatch, the same had been
reported for FhuAA1-159 [69]. However the
use of impermeable, commercially available and
biocompatible polymers (e.g. PIB;00o-PEGeooo-
PIBj0g) can be of great advantage for the design
of functionalized nano-compartments, therefore
OMP variants that can be reconstituted into such
polymer membranes are desirable. A FhuAA1-
159-based variant was especially engineered for
this purpose (see below).

5.1.2.4 Overcoming the Hydrophobic
Mismatch

Polymer vesicles or polymersomes can as lipid
vesicles (liposomes) be utilized as nano-sized
encapsulation devices for applications such
as delivery systems, bio-mimetic membranes,
biomedical imaging tools, as protection devices
for labile substances or as nano-reactors for
sealed-in chemical or enzymatic reactions
[70]. In contrast to liposomes, polymersomes
formed by self-assembling synthetic amphiphilic
block copolymers have been reported to
possess superior biomaterial properties, such
as better chemical and physical stability and
impermeability [71]. The polymersome (or
polymer membranes in general) functionalization
by inserted MPs is therefore a potent way to
design new hybrid materials, such as protein-
polymer nano-compartment systems.

As mentioned before the FhuAA1-159 had
been successfully reconstituted into PMOXA-
PDMS-PMOXA polymer vesicles [3, 40]. The
PMOXA-PDMS-PMOXA polymer had been
synthetized to be used for the formation of
hollow sphere (polymersome) structures with
biomimetic membranes [72, 73]. It had been
found suitable for the functional reconstitution
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of E. coli OmpF [74] before it was used
in combination with FhuAA1-159. Here the
standard strategy for the functional reconstitution
of MPs into polymeric membranes was followed.
This strategy includes the specific design of
a polymer membrane’s characteristics to fit
the protein to be reconstituted. The membrane
should be as thin and as fluid as possible, to
minimize the energetic penalty when exposing
a nonpolar/polar interface. However membranes
formed by block copolymers can be rather thick,
as they vary in thickness from 5 to 22 nm,
while “natural” phospholipid membranes are
only 3-4 nm thick. The polymer membrane
greater thickness may cause problems in protein
insertion, due to the hydrophobic mismatch
between MP transmembrane regions and
hydrophobic membrane parts [75]. Since block
copolymers that assemble to membrane systems
with thick membranes or hydrophobic portion
might still have otherwise desirable features
(such as mechanical stability, biocompatibility,
cost effectiveness, or commercial availability), a
protein nano-channel that can be tailored to fit
the polymer is of superior advantage.

For a first proof of concept the FhuA protein
was chosen for its robust structure and the pos-
sibility to introduce vast mutations, and a BAB
triblock copolymer PIB 099-PEGgooo-PIB 1000 Was
chosen for its commercial availability and self-
assembling ab111ty The PIB]()()()-PEG6()(]()-P IB]()()()
polymer membrane hydrophobic part is ~5 nm
thick, while the FhuAA1-159 hydrophobic
portion is only ~3 nm thick [69]. Therefore
based on FhuAA1-159 as a template, a new
variant sequence was planned by “copy-pasting”
the last five amino acids of each B-strand, leading
to a total insertion of 110 amino acids thus
increasing the expected hydrophobic length by
1 nm to reduce the hydrophobic mismatch of
FhuA insertion into PIB;o00-PEGepoo-PIB 1000
polymersomes (design concept shown in
Fig. 5.6).

The resulting protein FhuAA1-159 Ext (for
extended channel length), or short FhuA Ext,
consisted of 665 amino acids with an expected
molecular weight of ~74 kDa. The protein was
obtained from the outer membrane after cloning
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Fig. 5.6 Schematic representation of genetic engineering
concept starting from FhuAA1-159 leading to channel
variant with extended channel length (FhuA Ext), by

the synthetic gene and expressing the protein
in E. coli BL21 (DE3) ompS8. The standard
FhuAA1-159 membrane extraction and protein
solubilization protocol [40] had to be modified
due to the proteins increased hydrophobicity [69]
(for details see Sect. 5.2.1). Again structural
integrity could be verified by determining
secondary structure by CD spectroscopy and the
determined B-sheet content was 75 %. In contrast
to FhuA A1-159 and FhuA Exp variant FhuA Ext
was successfully inserted into PIB;gp0-PEGeggo0-
PIB 09 polymersome membranes, as determined
by the already mentioned TMB conversion
kinetics measurements after TMB translocation
through the polymer embedded protein channel
[69]. Figure 5.7 shows schematically how the
elongated FhuA Ext is expected to reside in
membranes of the PIB-PEG-PIB type, with the
protein TM region thickness overlapping better
with the thickness of the hydrophobic membrane
portion (top) than it is the case for the shorter
FhuAA1-159 [69].

In order to determine the PIB;g0o-PEGgggo-
PIB g vesicle size and shape with and without
reconstituted FhuA Ext protein, dynamic
light scattering (DLS) measurements were
carried out after polymersome purification

LA Duplication of last
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FhuA Ext
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duplicating the last five amino acids of each B-strand on
the periplasmic protein side (black circle) (Proteins are
shown in New Cartoon representation made with VMD)

(details on the DLS method can be found
in Sect. 6.1.2), showing that plain polymer
vesicles were spherical and had an average
diameter of ~242 nm (when in presence
of detergent 2-Hydroxyethyloctylsulfoxide -
OES, used to solubilize FhuA Ext), while
vesicles with reconstituted protein (in 2-
Hydroxyethyloctylsulfoxide) had a larger
diameter of ~279 nm on average and were
also spherically shaped (unpublished data; [76]).
The results are shown in Fig. 5.8. Diameters
of polymersomes with reconstituted FhuA
Ext were ~37 nm larger than diameters of
plain polymersomes. This finding was rather
interesting, as from it might be obtained a
first clue on the number of proteins interacting
with a polymer vesicle, in case the membrane
thickness (and polymer volume) remains constant
in presence of or without the protein. As such
information cannot be obtained by simple DLS
measurements; in the future multi-angle light
scattering measurements instead might provide
information on the membrane thickness and
shape. Other analytical methods such as Cryo
TEM may be equally suited to compare the
polymersome membrane thickness with and
without channel protein (For an overview on the
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Fig. 5.7 Schematic representation of FhuA Ext (top)
and FhuAA1-159 (bottom) within triblock copolymer
PIB000-PEG500-PIB1gop membranes. The hydrophobic
TM regions of FhuAA1-159 Ext (4 nm) and FhuAA1-

state of the art analytical methods to characterize
protein functionalized membrane systems see
Chap. 6, a focus on DLS methods is given in
Sect. 6.1.2).

None of the described FhuA variants has been
crystalized and analyzed by X-ray diffraction
analysis, yet. Nevertheless the functional analysis
by indirectly monitoring substrate/product diffu-
sion through liposome or polymersome reconsti-
tuted channel proteins, using a vesicle enclosed
enzyme or by more accurate single channel con-
ductance measurements or CD spectroscopy de-
rived information on protein secondary structure
can give good clues on the correct folding of the
new variants.

Table 5.1 gives a summary of secondary struc-
ture information obtained by CD spectroscopy for
FhuA WT and all variants with changed channel

159 (3 nm) are indicated by lines; the duplicated part of
FhuAA1-159 Ext is indicated by a broken line (Proteins
are shown in New Cartoon representation made with
VMD) [69]

geometry. Each of the variants shows a rather
high amount of B-structure indicating that the
barrel structure is retained. A definite proof on
the accurate folding and tertiary structure of a
newly expressed protein variant however can be
obtained by X-ray diffraction analysis of protein
crystals, protein NMR or Cryo-EM (see also
Chap. 3).

5.1.3 Modifications for
Chemical/Physical Triggering
and Specificity

Especially for drug-release or more general
compound-release systems composed of a
lipid or polymer membrane or vesicles and an
OMP channel, a triggerable (irreversible) or


http://dx.doi.org/10.1007/978-94-007-7429-2_6
http://dx.doi.org/10.1007/978-94-007-7429-2_6#Sec3
http://dx.doi.org/10.1007/978-94-007-7429-2_3
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Fig. 5.8 DLS measurement results for PIB09-PEGggoo-
PIB g0 vesicles harboring FhuA Ext (solubilized in OES
detergent) and plain polymersomes in presence of OES
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Table 5.1 CD spectroscopy derived secondary structure amounts of FhuA WT and variants with changed channel

geometry

FhuA variant % B-structure % a-helix % random coil Reference
FhuA WT 51 2 47 [42]
FhuA A1-159 49-65 3-13 23-37 [3,4,41]
FhuA A C/A 4L 60.3 3.7 37.2 [46]
FhuA Exp 63 7 30 [67]
FhuA Ext 75 20 5 [69]

switchable (reversible) channel opening/closing
mechanism is desirable. Drugs or chemical
substances contained in a nano-compartment
can be transported to a particular target, at which
a triggered channel opening leads to compound
release, without the nano-compartment being
destroyed (see also Sect. 6.2.1). As proteins are
composed of amino acids of which some expose
reactive side-chains the most obvious way to
introduce an opening/closing mechanism to a
channel protein is to selectively and chemically
modify certain amino acid side chains with bulky
substances that are able to efficiently seal the
protein pore. The bond has to be cleavable upon
an external stimulus, so to release the bulky
label resulting in channel opening. Proteins as all
biological molecules restrict chemical labeling

reactions to certain conditions that ensure the
maintenance of biomolecule integrity. Chemical
reaction to modify proteins generally have to be
performed in aqueous environment (OMPs often
tolerate low concentrations of organic solvents),
at ambient temperature and preferably at neutral
pH.

For OMPs with a narrower inner channel di-
ameter unlabeled amino acids can be used to
introduce channel opening/closing switches, as
amino acids, based on their pK, values, answer
with a charge change upon changes in pH values.
This purpose however generally requires for pro-
tein modification by site-directed mutagenesis,
e.g. the introduction of a certain amino acid at
multiple inside facing positions, so to form a ring
at the channel constriction site [77, 78].


http://dx.doi.org/10.1007/978-94-007-7429-2_6#Sec9
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Such amino acid substitutions by site-directed
mutagenesis are not only useful in compound-
release applications but furthermore are of im-
portance for OMP based biosensor systems, too.
The addition of charged rings to an OMP pore
inside for instance can be used to detect charged
molecules [78]. Single substitutions might
change the specificity of OMPs that specifically
transport one substance or substance class [79].

5.1.3.1 Chemical Modification (CM)
Several amino acid side chains are suitable to be
chemically modified due to their reactive nature.
The primary amine moiety of the amino acid
lysine for instance can act as a nucleophile and
forms amides with N-hydroxysuccinimide (NHS)
esters, releasing the NHS. As the reaction occurs
spontaneously at pH 8-9 and as no reagents
such as bases are necessary it is well suited to
label Lys residues in a protein. Sulfonated NHS
ester derivatives reveal enhanced water solubil-
ity and are therefore preferable. Many protein
labeling reagents based on NHS esters or NHS es-
ter derivatives are commercially available. Isoth-
iocyanides likewise react with primary amines
under the formation of thiourea, at basic pH
(9-9.5). Furthermore the Lys amino can be used
for the reductive amination of aldehydes under
reversible imine formation. The imine can then be
reduced irreversibly to a secondary amine using
hydrides such as NaBH3;CN. Furthermore Lys
is able to form peptide-bonds with halogenated
carboxylic acids by a nucleophilic substitution
reaction.

Arginine residues can amongst others be mod-
ified by methyl glyoxal under formation of a
pyrimidine derivative.

Carboxylic groups of glutamate or aspartate
can be labeled by carbodiimide reagents under
peptide-bond formation.

The cysteine thiol side residue is a stronger
nucleophile than the amino group, therefore
cysteine generally reacts faster than Lys. But
since Cys residues in proteins form disulfide
bonds, proteins have to be treated with reducing
agents prior to performance of a labeling reaction.
Free thiols can then be modified by a variety of
different reactions including the reaction with
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maleimides, alkylation reactions or disulfide

bond formation, to name a few.

Arg, His or Tyr are other targets for the intro-
duction of chemical modifications [80]. The in-
terested reader may find detailed information on
the bioconjugate chemistry including step-wise
description of reactions, commercially available
reagents, and practical applications of labeled
bio molecules in the book “Bioconjugate Tech-
niques” [81].

In case of chemical amino acid modification
to introduce an opening/closing trigger or switch
to the inside of a protein channel, the decision for
a chemical labeling agent and labeling position
depends on several points:

1. The amino acid side chains to be modified
have to be exposed within the channel inte-
rior. Therefore information on the target OMP
structure is a pre-requisite for the selection of
the type of amino acid to be labeled. It might
be necessary to introduce one or several amino
acid labeling targets to the inside of an OMP
channel by site-specific mutagenesis.

2. It has to be ensured that labeling of certain po-
sitions will not destabilize a protein structure.
Theoretical considerations prior to labeling
experiments are advisable.

3. The labeling agent has to be bulky enough
to block the OMP channel and is preferably
commercially available.

4. It has to be possible to cleave off the bulky la-
bel to open the channel by an outside stimulus
(e.g. reduction agents, light, pH or temperature
changes).

A collection of literature examples for the
OMP amino acid chemical modification to intro-
duce trigger mechanisms or to change the con-
ductance of nano-pore sensing elements is given
below:

CM: Reduction Trigger

In case of the FhuAA1-159 the amino acid
lysine has been successfully biotinylated
using reagent 2-[biotinamido]ethylamido-3,3’-
dithiodipropionic acid N-hydroxysuccinimide
ester [3] or pyridylated using 3-(2-pyridyldithio)
propionic-acid [3, 82] (see Fig. 5.9). Both labels
contain a disulfide bond that allows removal by
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Pyridylation

Reduction

% Pyridylation Agent

Fig. 5.9 Schematic representation of pyridylation of
FhuAA1-159 (or variants) Lys residues. Labeling leads
to effective channel blocking as determined by calcein
release assay or indirect determination of TMB diffusion
through the channel by measuring HRP TMB conversion

addition of reductive agents, such as dithiothreitol
(DTT) permitting reduction-triggered channel
opening. Channel blocking properties of both
agents were analyzed utilizing calcein release
kinetics measurements or the TMB-HRP assay
system upon reconstituting labeled proteins into
PMOXA-PDMS-PMOXA polymersomes [3] or
liposomes [82]. FhuA A1-159 contains 29 lysines
of which 19 are located on the OMP surface, 6
are buried within the channel and 4 sit on the
barrel rims [3]. As the surface exposed lysines
are located in the proteins TM region they are
covered by detergents after membrane extraction
and therefore unlikely to be modifiable [82].

A mutational study on the six channel buried
Lys came to the conclusion that pyridylation of
Lys at amino acid position 556 is sufficient to
sterically hinder compound flux. This finding has
been in accordance with MD simulation based
B-factor analysis identifying Lys556 as the most
rigid of the investigated lysine residues [82].

kinetics. The label can be cleaved off by providing re-
ducing conditions (e.g. addition of DTT), cleavage results
in channel opening (Protein New Cartoon representations
made with VMD)

The same bioconjugation chemistry had been
used to biotinylate Lys residues in FhuA Ext and
FhuA Exp. FhuA Ext contains 29 lysine residues
of which 22 are facing the outside, four are buried
within the channel and three are localized at
both channel rims. Labeling of PIB 009-PEGeogo-
PIBggo polymersome inserted FhuA Ext lysines
led to a decrease in TMB conversion speed and
thus TMB influx (about five-times more slow
than for unblocked FhuA Ext), but did not lead
to a complete channel blocking as it was found
for liposome reconstituted FhuAA1-159 [69]. In
FhuA Ext one finds 31 Lys residues of which 21
are located on the OMP surface, 6 face the chan-
nel inside and 4 are on both barrel ends. Biotiny-
lation in this case again led to a decrease in TMB
conversion speed as a measure for compound flux
through the liposome inserted protein channel.
However TMB conversion occurred only 3-times
more slow through the blocked FhuA Exp as
compared to the open barrel, most likely due
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to the increased channel diameter [67]. These
findings show that the label choice depends also
on the newly designed protein features and an
increase in length and especially in diameter
necessitates the use of bulkier agents to guarantee
efficient channel sealing.

CM: Light Trigger

Modification of lysine residues in FhuA
furthermore allowed the introduction of a light
triggerable channel opening system. For this
purpose Lys amino acids were labeled using
the well-known photo-cleavable compound
6-nitroveratryloxycarbonyl chloride (NVOC-
Cl) [83]. NVOC-CI reacts with the Lys primary
amine by nucleophilic substitution. The Lys-
NVOC complex is cleaved upon irradiation
with light of a wavelength of 366 nm releasing
the easily detectable yellow compound o-
nitrosobenzaldehyde and CO, [4]. Channel
blocking was monitored using the TMB/HRP
assay system and Lys556 labeling was again
found to be sufficient to completely block TMB
diffusion through the protein pore [4].

CM: Further Examples

Cysteine amino acid labeling of the FhuA
WT with Dbiotin-maleimide [N-biotinoyl-N’-
(6-maleimidohexanoyl)-hydrazide] had been
carried out in order to obtain structural and
functional information on cysteine residues in
the surface exposed loop regions L4 and L11. As
labeling was possible only with Cys in L4 after
reduction, while C-terminal cysteines reacted
only after replacement of one Cys and subsequent
denaturation it was deduced that all four cysteine
residues form disulfide bridges [84]. As these
naturally occurring Cys in the FhuA protein do
not easily react with thiol marking compounds
single Cys may be introduced to the protein as
labeling targets. In fact two Cys were newly
added to L4 of which one proved to be more
reactive than Cys in the WT [85]. However
newly added Cys might lead to incorrect folding
by formation of unwanted disulfide bridges and
proteins should be expressed under reducing
conditions.
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The «-hemolysine heptamer had been
modified by covalently attaching one 5,000 Da
(or 3,000 Da) poly(ethylene glycol) (PEG)
molecule to an introduced cysteine in the protein
pore (by mixing modified and unmodified
subunits in suitable ratios heptamers with a
single PEG chain were obtained). As the PEG
was attached via disulfide bond formation, it
could be cleaved off by adding DTT. Single
channel recordings showed that the modification
reduced the pore conductance by 18 % [86]. This
approach broadens the design possibilities for
new biosensors by attaching polymer chains that
respond to analytes. The attachment of responsive
polymers to the interior of an OMP channel is
furthermore useful to design new switches and
triggers to open or close the channel.

Non-covalent modification of a-hemolysine
by P-cyclodextrin as adapters for organic
molecule analytes was reported. p-cyclodextrin
blocked the WT channel by 64 %, it is
thought to be retained in the channel by one
of two restriction rings. As it is known that
adamantane derivatives bind to cyclodextrines
two adamantine based model molecules
(2-adamantamine and 1-adamantanecarboxylic
acid) were tested on their ability to further
block the channel. Both molecules led to a
further decrease in channel conductance, proving
the adapter qualities of the channel retained
cyclodextrin [87].

5.1.3.2 Site-Specific Mutagenesis (SSM)

Since easy to use site-directed mutagenesis kits
for amino acid substitutions, point mutations
and small deletions/insertions are available from
various suppliers, mutagenesis became a lot
more practical and is a useful tool to change
a protein’s functional features, provided that a
protein’s primary sequence is known and one
has some information on its tertiary structure. As
mentioned, site-specific mutagenesis to substitute
amino acids can be used to introduce amino
acid based switches. Furthermore it allows the
introduction of protease recognition sites that
permit channel opening upon cleavage of an in-
troduced loop structure [88]. Some representative
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examples of OMP site-specific mutagenesis
resulting in property changes (e.g. substrate
specificity) or the introduction of opening/closing
switches are given in the following:

SSM: OmpF pH Switch

The E. coli porin OmpF has been used for the de-
velopment of a pH based channel release switch.
OmpF was chosen as it had previously been
successfully reconstituted into PMOXA-PDMS-
PMOX block copolymer vesicles [74]. As histi-
dine has a pKa value of ~6, the introduction of
a ring of histidines at a channel constriction site
was thought to permit the release control of posi-
tively charged molecules by shifting the pH from
5 to 7. As target position was chosen a constric-
tion site consisting of two amino acid half rings
with three amino acids each (Arg42, Arg82 and
Argl32; positively charged and Asp113, Glul17
and Aspl21; negatively charged). All six amino
acids were substituted by His. The pH dependent
release was demonstrated by monitoring the acri-
dine orange translocation by Fluorescence Corre-
lation Spectroscopy at different pH values [77].

SSM: Zinc Binding a-Hemolysin

A Zn(I)-binding o-hemolysin subunit was
designed by substituting amino acids Asnl23,
Thr125, Gly133 and Leu135 with histidine, while
Thr292 was substituted by cysteine. The four
histidine imidazole sidechains act as ligands to
Zn(Il), while the single cysteine was modified
by 4-acetamido-4’-[(iodoacetyl)amino]stilbene-
2,2'-disulfonate, leading to a change in SDS-
PAGE (sodium dodecyl sulfate polyacrylamide
gel electrophoresis) electrophoretic mobility
allowing heteromer separation [89].

SSM: Nano-pore DNA-Sequencing MspA

Nano-pore DNA sequencing, using a membrane
inserted protein pore has received much interest
[90]. The method is based on single channel
current measurements, exploiting that current
changes when single-stranded DNA passes
through the channel depending on the DNA
sequence. The homo-octameric Mycobacterium
smegmatis porin A (MspA) is one of the most
stable proteins so far known [91]. Due to its
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geometrical features, i.e. pore constriction of
~1 nm length and ~1 nm width surrounded by
sections with much larger diameter [92], MspA
is rather suited as a nano-pore DNA sequencing
device. The MspA pore has been engineered
to allow electrophoretic passage of DNA by
replacing negatively charged by neutral amino
acids in the constriction site. Furthermore the
addition of 24 positively charged residues at
the channel entrance of another mutant led to
an increase of DNA translocation through the
protein pore of 20-times as compared to WT
[93]. A combination with the latter mutant and
the phage DNA polymerase phi29, allowed the
control of the DNA translocation rate [94].

A combination of site-directed mutagenesis
and subsequent chemical modification of the
newly added amino acid(s) can be used to
limit labeling to a defined position, adding a
further element of control. The introduction
of a single cysteine to the cysteine free a-
hemolysine WT made possible the development
of a light-activation of pore-formation by
cysteine modification with  2-Bromo-2-(2-
nitrophenyl)acetic acid (BNPA). The BNPA
modified protein lost pore-forming abilities on
rabbit erythrocyte membranes, while the cleavage
of the label by irradiation with near UV light
restored pore-forming properties [95].

All variants of B-barrel MPs have to be iso-
lated and purified prior to characterization and
to application. Apart from the multimeric pore
forming toxins whose subunits are expressed in
soluble form, OMPs are generally expressed into
the bacterial outer membrane and their over-
expression and retrieval can be rather challeng-
ing due to their localization and hydrophobic
character as will be discussed in the following
sections.

5.2  Outer Membrane Protein
Production: Challenges

and Solutions

When it comes to their over-expression, isolation
and purification OMPs are, as all integral MPs,
classified as challenging proteins. However when



5.2 Outer Membrane Protein Production: Challenges and Solutions

working with bacterial MPs one has access to a
number of rather developed standard procedures
from which to start from, when a protocol for
a new OMP variant has to be set-up. Protocols
for eukaryotic MPs are less established, however
certain general rules and guidelines apply to both
pro- and eukaryotic expression and in some cases
the heterologous expression of a eukaryotic OMP
in bacteria such as E. coli might be possible.

This section and its sub-sections will deal
mainly with the production of bacterial OMPs, as
they are the main targets for the developments of
new nano-materials.

In principle MPs can be obtained from their
natural source the inner or outer membrane sub-
sequent to their over-expression. This works how-
ever only, if the target protein is highly abundant
in the respective membrane, as it is the case with
the a-helical MP bacteriorhodopsin that can be
obtained from the purple membrane of Halobac-
terium halobium [96] or for an outer membrane
derived porin of Rhodobacter capsulatus [97].
In most cases though the low abundance of a
MP in the corresponding membrane prohibits
it’s recovery from the natural source. There-
fore most often the ORF coding for the target
outer membrane protein will be cloned into a
suitable over-expression vector allowing homol-
ogous or heterologous over-expression leading to
higher expression and membrane insertion levels.
Three of the first OMPs expressed from plasmid-
DNA are E. coli malotoporin LamB [98], the
Salmonella typhimurium sucrose porin ScrY pro-
duced in E. coli [99] and the E. coli FhuA
[100]. The outer membrane of the expression host
bacterium, rich in the desired OMP, will then
be isolated and the protein has to be solubilized
and purified prior to its structural or functional
characterization or its use as nano-material.

As the membrane offers only a limited space,
it restricts the number of correctly folded and
inserted OMPs, lowering the obtainable yield.
Therefore if the protein shows the ability to
spontaneously refold from a fully or partially
unfolded state, over-expression into inclusion
bodies should be considered, as much higher
yields can be reached. This method can be
especially useful for engineered channel forming
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OMPs with changed geometry or with a higher
than average hydrophobicity (when in folded
state).

No matter if an OMP has been obtained from
the outer membrane or from inclusion body ma-
terial, the folded/refolded OMP has to be solubi-
lized in detergent-, polymer-, or organic solvent
solutions and extensive screening for the right
solubilization agent (depending on protein and
purpose) may become necessary. Furthermore the
subsequent purification steps that are crucial for
crystallization purposes and many applications
are often selected following a trial-and-error ap-
proach, starting out from standard protocols, as
each new variant might require the development
of a new purification procedure. But since “many
roads lead to Rome”, good knowledge of stan-
dard OMP production protocols as well as more
unconventional methods can be of advantage and
sometimes, as it is so often in science, one has to
be bold and try something entirely new.

Here a summary of the well-established OMP
over-expression, solubilization and purification
methods, as well as of newly developed/less con-
ventional protocols, with a focus on adaptations
suitable for the production of novel developed
OMP variants, will be given. Of further consid-
eration will be the various means of expression
quality, protein functionality and yield control.

5.2.1 Conventional OMP Isolation

from the Outer Membrane

OMPs are either derived from the outer mem-
brane of an expression host or expressed into
inclusion bodies from where they can be isolated
and refolded [101]. Recently cell-free expression
techniques have been recognized as promising
tools for the production of MPs in general [102].
Both expression into inclusion bodies and by
cell-free expression systems avoid the limited
membrane surface bottle-neck.

Apart from the rare case in which a target
MP can be obtained from its natural source with-
out preceding over-expression, OMPs have to
be over-expressed to reach sufficient concentra-
tions for characterization purposes or for the
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application as nano-sized building blocks. When
working with a new OMP one will generally
start by choosing a fitting expression host and
in case of bacterial OMPs it is often possible
to over-express the protein in the natural host
(homologous) [101], while for eukaryotic, higher
organism mitochondrial or plastidic OMPs het-
erologous expression into the outer membranes
of Gram-negative bacteria or yeast mitochon-
drial outer membranes can be advantageous as
unicellular organisms are more easy to handle
and have much shorter generation times. How-
ever when expressed in heterologous systems,
OMPs as all MPs can be toxic for the host or
misfolded and expression levels are often low
due to the limited space offered by the mem-
brane [103]. Furthermore OMPs fold and in-
sert solely into the Gram-negative bacterial or
mitochondrial/chloroplasts outer membrane and
can therefore not be membrane-expressed into
Gram-positive bacteria or for instance the yeast
plasma membrane. The most widely used host
for the heterologous over-expression of Gram-
negative bacterial OMPs is E. coli, as it is a Gram-
negative organism itself and as it is a well-studied
model organism that is widely used for heterol-
ogous protein expression. Numerous bacterial
OMPs such as the Chlamydia psittaci major outer
membrane protein MOMP [104], Haemophilus
ducreyi OMP D15 [105], Chlamydia trachoma-
tis MOMP [106], Pasteurella multocida OmpH
[107], Neisseria meningitidis PorA [108] to name
but a few, are examples for OMPs that have been
over-expressed in E. coli. E. coli however is often
not suitable for the recombinant expression of
eukaryotic OMPs.

When a new variant of an already known OMP
is to be expressed then often a good starting point
is to choose the same expression host, conditions
and protocols as used for the parent OMP. If
necessary, procedures can then be adapted and
optimized for the newly engineered protein.

The general work-flow for the conventional
OMP production in bacterial host cells is shown
in Fig. 5.10. As step one in Fig. 5.10 shows after
selecting the host organism, the target OMP cod-
ing ORF is cloned into a suitable over-expression
vector. These vectors are usually the same as used
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for the expression of soluble proteins therefore
the same selection criteria are applied. Further
considerations are that affinity tags useful for
purification purposes, such as the Hexa-His-tag
should be fused to the protein C-terminal end,
so to not interfere with the N-terminal signal
peptide sequence leading the protein to the outer
membrane. The elongation of the His-tag from
6 to 8 or 10 histidines can increase purifica-
tion success, while it might result in lower ex-
pression levels [109]. In case of OMPs how-
ever internal His-tags can be the better solu-
tion, as C- and N-terminus close the barrel by
hydrogen bond formation and an affinity tag
may inhibit the correct closing [100] (see also
Sect. 5.2.4.1).

A standard combination of expression host
and expression plasmid (not only for MPs) is
E. coli BL21 (DE3) and the pET vector sys-
tem. Both are readily available and generally
present in any molecular biology laboratory. The
E. coli BL21 (DE3) [F- ompT gal dcm lon
hsdSg (rg~ mg~) AMDE3 [lacl lacUV5-T7 gene
1 ind1 sam7 nin5])] is an E. coli B strain car-
rying a A prophage carrying the T7 RNA poly-
merase gene and lacl%, usable with plasmids
containing the T7 promotor. Expression of the T7
RNA-polymerase is under the control of an iso-
propyl B-D-1-thiogalactopyranoside (IPTG) in-
ducible lac promoter [110]. The pET expression
vector system is one of the most widely used
systems for the expression of recombinant pro-
teins in E. coli since the T7 RNA polymerase
is highly specific for the T7 promoter on the
plasmid (host genes will not be expressed) and
since it is highly active leading to high expres-
sion levels. The pET vectors have been derived
from plasmid pBR322. Target cloned ORFs are
under control of strong bacteriophage T7 tran-
scription and translation signals. Upon induction
with IPTG the T7 RNA polymerase is expressed
in E. coli host cells, resulting in plasmid pro-
tein expression [110]. This element of control
avoids “leaky” expression of the plasmid coded
OREF (i.e. low expression in non-induced cells),
this is of great importance since OMP over-
expression can lead to toxic effects or reduced
growth rates [111].
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Fig. 5.10 Schematic representation of conventional
membrane expressed OMP production process flow.
1 — ORF cloning into expression vector (grey circle),
transformation of host cells (screening for best expressing
cells and conditions not shown) and cell growth + protein
expression in liquid culture; 2 — cell harvest (e.g. by
centrifugation); 3 — cell disruption and outer membrane

For the over-expression of OMPs E. coli BL21
(DE3) derivatives lacking genes for the major
OMPs, such as E. coli BL21 (DE3) omp8, are
available. E. coli BL21 (DE3) omp8 expresses
only a small subset of naturally occurring E. coli
porins assisting the purification of over-expressed
barrel proteins [112]. Cloning, transformation,
clone screening, small-scale expression and ex-
pression follow standard protocols [113] and will
not be further discussed. Generally it can be said
though, that decelerated expression rate and bac-
terial growth rate facilitates the functional OMP
expression into the outer membrane of E. coli
as it avoids unwanted inclusion body formation
and toxic effects of OMP over-expression (but
lower expression levels can lead to difficulties in
OMP isolation and purification). Lower growth

115

isolation (by differential centrifugation); 4 — protein sol-
ubilization (includes solubilization agent screening); 5 —
expression yield and protein purity control (e.g. by SDS-
PAGE); 6 — characterization and application of purified
OMP variant (Protein New Cartoon representations made
with VMD)

and expression rates can be achieved by low-
ering growth temperature after induction (e.g.
to 30 °C), by low inducer concentration or by
utilizing a vector system with a weaker pro-
moter. Toxicity can be lowered furthermore by
shortening the time of induction [99]. In case
of OMPs that might lead to host-cell osmotic
imbalances (i.e. caused by OMPs that have high
conductivity) carefully considering the expres-
sion media can lead to better results. As described
in Sect. 5.1.2.3. FhuA variant FhuA Exp, an OMP
with a widened channel diameter [67], led to poor
cell-densities and protein expression-rates when
expressed under conventional conditions (i.e. TY
or LB media and a growth temperature of 37 °C
[68]). Lowering the expression temperature to
30 °C, combined with using the hypertonic NaPy
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Table 5.2 Fatty acid composition of E. coli outer cell membranes applying different cultivation temperatures [115]

% of overall fatty acid content

Fatty acid 10°C
Myristic acid 4
Palmitic acid 18
Palmitoleic acid 26
Oleic acid 38
Hydroxy-myristic acid 13
Ratio unsaturated/saturated 2.9

medium, such as it is used for L-form E. coli
[114] greatly enhanced the obtained cell density
and allowed the new OMP variant to be isolated.

Another important effect of the cultivation
temperature is that it influences the lipid compo-
sition of the bacterial outer membrane leading to
differences in membrane fluidity [115]. Though
E. coli can regulate to some extend the ratio of
unsaturated/saturated membrane lipid fatty acids
at different temperatures due to the FabF en-
zyme [116]. Nevertheless the E. coli outer mem-
brane composition is temperature dependent and
Table 5.2 lists the fatty acid composition of the
E. coli outer membrane at different cultivation
temperatures. It shows that at lower temperature
the membrane contains more unsaturated fatty
acids rendering the membrane less fluid (see also
Chap. 2). These differences in membrane fluidity
may affect the membrane isolation and OMP
solubilization process. A comprehensive review
on the bacterial membrane lipid homeostasis can
be found in [117].

After expressing the target OMP in a liquid
culture, protein expressing cells will be harvested
(Fig. 5.10, step 2). In case of bacterial expres-
sion hosts harvest will generally be accomplished
by low speed centrifugation at 4 °C and cell
pellets are resuspended in suitable buffers (e.g.
phosphate buffers pH 7.0-8.0) or unsuspended
pellets can be stored at <—20° prior to further
processing. In order to be able to isolate the
protein carrying outer membrane, harvested cells
have to be disrupted and non-outer membrane cell
components have to be separated and discarded.
Many of the methods used to disrupt cells before
the isolation of cytoplasmic proteins can be ap-
plied also prior to isolation of outer membrane
proteins. Cell disruption procedures that cause

20°C 30°C 40°C
4 4 8

25 29 48

24 23 9

34 30 12

10 10 8
2.0 1.6 0.38

destabilization or dissolving of the outer mem-
brane by addition of high concentrations of de-
tergents such as SDS, Sarkosyl or Triton X-100
are not advisable because they may lead to a pre-
mature OMP solubilization.

A rather complete review on cell disruption
methods is given in [118] and Table 5.3 summa-
rizes the most common methods leading to outer
membrane fragments in vesicle shape that can
be used prior to outer membrane isolation. The
disruption method of choice depends often on
the culture volume and cell mass, as some meth-
ods like the disruption by ultrasonic sound are
only applicable for small volumes. Furthermore
it depends on the target protein, as temperature
sensitive proteins or proteins that do not tolerate
strong shearing forces forbid the use of methods
that lead to sample heating or that disrupt cells by
shearing such as the high pressure homogenisator
(HPH), French press or ultrasonic cavitations.
The much milder enzymatic lysis of bacterial
cells using lysozyme might be more suitable,
shows however low disruption efficiency and is
quite time consuming. Gram-negative cells have
to be treated with lysozyme and ethylenediamine-
tetra-acetic acid (EDTA), as EDTA chelates diva-
lent cations (e.g. Mg?") that stabilize the outer
membrane. The outer membrane destabilization
allows lysozyme to reach the inner membrane
murein layer [118]. In all cases the addition of
DNase is advisable to decrease the solutions high
viscosity caused by released DNA. The addi-
tion of commercially available protease inhibitor
cocktails is generally useful also, as cells contain
proteases that are liberated upon disruption.

Disruption of cells is followed by the isolation
of the outer membrane (Fig. 5.10, step 3) by
differential centrifugation. In case of E. coli cell
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Table 5.3 Classification of cell disruption methods applicable to disrupt Gram-negative bacterial cells prior to outer
membrane isolation

Type Method Concept Comments Reference
Mechanical HPH Pressure of a cell suspension is Suitable for large volumes, but [119]
raised to ~1,000 bar. Then leads to sample heating (stringent
high-velocity release of disrupted cooling required).
material through a valve leads to
disruption.
French Pressure of up to ~1,400 bar Same as HPH. [120]
Press applied to cell suspension. Abrupt
pressure reduction by dropwise
release of disrupted material.
Non- Freeze/Thaw Repeated freezing/thawing of cell Simple, inexpensive; but [121]
mechanical paste; disruption through ice sensitive proteins can be
(physical) crystal formation. Often combined damaged and efficiency is low.
with grinding or enzymatic lysis.
Osmotic Rapid change of solution of high Simple, inexpensive; usable in [122]
shock osmotic pressure to low osmotic combination with enzymatic
pressure. lysis; but not for stationary phase
cells.
Ultrasonic Ultrasonic sound leads to pressure Simple, inexpensive; but only for ~ [123]
cavitations changes in cell solution resulting small volumes. Heats sample and
in cavitations. can destroy sensitive proteins.
Non- Enzymatic Lysozyme cleaves B-1,4 glycosidic ~ Mild, but slow and with low [124]
mechanical bonds of peptidoglycan disruption efficiency. Has to be
(biological) polysaccharide chains. combined with EDTA to

lysates can be cleared by low speed centrifugation
to remove cell debris [125] (this step is not
crucial though), cleared lysates are then treated
with low concentrations of non-ionic detergents
like Triton X-100 or N-lauroylsarcosine to solu-
bilize the inner membrane [126, 127]. Centrifu-
gation at speeds around 20,000-40,000 g allows
the removal of solubilized inner membrane and
other residual cell components with the result-
ing supernatant [40]. In a pre-solubilization step
proteins loosely bound to the outer membrane
can be removed by adding low concentration
of solubilization detergent and subsequent ultra-
centrifugation [82].

If the fusion of a purification tag to the target
OMP is possible, the outer membrane isolation
can be skipped. To the uncleared lysate instead
is added the solubilization detergent and the so-
lution is loaded onto a suitable chromatographic
column. This is of great advantage, as outer mem-
brane preparation is a time consuming procedure
due to lengthy centrifugation steps and incuba-
tion in pre-solubilization buffers. Furthermore the
outer membrane pellets are very tough and sticky

destabilize the outer membrane.

and resuspension in newly added buffer requires
mechanical processing with homogenizer or by
ultrasonication.

The most crucial step, the solubilization of the
target protein from the outer membrane (see step
4 in Fig. 5.10), is achieved by the addition of a
suitable detergent or other amphiphilic molecules
(though detergents are often rather expensive due
to a lack of effective alternatives they are still first
choice for the MP solubilization) and a last high
speed centrifugation step leading to separation of
membrane lipids (pellet) and solubilized proteins
(supernatant). The solubilization step is mainly
dependent on the careful selection of the right
detergent. In case of newly developed variants of
an already known protein, one often can resort to
protocols developed for the WT protein. While in
case of new OMPs or variants with novel features
a detergent screening is necessary.

Detergents first disintegrate the lipid bilayer,
dissociating lipid-protein interactions then
their hydrophobic tail-regions interact with
hydrophobic surface areas of the released OMPs.
Hydrophilic detergent and protein portions are
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in contact with the aqueous environment (see
Fig. 5.10, step 4) [128]. It is assumed that a
solubilized membrane protein is properly folded
when in contact with the detergent [129]. Small-
angle x-ray scattering showed that this is true
for B-barrel shaped proteins such as the E. coli
OmpF, while detergent-solubilized helical MPs
such as bacteriorhodopsin and Ste2p G-protein
coupled receptor from S. cerevisiae were not
properly folded [130]. Solubilized MPs are
always complexes of protein, detergent and
membrane lipids, the detergent and lipid content
of these complexes lies between 10-50 %,
depending on the utilized buffer.

Detergents are amphiphilic molecules that can
be classified into four distinct groups [131]:

1. Ionic detergents (e.g. SDS)

2. Bile acid salts (e.g. Sodium cholate)

3. Non-ionic detergents (e.g. Triton X-100)

4. Zwitterionic detergents (e.g. 3-[(3-Cholamido-
propyl)dimethylammonio]- 1-propanesulfon-
ate. — CHAPS)
lonic detergents consist of a charged head

group and a hydrophobic hydrocarbon chain

tail. They effectively solubilize proteins from
the outer membrane, but disadvantageously
many ionic detergents have more or less strong
denaturing effects [131]. They are useful to
dissociate protein-protein interactions. Some
proteins can be refolded from their SDS-
solubilizes state into a lipid environment by
renaturing detergents [131] or amphipathic
diol solvents such as 2-methyl-2,4-pentanediol

(MPD) [132]. SDS can be removed for instance

by dialysis.

In an unpublished study the FhuA variant
FhuAA1-159 has been solubilized from the
E. coli outer membrane upon over-expression,
using SDS [133]. Solubilization efficiencies
were much higher than with the conventionally
used non-ionic detergent n-octylpolyoxyethylene
(octyl-POE), where most of the protein remains
within the membrane fragments. (FhuAAl-
159 expressed into the membrane and extracted
using octyl-POE allowed to obtain ~1.5 mg of
correctly folded protein from 1L of culture [41]).
Protein solubilized by SDS was present in an
unfolded state and tended to precipitate. The
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Fig. 5.11 SDS-PAGE result of outer membrane derived
FhuA A 1-159 solubilized in SDS and refolded by dialysis
into PE-PEG containing buffer

protein was therefore refolded by SDS-removal
via dialysis or during immobilized metal-affinity
chromatography (IMAC), where the unfolded
protein was bound via an internal His-tag to
the column resin and the SDS was diluted by
washing steps. In both cases the commercially
available and relatively cheap diblock copolymer
Polyethylene-Poly(ethyleneglycol)  (PE-PEG)
had been used as a refolding agent and only
with the dialysis method could be obtained
reasonable yields of ~30 mg/L of culture (see
Fig. 5.11), which is about 20-times higher than
yields obtained by solubilization with octyl-POE
and about 1.5-times more than when isolating
and refolding the protein from inclusion bodies
(where refolding is again facilitated by PE-PEG)
(see also Sect. 5.2.2). Structural integrity of
the so obtained protein was verified by CD-
spectroscopy, revealing a B-structure content of
~48 %. Obtained purities however were only up
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to 85 %. However in this study only PE-PEG had
been used to refold the protein without further
optimization or screening for better refolding
agents, and no further purification steps were
employed. Therefore there might be noteworthy
potential to improve yields and especially purity
by further optimizing the protocol and by using
other solubilization agents.

Bile acid salts (or saponin detergents) are mild
ionic detergents with a rigid steroidal backbone.
In contrast to linear chain detergents they do not
form conventional micelles [128, 131].

Nonionic detergents have polyoxyethylene or
glycosidic, hydrophilic head groups and they are
mild and often not denaturing. They effectively
break lipid-lipid and lipid-protein interactions,
therefore they are commonly used to solubilize
MPs in general. Disadvantages are however that
they often lead to low yields [128] and as they
do not break protein-protein interactions they do
not prevent proteins from forming aggregates that
may precipitate.

Zwitterionic detergents combine ionic and
nonionic detergents properties. Though they
are more denaturing than non-ionic detergents
they are widely used, as they proved to be of
advantage for protein structural study purposes.
Examples are the BtuB protein that has been
crystallized in complex with TonB using
detergent lauryldimethyl amine oxide (LDAO)
[134] while FhuA and OmpF were crystallized
in dimethyldecylamine-N-oxide (DDAO) [56,
135]. Furthermore many NMR-based structural
studies have been carried out using zwitterionic
detergents such as dodecylphosphocholine
[136, 137].

In order to find the best detergent for a certain
outer membrane protein (it should solubilize the
protein without denaturing it) several different
detergents and solubilization conditions have to
be screened.

The construction of a new OMP variant from
an existing OMP often necessitates to newly
screen for optimal solubilization conditions,
especially if the new variant shows changes in
hydrophobicity. One example is FhuA variant
FhuA Ext with extended hydrophobic, TM
region (see Sect. 5.1.2.4). In contrast to the
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parent FhuAA1-159 that can be solubilized
from the membrane using detergent octyl-
POE, FhuA Ext could be obtained from the
membrane only by a serial extraction with
organic solvent mixtures of chloroform:methanol
and TFE (2,2,2-trifluoroethanol):Chloroform
prior to solubilization in detergent OES [69].

Solubilization yield can be monitored for in-
stance by SDS-PAGE of supernatant and pellet
after ultra-centrifugation (Fig. 5.10, step 5). The
target protein should be mainly in the super-
natant. As a rule of thumb a membrane protein
is properly solubilized if it stays in solution after
1 h centrifugation at 100,000 g. A more accurate
method to determine whether a MP is solubilized
is the gelfiltration of protein in detergent solu-
tion. When using Sepharose 6B for instance the
protein elutes in the columns inclusion volume in
case it is solubilized. Recently an ultracentrifu-
gation dispersity sedimentation assay (combining
small volume ultracentrifugation and subsequent
SDS-PAGE) has been developed that allows de-
termining rapidly whether a MP is monodispers-
edly solubilized, thus speeding up screening pro-
cesses [138]. Nowadays commercially obtainable
detergent screening kits containing sets of com-
monly used detergents may speed up the selection
of a detergent for solubilization or crystallization.

Above a certain detergent concentration,
the critical micellar concentration (cmc), in an
aqueous environment, the detergent molecules
associate and form multimolecular complexes,
so called micelles. Micelles are aggregates with
hydrophobic interior and hydrophilic exterior
surfaces. The cmc depends on the detergent
type, the solution pH, temperature and ionic
strength [139]. In general the cmc decreases
with alkyl chain length and increases with the
introduction of double bonds. Additives that
break up the water structure (e.g. urea) increase
the cmc in all detergent types, while increased
concentrations of counter ions result in cmc-
reduction for ionic detergents. When using
detergents for protein solubilization purposes,
buffers and solutions should have a detergent
concentration above the cmc, especially when a
detergent might have to be removed/exchanged
by dialysis [131].
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Arachea et al. extensively studied the extrac-
tion profiles of different detergent types for mem-
branes isolated from bacteria and yeast, on a
set of recombinant target proteins. Some general
trends were found [140]:

1. The extraction efficiencies of the analyzed
detergents increased at higher concentrations.
At concentrations below a detergent’s cmc ex-
traction efficiency dropped significantly. The
optimal concentration is detergent-dependent.

2. SDS, two alkyl sugar detergents, octyl-b-D-
glucoside (OG) and 5-cyclohexyl-1-pentyl-b-
D-maltoside (Cymal-5), and a zwitter-ionic
detergent, N-decylphosphocholine  (Fos-
choline-10), were effective in the extraction of
a broad range of MPs.

3. In case of E. coli, SDS was the most efficient
at extracting proteins from the inner mem-
brane as well as from the outer membrane,
while OG was among the most effective non-
ionic detergents. However membrane protein
extraction efficiencies of detergents vary be-
tween different E. coli strains.

4. Fos-choline is not very effective for the extrac-
tion of outer membrane proteins.

5. Protein extraction from yeast membranes was
reported to be in general more difficult.

These findings underline the necessity for
thorough detergent screening in order to obtain
the highest possible concentration of a correctly
folded and functional target MP.

Some proteins can be solubilized in detergents
but need a lipid environment to be functional,
here the use of lipid/detergent systems for solu-
bilization can be an alternative [131]. As deter-
gents that allow functional OMP solubilization
are often rather expensive, commercially avail-
able, amphiphilic block copolymers [41] or if the
protein target is stable enough organic solvents
[141] may be considered. A recent approach
uses nanoscale phospholipid bilayers stabilized
by an encircling membrane scaffold lipo-protein,
so called nano-discs [142]. Nano-discs are getting
more and more attention as they are now com-
mercially available and have been found to be
especially useful for protein biophysical charac-
terization [143].
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5.2.1.1 Yield, Purity and Quality
Control (OMP Structure
and Functionality)

Supernatants obtained from centrifugation after
solubilization have to be analyzed on target
OMP presence, amount and purity (see step 35,
Fig. 5.10). Most often this will be accomplished
by carrying out SDS-PAGE following the
“Laemmli” method [144]. However the sample
boiling with SDS and reducing agent containing
buffer to fully denature the protein can lead to
protein aggregate formation, when working with
membrane proteins in general. If this is the case,
samples can be incubated at 60 °C for 30 min or
at 37 °C for 60 min instead. The experimentalist
has to be aware of the fact that MPs often do
not move according to their molecular weight in
SDS-PAGE. They may move faster and will thus
appear smaller, which might be due to differences
in bound SDS amounts as compared to soluble
proteins [145]. For instance for the 37.2 kDa
OmpF it was reported that its band position on
stained SDS gels varied significantly depending
on the detergent used for solubilization. While
in SDS it migrated as a protein with lower
molecular mass in OG it migrated more slowly,
showing a false higher molecular mass [140].
The commonly observed “smearing or tailing”
of MPs on SDS gels is due to lipids sticking to
the protein or to protein precipitation resulting
from too low detergent concentrations (as the
protein is concentrated during the gel run), often a
higher SDS concentration in sample and running
buffer avoids “smearing”. After electrophoresis
proteins can be visualized by staining the gel with
Coomassie brilliant blue or by a silver staining
(for lower protein concentrations).

In order to check the target OMP purity us-
ing the SDS-PAGE method it is suggestible to
further analyze the stained gel by image pro-
cessing programs. A good freeware program to
analyze SDS-gels is the Java based “Imagel]”
(available at http://rsb.info.nih.gov/ij; developed
by Wayne Rasband, National Institutes of Health,
Bethesda, MD).

Western-blot analysis, using target protein (or
purification tag) specific antibodies can be used


http://rsb.info.nih.gov/ij

5.2 Outer Membrane Protein Production: Challenges and Solutions 121

to detect poorly expressing proteins after protein
transfer from an SDS gel to a blotting membrane.
Due to the OMPs hydrophobicity however their
transfer to a membrane can be difficult [146].

The protein concentration can be determined
using standard assays, such as the bicinchoninic
acid (BCA) [147] or Lowry assay [148], while
the commonly used Bradford method [149] is
incompatible with detergents.

An outer membrane protein’s structural in-
tegrity and overall folding can be verified by
secondary structure analysis via CD spectroscopy
or X-ray diffraction measurements of crystallized
OMPs and NMR studies on the tertiary structure
(see Chap. 3).

OMP-functionality is generally studied after
reconstituting/inserting the protein into lipid or
polymer membranes and analyzing transport ac-
tivity or conductance either directly by patch-
clamp methods or indirectly by enzymatic as-
says that allow the catalytic transformation of
a substrate that passes the OMP to reach the
enzyme (unable to pass the OMP channel) and
by subsequently detecting the product that again
passes the OMP (see Chap. 6, Sect. 6.1.3).

While the purity of solubilized OMPs is gen-
erally sufficient for functional tests, it often does
not suffice for structural analysis. Therefore fur-
ther purification steps might become necessary.
A general discussion on the purification of outer
membrane proteins with and without purification
tag will be given in Sect. 5.2.4.

5.2.2 OMP Isolation from Inclusion
Bodies for Improved Yields
and for the Expression of Toxic
OMPs and Their Variants

The described OMP over-expression and sub-
sequent targeting to the outer membrane often
has toxic or lethal effects on the expression-host
(see also Sects. 5.1.2.2 and 5.1.2.3) limiting the
reachable expression-levels and range of obtain-
able proteins [101, 150]. A valid alternative to
obtain OMPs is their non-functional expression
into inclusion bodies with subsequent solubiliza-
tion of inclusion body material in denaturing

buffer (e.g. urea) and refolding by exchanging

denaturing agents with amphiphilic solubilization

agents (e.g. detergents) (see Fig. 5.12).

In E. coli over-expressed proteins that ac-
cumulate in the cell are deposited in the form
of inclusion bodies. Inclusion bodies are insol-
uble aggregates of misfolded and inactive pro-
tein. These aggregates can be observed by phase
contrast microscopy as dark intracellular particles
(refractile bodies) with a size of 0.2-0.6 pm
[151]. As proteins from inclusion bodies can be
refolded efficiently by well-established protocols,
the expression of proteins in inclusion bodies is a
suitable method for the high-level production of
recombinant proteins [152]. In general the pro-
tein production in inclusion bodies holds several
advantages over their functional expression:

1. The over-expression of proteins into inclusion
bodies is less stressful for host cells.

2. Proteins that are toxic to the expression host
when expressed in their functional state are
non-toxic in inclusion bodies.

3. Higher expression levels can be reached.

4. Proteins in inclusion bodies are less prone to
proteases.

5. The target protein in inclusion bodies is often
already relatively pure.

A disadvantage is however that proteins ob-
tained from inclusion bodies have to be refolded
back to their native states, which can be quite
difficult, especially if the target protein contains
disulfide bridges. Generally one has to screen for
the optimal conditions to refold a certain protein.

The inclusion body expression is a promising
way to express bacterial OMPs and their vari-
ants that when expressed functionally have toxic
effects on the host cells [31-34, 62, 101, 150]
or that can be expressed in low concentration
only. Especially so since the OMP expression into
inclusion bodies followed by solubilization and
refolding works rather well in contrast to the pro-
duction of a-helical plasma membrane proteins
by inclusion body expression. Furthermore the
isolation of inclusion body material is rather less
time consuming the isolation of outer membrane
vesicles (however protein refolding steps may
take considerable time, especially when carried
out by dialysis). One of the first OMPs ob-
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Fig. 5.12 Schematic representation of conventional
inclusion body expressed OMP production process flow.
1 — ORF cloning into expression vector (grey circle),
transformation of host cells and cell growth + protein
expression in liquid culture; 2 — cell harvest (e.g. by
centrifugation); 3 — cell disruption and isolation of
inclusion body material; 4 — solubilization of inclusion

tained in this way and successfully crystalized
afterwards, was the E. coli outer membrane phos-
pholipase A (OmpLA) [153].

Inclusion bodies are formed when the
transcription and translation rates are high.
Generally it can be said that if expression of a
plasmid-coded, over-expressed protein is higher
than 2 % of cellular protein expression, inclusion
bodies are likely to form [154]. Therefore in
order to express a target protein into inclusion
bodies a plasmid system with a strong promoter,
such as the T7 promoter in combination with
growth temperatures that facilitate fast growth
are suggestible. Furthermore the use of an E. coli
strain optimized to better endure stress caused
by the formation of inclusion bodies should be
considered. Examples for such strains are the
E. coli BL21(DE3) derivatives C41(DE3) and
C43(DE3) [103]. Moreover the outer membrane
protein N-terminal signal sequence that leads to
the transport to the Gram-negative bacteria outer

body material using high concentrations of e.g. urea;
5 — urea removal and addition of OMP solubilization
agent, for instance by step-wise dialyzing the solubilized
inclusion body material; 6 — yield and protein purity
control (e.g. by SDS-PAGE); 7 — characterization and
application of obtained OMP variant (Protein New
Cartoon representations made with VMD)

membrane should be deleted, as over-expressed
OMPs that lack their signal sequence accumulate
in inclusion bodies [101, 155].

The production of an OMP in its unfolded
state in inclusion bodies takes course similar to
the inclusion body production of soluble proteins
and starts after deleting the N-terminal signal
sequence of the outer membrane protein ORF.
The ORF is then cloned into an adequate vector
(with a strong promoter). The vector is then in-
serted into the host strain by transformation, cells
are allowed to grow and induction is carried out
at temperatures that facilitate high growth rates
(for E. coli 37 °C) (see Fig. 5.12, step 1). Cells
are harvested and disrupted (see Fig. 5.12, step
2), following the same considerations as when
isolating OMPs from the outer membrane. But
cells have to be disrupted as completely as pos-
sible to avoid contaminations with other cellular
components. Best results can be obtained by a
combination of ultra-sonication or high pressure
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homogenization in presence of EDTA (to destabi-
lize the outer membrane) and detergents, such as
Triton X-100 followed by lysozyme and DNase
treatment. Here it is important to add high con-
centrations of Mg in order to chelate and inacti-
vate EDTA, as DNase requires Mg as a cofactor
[156].

Since inclusion bodies have a rather high
specific density, they can be obtained after
cell disruption by centrifugation at moderate
speeds [152, 156, 157] (Fig. 5.12, step 3).
Lysozyme and DNase treatment can be repeated
for enhanced purity. Further washing of inclusion
body material with Triton X-100 containing
buffer removes residual membrane fractions and
purities of the target protein of ~95 % can be
reached [158].

After washing, the purified inclusion bodies
have to be solubilized (Fig. 5.12, step 4). Solu-
bilization is generally achieved by the addition of
highly concentrated denaturants (i.e. 6 M guani-
dinium chloride — GdmCI or 6-8 M urea.) and
reducing agents (to keep disulfide bridges from
forming). Since GdmClI is a strong chaotroph it
allows the solubilization of inclusion bodies that
are resistant to solubilization by urea [156, 159]
but in certain proteins it might inhibit ionic inter-
actions necessary for correct refolding [160]. Al-
ternatives include the use of SDS [161], sodium
N-lauroyl sarcosine [162] or N-cethyl trimethyl
ammonium chloride [163].

Protein contained in solubilized inclusion bod-
ies has to be folded back to its native state (see
step 5 in Fig. 5.12). Prior to refolding the target
protein can be purified further, in case it carries a
His-tag, purification can be carried out by IMAC
in presence of a denaturant allowing on-column
refolding (see Sect. 5.2.4) [164]. Refolding is
generally initiated by dilution of the denaturing
agent into a suitable buffer. In case of membrane
proteins this buffer has to contain lipids, deter-
gent micelles, mixed lipid-detergent micelles or
other amphiphilic substances. In case of FhuA
variant FhuAA1-159 expressed into inclusion
bodies after signal sequence deletion, the protein
could be refolded into a solution containing the
commercially available diblock copolymer PE-
PEG as an alternative to costly detergents. By this
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Fig. 5.13 SDS-PAGE result of inclusion body derived
FhuA A1-159 after IMAC on-column refolding, using PE-
PEG diblock copolymer

method ~19.5 mg of protein (purity of >92 %)
per L of culture could be obtained. Furthermore
FhuA A1-159 was successfully reconstituted into
liposomes from the PE-PEG solubilized state
[41] showing that the diblock copolymer is suit-
able for protein reconstitution purposes.

Dilution of the denaturing agent can be car-
ried out either rapidly by drop-wise addition of
solubilized inclusion bodies to a refolding buffer,
stirring the solution vigorously or slowly and
step-wise by dialysis, or by on-column refolding
during chromatography, decreasing the denatu-
rant concentration with each new dialysis or chro-
matography washing step, in presence of the re-
folding buffer [152]. As slow folding might lead
to the formation of folding-intermediates that
precipitate and as the rapid dilution might equally
lead to protein precipitation, both depending on
the respective protein, the method of choice has
to be selected by testing. Also a screening for the
best refolding agent is necessary. The on-column
refolding method can facilitate protein refolding
especially when combined with the use of an
ionic detergent, as it inhibits protein aggregation
[101, 165].

In an unpublished study the diblock copoly-
mer PE-PEG has been used to on-column refold
FhuAA1-159 (that includes an internal His-tag;
see Sect. 5.2.4) during IMAC. As the SDS-PAGE
result depicted in Fig. 5.13 shows, the highly pure
protein (92 %) that was successfully bound and
eluted from the column, though a relatively high
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Table 5.4 Examples for bacterial OMPs expressed in E. coli inclusion bodies, listing protein origin and applied

refolding method

OMP Origin

OprM Pseudomonas aeruginosa
Major porin Rhodopseudomonas blastica
Omp21 Comamonas acidovorans
Opc Neisseria meningitides
OmpC Salmonella typhi

OmpA, OmpX E. coli

OmpT E. coli

FepA E. coli

OmpG E. coli

FhuAAC/A4L Variant of E. coli FhuA
FhuAA1-159 Variant of E. coli FhuA
FhuAA1-159 Variant of E. coli FhuA

amount of protein did not bind to the affinity
resin and yields were rather poor and in the
same range as when isolating the protein from
the membrane using octyl-POE for protein solu-
bilization (See Sect. 5.2.1 and see below). Struc-
tural integrity of the refolded protein had been
verified by CD spectroscopy, with an ascertained
pB-structure content of 48 % [166].

Refolding is influenced by a set of parameters,
such as protein concentration, ionic strength
(high ionic strength might increase the yield),
residual low concentrations of denaturing agents
(in some cases the retention of denaturing agents
in low concentrations can lead to yield-increase)
and temperature (often room temperature
is preferable to lower temperature, such as
4 °C) [160].

The refolding methods employed for the re-
folding of several E. coli inclusion body derived
bacterial OMPs and OMP variants are listed in
Table 5.4. The yields of correctly folded pro-
tein are often higher than when the protein is
isolated from the outer membrane. In case of
the FhuAA1-159 ~19.5 mg of refolded protein
were obtained from 1L of culture, while the same
culture volume led to only ~1.5 mg of outer
membrane derived protein [41].

However as the aggregation of unfolded pro-
tein and the precipitation of folding-intermediates
occur faster than the correct refolding, the yield

Refolding method Reference
Dilution with detergent solution [167]
Dilution with detergent solution [62]

On column refolding using detergents [168]
Dilution with detergent solution [169]
Dilution with detergent solution [170]
Dialysis into detergent solution [171]
Dilution with detergent solution [172]
Dialysis into detergent solution [173]
including SDS

Dilution with detergent solution [174]

On column refolding using detergents [46]
Dialysis into PE-PEG diblock [41]
copolymer solution

On column refolding using PE-PEG Unpublished

diblock copolymer

results [166]

of correctly folded protein is often limited to
2-5 % (in rare cases up to 20 %) of the total
expressed protein. Recent developments in OMP
expression using cell-free expression systems,
with attempts to directly express and fold the
OMP into a suitable folding-buffer containing de-
tergents might lead to further increased yields in
the future and will be discussed below. Yields are
again checked by SDS-PAGE and protein con-
centration measurements (see Sect. 5.2.1). The
refolding itself can be monitored by CD spec-
troscopy or by measuring protein tryptophane flu-
orescence, providing the target protein contains
tryptophane residues [175]. Spectra of folded and
unfolded proteins as well as folding intermediates
differ from each other, as a blue-shift of the
excitation wavelength is observed upon folding
to the native state [175]. As tryptophane fluo-
rescence measurements can also give clues on
the stability of membrane proteins in different
environments, such as when reconstituted into
liposomes or polymersomes [176], this method
will be discussed further in Sect. 6.1.4.

Useful information on the inclusion body
expression and protein refolding methods for
many different proteins can be found in the
online database REFOLD  (http://refold.med.
monash.edu.au/) that currently (2013) holds
1,165 entries, of which about 40 concern
OMPs [177].
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A recent attempt to develop a universally
applicable refolding method is based on the
finding that the anionic detergent SDS that
is very effective to solubilize proteins (also
from the membrane; see Sect. 5.2.1), but
has denaturing effects, when in presence of
the amphipathic diol solvent (2-methyl-2,4-
pentanediol) is transformed into a non-denaturing
solubilization agent. Using this solvent mix the
inclusion body derived eight-stranded bacterial
OMP PagP could be refolded after inclusion
body solubilization in SDS by the addition of 2-
methyl-2,4-pentanediol [178]. The same solvent
system has been used to refold the Omp2a from
Brucella melitensis heterologous expressed into
E. coli inclusion bodies [132].

5.2.3 A New Alternative: OMP
Production Using Cell-Free
Expression Systems

Though first attempts in cell-free protein expres-
sion have been made as early as in the 1960s
[179] and were carried out chiefly to understand
the involved cellular processes, the developments
made during the last decade, render cell-free
expression systems a powerful, rapid and effi-
cient alternative for the production of proteins
in general (allowing product yields higher than
the mg/ml scale) and are used since around 2004
also for integral membrane proteins [180]. Espe-
cially for a-helical MPs the cell-free expression
approach is a valid alternative to the membrane
expression, as their refolding from inclusion body
material works only in rare cases. However also
in case of OMPs it might be a further way to
overcome the limitations implied by the expres-
sion into and isolation from the outer membrane,
namely low yields due to limited (membrane)
space for correctly folded protein, toxic effects of
OMP over-expression (especially when working
with wide and open passive diffusion channel
variants that lead to osmotic imbalances; see
Sect. 5.1.2.2) or negative effects on the expres-
sion host cells caused by blocked OMP traf-
ficking. Cell-free expression systems contain ei-
ther the coupled transcription/translation mech-
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anism or translation mechanism only of bacte-
ria (generally of E. coli [181]) or of eukary-
otic organisms such as yeast [182], insect cells
[183], wheat germ cells [184] or rabbit retic-
ulocytes [185]. Coupled systems allow to start
from a DNA template, while translation mech-
anism systems require less facile mRNA tem-
plates [186]. A cell-free expression system can
either be just a crude cell extract supplemented
with essential amino acids, nucleotides, salts and
ATP or guanosine triphosphate (GTP) replenish-
ing factors, such as creatine kinase or creatine
phosphatase [187, 188] or can consist of puri-
fied components (with the same supplements).
The E. coli translational machinery (consisting of
more than 100 proteins) for instance had been
successfully purified and functionally reconsti-
tuted in 2001 [189] and has been further advanced
into the commercially available PURE system
2010 [190]. While crude extracts are much easier
to obtain and thus much less expensive, they are
useful for the expression of proteins harboring
a purification tag only, as the extracts contain
a multitude of other proteins. Purified protein
cell-free systems instead are difficult to obtain,
as each protein has to be purified individually,
they have the advantage though that the reac-
tion conditions are better controllable and that
target proteins without purification tags can be
expressed and isolated. Various systems can be
commercially obtained or prepared by standard
protocols.

As the expression of bacterial OMPs does not
necessitate the introduction of post-translational
modifications, as is the case for many eukaryotic
proteins, E. coli based cell-free systems should
generally be suitable and the following discus-
sion will therefore focus on such systems. Com-
prehensible, recent reviews on cell-free protein
expression and their use for the biotechnological
protein production can be found in [191-194].

E. coli cell-free expression systems are of-
ten based on the optimized coupled transcrip-
tion/translation E. coli extracts [195]. All coupled
cell-free systems contain the following major
components:

1. For transcription: recombinant T7 RNA poly-
merase, nucleotides;
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2. For translation: tRNAs, initiation, elongation,
release factors, ribosomes, amino acyl-tRNA,
essential amino acids synthetase;

3. General: ATP, co-factors, adenosine triphos-
phate (ATP)-replenishing factors.

Template DNA can be either plasmid DNA or
polymerase chain reaction (PCR) derived DNA
carrying a T7 promoter (most commonly used)
as well a Shine-Dalgarno box as translation initi-
ation signal.

The simplest cell-free protein expression
format is the batch, where all components
and template-DNA are mixed in a closed
reaction container, without further substance
addition during the reaction. Though easy to
handle the batch format limits obtainable yields
significantly, as it has rather short lifetimes below
1 h, due to the fast energy-delivering phosphate
pool consumption and due to accumulating free
phosphates that complex essential enzyme co-
factors such as Mg [196]. This problem can
be solved by either employing formats such as
the complex continuous-flow cell-free expression
with a continuous supply of substrates and energy
[197], the simpler continuous-exchange cell-free
expression with passive substrate and by-product
exchange [198] and the efficient bilayer diffusion
system [199] or by finding better alternatives
to traditional ATP and/or GTP replenishing
systems, while using the user-friendly batch
format, such as the “Cytomim” system that uses
the energy source pyruvate to obtain high yields
of expressed protein [200].

As already mentioned cell-free OMP expres-
sion can be a good alternative especially to the
expression into the outer membrane as it de-
couples protein production from cell growth and
viability, as well as it avoids protein insertion
into the outer membrane, thus avoiding problems
caused by toxic effects an over-expressed OMP
or OMP variant might cause and allowing higher
yields due to the omitted membrane-caused space
limitation. However until recently cell-free ex-
pression had been utilized to produce a-helical
MPs exclusively, due to the lacking possibility to
refold these proteins from inclusion body mate-
rial. In 2005 the first OMP (E. coli nucleoside
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transporter Tsx) had been expressed using an

E. coli derived cell-free expression system [201].

One can distinguish between two different modes

of cell-free MP expression:

1. The expression mix does not contain
detergents or other solubilization agents
resulting in the precipitation of unsolubilized
protein (somewhat similar to the expression
into inclusion bodies, though mild detergents
are sufficient for solubilization). Proteins are
subsequently solubilized by the addition of de-
tergents or other amphiphilic substances [180]
(see Fig. 5.14a, step 1 and 2). Unsolubilized
precipitate can be removed by centrifugation.
The detergent 1-myristoyl-2-hydroxy-sn-
glycero-3-[phosphorac-(1-glycerol)] (LMPG)
has been proven to efficiently solubilize
obtained protein precipitates [201]. In general
the best suitable detergent has again to be
decided on after carrying out a screening.
Apart from lipids also lipid-protein nano-
discs have been used to solubilize MPs from
precipitates obtained by cell-free expression
[202, 203]. The use of nano-discs often assists
NMR-studies of the reconstituted protein (see
also Chap. 3).

2. The expression mix is provided with deter-
gents or other solubilization agents, result-
ing in the production of already solubilized
protein [201, 204] (see Fig. 5.14b, step 1).
The detergent class of polyoxyethylene-alkyl-
ethers, with higher polymerization number of
the polyoxyethylene moieties, has been shown
to effectively solubilize membrane proteins
during cell-free expression [201]. Several o-
helical MPs have furthermore been success-
fully cell-free expressed in the presence of
liposomes, leading to protein insertion into the
lipid membrane [203, 205-207]. Recently the
a-helical MP claudin-2, has been expressed
in a wheat germ extract based cell-free sys-
tem containing block copolymer vesicles of
the polymer polybutadiene-polyethyleneoxide
(PBD-PEO) [208].

Protein derived from both of the described
cell-free expression modes has then to be ana-
lyzed by SDS-PAGE, to obtain information on
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Fig. 5.14 Schematic representation of cell-free OMP ex-
pression. a — expression mix lacking detergents (or other
solubilization agents), leading to protein precipitates that
can be refolded by detergent addition; b — expression mix
provided with detergents (or other solubilization agents);

yield and purity, before further characterization
studies can be carried out or the protein can be
used for the desired application (Fig. 5.14, step 3
and 4).

Up to now only few examples of cell-free
expressed P-barrel shaped MPs including E.
coli Tsx [201] and the mitochondrial, voltage-
dependent anion channel (VDACI) [209]
and its chloroplast homologue OEP24 [210]
are reported. Nevertheless together with the
inclusion body expression/refolding approach
the cell-free expression might become even
more important to produce OMP variants
for nano-technological applications, as both
systems allow the expression of variants with
“extreme” geometry, thus going “beyond natural
limits”. One thinkable example would be
a P-barrel protein with hydrophobic region
extended above the limit the biological lipid-
bilayer can accommodate. In order to obtain
such a protein it has to either be produced as
insoluble precipitate (i.e. inclusion body or cell-
free expression) with subsequent reconstitution
using detergents or thick enough lipid/polymer
membranes or solubly expressed by use of a
cell-free system containing suitable detergents,
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- Characterization
R +

Application

1 — addition of template-DNA and cell-free expression;
2 — purification of solubilized OMP; 3 — yield and protein
purity control (e.g. by SDS-PAGE); 4 — characterization
and application of obtained OMP variant (Protein New
Cartoon representations made with VMD)

lipids or polymers. In conclusion both introduced
alternatives to the conventional OMP membrane
expression allow higher protein yields, avoid
toxic effects on an expression host and open
the possibility to produce OMP variants with
novel characteristics or altered geometries that
cannot be found in nature, allowing to adjust
the protein nano-channel’s features to the
desired application. Furthermore both inclusion
body expression and cell-free expression can
in the future probably be coupled with the
OMP channel insertion into lipid or polymer
membranes, which is a step towards functional
nano-systems for various applications.

5.2.4 OMP Purification
and Concentration Methods

Solubilized outer membrane proteins often have
to be further purified to allow functional and
structural characterization, especially for crystal-
lization purposes or to perform CD spectroscopy
samples have to be exceptionally pure. This is
the case particularly for membrane-derived and
cell-free expressed OMPs, but can be necessary
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also for OMPs refolded from inclusion bodies
(though inclusion body derived proteins are often
already rather pure). Purification by non-specific
chromatographic (e.g. gel filtration) methods of-
ten leads to a dilution of the purified target,
several concentration techniques may be used
to obtain highly concentrated samples, however
special considerations have to be made when
concentrating membrane proteins (see below).

In general the same purification techniques
as used for water-soluble proteins can be used
to purify MPs also. MPs however require the
presence of detergents (or other amphiphiles) to
remain in solution. Therefore they are usually
purified in complex with detergents or detergents
and lipids. Detergent concentrations during pu-
rification steps should be above cmc, but may be
lower than when used for solubilization.

In the following will be given an overview
on the common purification and protein concen-
tration methods applied to bacterial OMPs. A
complete work on protein purification methods at
large can be found in [211] while [212] focusses
on the purification of membrane proteins.

5.2.4.1 Immobilized Metal Affinity
Chromatography

In the easiest and most universally applicable
case the target outer membrane protein contains
a His-tag allowing the specific purification and
concentration by IMAC. Proteins containing a
sequence of at least six histidine residues (His-
tag) bind to Ni-ions that are immobilized to
a chromatography resin, allowing the specific
purification of tagged proteins [213]. IMAC is
one of the preferred OMP purification methods,
especially since the presence of a His-tag allows
skipping the time consuming membrane isolation
and OMP extraction, by applying uncleared bac-
terial lysate to the IMAC column and providing
a suitable solubilization agent during chromatog-
raphy (though in this case soluble metal-binding
proteins present in the lysate might contaminate
the purified fraction). Furthermore His-tagged
OMPs derived from purified inclusion bodies can
be loaded to an IMAC column after solubilizing
the inclusion body material. The protein binds to
the Ni-affinity resin, the column can be washed
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and by adding detergents (or other amphiphiles)
during elution the protein can be refolded on-
column (see also Table 5.4). The IMAC method
can furthermore be used to change the detergent
solubilizing the protein, as detergents that are
used to extract a protein from the outer membrane
are not always suitable for characterization pur-
poses or applications involving the OMP recon-
stitution into polymer or lipid membranes.

Regarding the tag position one has to consider
that the N-terminus is often less suitable for
OMPs that are functionally expressed into the
membrane, since the N-terminal signal sequence
is processed and cleaved by a signal peptidase.
Furthermore C- and N-terminus close to form the
barrel with which the His-tag might interfere. For
OMPs that do not tolerate a C-terminal His-tag
the tag can be placed within an external loop that
is not covered by detergents. Ferguson et al. for
instance introduced an internal hexa-His-tag to
the FhuA protein at the surface exposed amino
acid position 405 [100].

The presence of detergents on hydrophobic
protein portions can weaken protein binding to
the column matrix, this problem can be addressed
by increasing the tag-length (generally up to 10
His), and by increasing binding time. Binding
time can be elongated either by batch-wise bind-
ing, i.e. mixing the protein sample and affin-
ity matrix prior to column packing (the mixture
can be incubated overnight) or by lowering the
chromatography buffer flow rate during protein
binding. Though batch-wise binding can further
improve the overall yield, the long incubation
time increases the probability of protein degrada-
tion.

Several bacterial OMPs have been provided
with a His-tag and purified by IMAC either after
being expressed into inclusion bodies, including
on-column refolding (Table 5.4) or after func-
tional expression into the bacterial outer mem-
brane. Table 5.5 sums few examples of bacterial
OMPs (with different tag locations) that were
expressed into the E. coli outer membrane and
were purified by IMAC after protein solubiliza-
tion from the membrane fraction.

IMAC derived protein samples are often puri-
fied further by gel filtration to remove remaining
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Table 5.5 Examples for bacterial OMPs expressed functionally into the E. coli outer membrane that were purified by

Ni-IMAGC; listing protein origin and tag position

OMP Origin

FhuA E. coli

FhuAAC/A4L Variant of E. coli FhuA
PhoE E. coli

Omp85 Neisseria meningitidis
OprtM Pseudomonas aeruginosa
OprN Pseudomonas aeruginosa

aggregates or to exchange the buffer, as many
reconstitution experiments or structural and func-
tional studies in general require special buffer
conditions and the imidazole used to elute pro-
teins from the IMAC column may interfere with
certain analytical methods, such as CD spec-
troscopy, as imidazole is a chiral molecule. As the
His-tag might inhibit protein crystallization the
insertion of a tag removal protease site should be
considered prior to crystallization experiments.
The TEV (tobacco etch virus) protease site is
commonly used, however one has to be aware
that the TEV protease is partly inactive in several
detergents that are often used to solubilize OMPs
after purification (e.g. OG, LDAO) [217].

5.2.4.2 lon Exchange Chromatography
Ion exchange chromatography (IEXC) involves
the use of a charged column matrix. The sepa-
ration is based on competition between proteins
carrying different surface charges for oppositely
charged groups present on the matrix. IEXC is a
good method to purify un-tagged OMPs or can
be used in combination with IMAC (or other
affinity chromatography methods) whenever es-
pecially high purity is necessary. Elution can be
accomplished either by changing buffer pH and
thus changing the protein net surface charge or
more commonly by changing the ionic strength
of the buffer.

In order not to shield the matrix surface
charge, ionic detergents have to be avoided
and non-ionic detergents (such as octyl-POE)
or zwitterionic detergents have to be used.

Ion exchange chromatography can be used
to separate folded OMPs from unfolded or par-
tially folded proteins as the unfolded counter-
parts often elute at different ionic strengths than

Tag position Reference
Internal [101]
Internal [46]
N-terminal [214]
N-terminal [215]
C-terminal [216]
C-terminal [216]

the correctly folded OMPs. E. coli FepA for
instance elutes at lower ionic strength when in
the unfolded state than when in its native form
[101, 173]. Thus IEXC is a feasible way to
further condition proteins refolded from inclu-
sion body material. Since several OMPs bind
to ion exchange resins when in high concentra-
tions of urea, IEXC can be used to on-column
refold inclusion body derived proteins (similar
to the on-column refolding by IMAC) [101].
This technique has for instance been successfully
deployed to refold the Rhodopseudomonas blas-
ticus porin [62].

5.2.4.3 Gel Filtration (Size Exclusion
Chromatography)

In gel filtration (GF) or size exclusion chro-
matography proteins in a sample are fractionated
due to their relative size and GF in contrast
to other chromatographic techniques does not
involve any chemical interaction between protein
and matrix. The GF matrix consists of porous
beads and while molecules with hydrodynamic
diameter above pore size are not able to enter the
bead pores and will elute immediately, molecules
whose hydrodynamic radii allow pore entering
will be fractionated according to their radii (big
radius > small radius) [218].

GF is generally the last step of a multi-
step OMP purification protocol. Especially for
crystallization purposes, when a completely
homogeneous sample is necessary, gel filtration
can be used to remove any remaining folding
intermediates or protein aggregates, as they
show different hydrodynamic diameters as
compared to the hydrodynamic diameter of
the correctly folded protein [101] and elute at
different chromatography stages. GF allows a
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buffer exchange and the removal of imidazole
used to elute His-tagged proteins from a
Ni-column.

As automated protein chromatography meth-
ods often rely on the detection of aromatic amino
acid residues present in the proteins within a sam-
ple by UV absorption measurement at 280 nm,
it has to be considered that detergents containing
aromatic rings, such as Triton X-100 absorb in
the UV region and lead to false positive signals
or false high signals.

5.2.4.4 Concentration Methods
Especially for crystallization purposes but also
for many applications that involve the OMP re-
constitution into polymer or lipid membranes
(e.g. for polymersome or liposome based drug-
delivery systems) considerably high protein con-
centrations are required and further concentration
of purified protein samples might be necessary. In
case of IEXC and especially IMAC purification
and concentration can be achieved at the same
time, as the target-protein interacts with the col-
umn resin and elutes when a certain buffer is
added, by applying an as much as possible small
elution buffer volume the protein concentration
can be increased. If the employed purification
protocol ends however with a gel filtration step
the sample will be diluted (often by a factor
of 3). IMAC or IEXC can again be applied or
the protein sample can be concentrated by for
example:

1. Ultrafiltration: Ultrafiltration-based concen-
tration techniques can be carried out either by
commercially available stirred ultrafiltration
cells (for volumes up to 500 ml) that can be
pressurized to allow water and small solutes
to leave through a narrow pore membrane
or by centrifugation filter units (for smaller
volumes) that remove liquid by centrifugation.
Though commonly used for membrane
proteins these devices co-concentrate the
present detergent micelles, resulting in a
change in detergent:protein ratio. This ratio
change often leads to detergent or detergent-
protein complex precipitation. Furthermore
ultrafiltration membranes can be blocked by
the protein or by detergent micelles
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2. Dialysis: By dialysis of an already pure OMP
sample against high molecular weight solu-
tions of polyethylene glycol (PEG; most of-
ten PEG 20,000) combined with the use of
dialysis membranes with very small average
pore size the protein concentration can be in-
creased, since PEG will deprive the sample of
water [212]. The PEG can be dissolved to form
a very high concentrated solution (>20 %),
or can even be used as a solid. However this
method will increase the detergent concentra-
tion as well, leading to the mentioned negative
effects.

3. Lyophilization: Since bacterial porins like
OmpF and OmpC are known to be stable
even after lyophilization [219], this technique
might be a very good way to concentrate a
target OMP providing the protein resists such
treatment. The lyophilizate in powder form
can be resolubilized in a suitable amount
of buffer. In this way a co-concentration of
solubilization agents (e.g. detergent) can be
avoided.

5.3 OMP Scale-Up Production
Up to now and to the best of the author’s knowl-
edge the only a-helical membrane protein pro-
duced on industrial scale is the aquaporin protein
class. Since aquaporins can be defined as nano-
sized water-treatment filters, as they allow the
specific passage of water molecules at rates near
to the diffusion limit [220] they have been used
for the development of water purifying systems
by the Danish company Aquaporin A/S (http://
www.aquaporin.dk/) (see also Sect. 2.2.3). Scale-
up procedures however mostly rely still on the
conventional expression, extraction and purifi-
cation methods, though a cell-free expression
system in synthetic liposomes allowing the pro-
duction of aquaporin Z amounts on the milligram
scale has been demonstrated [221] and the cell-
free expression approach has been suggested to
have great potentials as a platform for the indus-
trial scale protein production [222].

As no other membrane proteins and therefore
OMPs are used for industrial applications, yet, no


http://www.aquaporin.dk/
http://www.aquaporin.dk/
http://dx.doi.org/10.1007/978-94-007-7429-2_2#Sec5

5.3 OMP Scale-Up Production

high-end production procedures have been devel-
oped. However some general considerations can
be made based on the pre-requisite that protein
yield and purity have to be maximized, while
time-loss and costs need to be minimized in
order to make a production procedure industrially
interesting:

1. The P-barrel OMP expression the
outer membrane and subsequent extrac-
tion/solubilization by mild detergents cannot
feasibly be used to develop high level
production procedures as the membrane
offers rather limited space and especially
channel forming OMPs can have toxic effects
for the expression host cells. Furthermore
mild detergents often show low extraction
efficiency and the necessary membrane
isolation is a time consuming affair (see
Sect. 5.2.1). Expression systems with
large internal membrane systems, such as
Rhodobacter that are used to over-produce o-
helical MPs [223] are not suitable for OMPs
due to the nature of the outer membrane.

2. The PB-barrel OMP expression into the
outer membrane and subsequent extrac-
tion/solubilization using strong detergents
such as SDS lead to much higher extraction
efficiencies but the protein becomes unfolded
due to the denaturing effects of SDS.
The protein can however be refolded by
procedures used also to refold inclusion body
derived proteins resulting in considerably
high yields (see Sect. 5.2.1, Figs. 5.11 and
5.15). A recent report of the successful
transformation of SDS from a denaturing
detergent to a non-denaturing one with high
extraction/solubilization efficiency [132, 178]
shows that SDS surely is a solubilization
agent that should be considered when OMPs
need to be produced in high concentrations.
Especially as SDS also solubilizes inclusion
body material.

3. The B-barrel OMP expression into inclusion
bodies followed by inclusion body solubi-
lization and protein refolding avoids the
space limit posed by the outer membrane
and avoids toxic effects (such as osmotic
imbalances caused by the over-expression

into
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Fig. 5.15 FhuAA1-159 obtainable yields (in mg per 1 L
of culture) by membrane extraction with the mild deter-
gent octyl-POE, membrane extraction by SDS followed
by refolding using PE-PEG and inclusion body expression
and refolding again using PE-PEG

of a passive diffusion channel OMP) on
the host cells. Obtained yields are high
when compared to membrane expression and
extraction by mild detergents (Fig. 5.15). The
expression into inclusion bodies is a valid
outer membrane protein over production
platform especially for engineered OMP
variants that affect host cells in a negative
way when expressed into the membrane
or that cannot be accommodated by the
membrane due to newly introduced features
(i.e. elongated hydrophobic portion) (see
Sect. 5.2.2). A drawback are the often time
consuming refolding procedures, however this
problem can be avoided by the use of SDS in
combination with the amphipathic diol solvent
2-methyl-2,4-pentanediol that upon addition
leads to protein folding [132, 178].

4. Cell-free expression systems equally avoid the
membrane space limit as well as OMP over-
expression related toxic effects on the ex-
pression host, as it even is completely inde-
pendent from the cellular system of a living
organism. As optimized cell-free expression
systems already report good overall yields
(see Sect. 5.2.3) it is surely a powerful pro-
tein over-expression method that once efficient
ways of direct solubilization or protein recon-
stitution are found and optimized can be used
as a basis for an OMP production scale-up.
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5. The use of cost-effective solubilization agents
(e.g. PE-PEG diblock copolymer) is prefer-
able over often costly detergents.

Figure 5.15 shows obtainable yields (in mg
protein per L of initial culture) by expression into
the membrane and mild detergent extraction [40],
expression into the membrane, solubilization by
SDS and subsequent dialysis based refolding us-
ing diblock copolymer PE-PEG [133] and expres-
sion into inclusion bodies, followed by dialysis
based refolding again using diblock copolymer
PE-PEG [41] on the example of FhuA variant
FhuAA1-159. In all cases E. coli had been used
as expression host. For better comparison val-
ues have been normalized assuming a purity of
100 %. While the conventional membrane ex-
pression method shows low yields of 1-2 mg/L of
culture rendering it unfeasible for any industrial
scale production, both membrane expression and
solubilization by SDS and inclusion body expres-
sion lead to much higher yield, permitting 10—
20 times more obtained protein from the same
culture volume.

Though SDS solubilization of proteins from
the outer membrane led to highest yields it has
to be mentioned that the involved procedure is
the most time consuming one, as it includes
the isolation of the outer membrane, a protein
extraction step and protein refolding by step-wise
dialysis.

The step-wise dialysis necessary to refold
inclusion body derived protein renders the re-
spective protocol almost equally time ineffective,
even though the isolation of inclusion bodies and
inclusion body solubilization can be achieved
rather fast. The combination of inclusion body
expression with SDS solubilization and refolding
by simple addition of 2-methyl-2,4-pentanediol
or similar substances seems therefore rather
promising and should be tried in the future.

In conclusion however it has to be noted
that the nature of membrane proteins in
general and the resulting special demands
they make in terms of hydrophobicity of their
environment and presence of a boundary surface
(hydrophobic/hydrophilic) an industrial large-
scale production in the range of bulk chemicals
is very unlikely and scale-up intentions will most
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likely reach to the scale of fine chemical or
pharmaceutics production rates, as required for
nano-channel applications such as drug-delivery
from nano-containers or OMP use as stochastic
nano-sensors (Details on the nano-technological
applications of OMPs can be found in Chap. 6).

5.4  Artificial B-Barrel Structures

In Parallel to the efforts to produce nano-channels
based on engineered bacterial B-barrel OMPs a
different scientific approach instead considered
the development of synthetic nano-channels that
are based on artificial P-barrel structures able
to insert into the lipid bilayer [224-227]. These
artificial and self-assembling p-barrels are based
on rigid rod molecules. Rigid rod molecules are
extremely rigid, synthetic rod-shaped molecules
with great potential in material sciences as they
have one huge advantage; they do not fold, avoid-
ing folding problems one might encounter during
production of any protein derived materials [224].

The repeating rigid rod unit of an artificial
pB-barrel can be the p-octiphenyl rod. To each of
the rods phenyl rings short peptide sequences that
show B-strand shape are attached, leading to the
barrel monomer. These monomers spontaneously
assemble to form antiparallel B-sheets that are
rolled up into a cylindrical structure promoted
by the amphiphilicity of the individual sheets.
In the final barrel adjacent amino acid residues
face alternately the inner and outer barrel surface,
similar to the geometry of B-barrel protein (see
also Sect. 2.3.1) [224, 228].

By introducing hydrophobic and hydrophilic
amino acids of which the first face the barrel
outside, while the latter face the barrel inside,
resulting barrel structures are soluble in organic
solvents and can form pores in bilayer mem-
branes [224, 229].

Triggering of opening and closing upon an
external stimulus (e.g. pH, ionic strength, volt-
age) of artificial barrels with further chemically
modified inside amino acid residues had been
achieved and other chemically modified inside
facing residues allowed the recognition of for ex-
ample magnesium cations, and phosphate anions,
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nucleotides, carbohydrates, inositol phosphates,
pyrenes, calixarenes, and fullerenes, oligosac-
charides, RNA, DNA, peptides, and synthetic
polymers [224], rendering such pore structures
useable as stochastic nano-sensing elements.

Future further development of this technology
can be considered as an alternative to biologically
derived nano-channel materials especially con-
sidering the possibility to tune length and diam-
eter of the pores. However the synthesis of these
molecules is not trivial and large scale produc-
tion might be difficult [225] and as described in
Sects. 5.1.2.3 and 5.1.2.4 the E. coli FhuA protein
structure has been shown to allow the engineering
of protein nano-channels with altered geometrical
features (changing length and diameter) reaching
a similar tune-ability.

In the following Chap. 6 protein nano-channel
reconstitution methods will be briefly introduced,
the main applications of these reconstituted nano-
channels will be explored and methods of system
characterization will be explained.
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The chapter describes the reconstitution of a
series of non-bacterial B-barrel proteins as well
as bacterial outer membrane B-barrel proteins
(OMPs) into lipid or polymer vesicle membranes
or flat membranes, to function as nano-channels.
The microscopic reconstitution process is de-
scribed based on the actual knowledge, intro-
ducing the concepts of hydrophobic mismatch
and polydispersity of a polymer sample, both
being variables affecting protein reconstitution.
The main experimental reconstitution methods
are reported emphasizing their limits to obtain
a functional protein reconstitution. Furthermore
an ensemble of experimental methods to charac-
terize the assembled systems is reported, i.e. dy-
namic light scattering (DLS), spectroscopic flux
assay, patch clamp, electron microscopy (EM)
and tryptophan fluorescence. At the end of the
chapter a description of the technological appli-
cations based on the reconstituted protein nano-
channels is reported, including drug delivery,
stochastic nanosensors and bionano-electronics.

6.1 Reconstitution into
Lipid/Polymer Vesicles
or Membranes

and Characterization

of the New Systems

As in nature f-barrel membrane proteins reside
in the lipid bilayer of the outer membrane, with
the lipid composition of the membrane influ-
encing the protein structure and function, any

nano-technological use of these channel proteins
necessitates their reconstitution or the insertion
into artificial lipid or polymer membranes that
can mimic to some extent the proteins natural
environment.

The processes involved in protein reconstitu-
tion are therefore rather important and need to
be understood in order to develop new P-barrel
membrane protein based nano-materials and will
be discussed in the following section.

6.1.1 Membrane Protein

Reconstitution

Bacterial fB-barrel outer membrane proteins
(OMPs) and f-barrel membrane proteins in
general have been selected by evolution to fit
within a lipid bilayer. The thickness of a lipid
bilayer is due to two main components: the
hydrophilic head group spanning approximately
1.0-1.3 nm function of the hydration condition
and the hydrophobic central part, showing a
higher variability depending on the length of
the acylic tails, comprised between 2.5 and
3.5 nm [1, 2]. For a better description of the lipid
bilayer check Sect. 2.1, while for a complete
and exhaustive lipid chemical and physical
properties summary with various important links
to databases check the Cyberlipid Center at http://
www.cyberlipid.org/index.html.

Though cell membranes are complex systems
characterized by the coexistence of a series
of lipids with different chemical and physical
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properties [3], the hydrophobic core of natural
lipid membranes is mainly constituted by
saturated fatty acids that can be well defined
as constituted by short or low molecular weight
polyethylene chains (—[CH;],—) with a degree
of polymerization n strongly dependent from the
organism and cell ranging from n =4 (butanoic
acid) to n = 35 (pentatriacontanoic acid).

The modulation of the membranes physical-
chemical properties is function of the main com-
ponents i.e. derivatives of di- and tri-glycerides,
“doped” by supplementary constituents like un-
saturated lipid chains with one or more unsatu-
rated double carbon bonds, sterols, sphingolipids
and glycolipids [4].

The resulting “two dimensional liquid mem-
brane” possesses peculiar properties to satisfy
complex cellular functions as requested by the
cell’s inner physiology as well as functions in-
volving communication with the outer world i.e.
for the flux of matter [4].

The complexity of the system can be described
by considering the temperature dependent phase
transitions for a “pure” lipid bilayer which is
acyl chain length dependent. By increasing the
temperature the Lg phase or subgel phase is
followed by the Ly phase or gel phase (in both
phases the hydrocarbon tails are tilted toward the
bilayer surface normal but, in the Ly phase the
head group shows higher hydration). Increasing
further the temperature leads to the rippled (Py/)
phase (the lipid bilayer shows a corrugated sur-
face) to finally end up in the liquid crystalline or
fluid L, phase (where the lipid chains show an
order/disorder transition, defining the bilayer as a
two-dimensional fluid) [5].

The acyl chains length mainly characterizes
the lipid bilayer transition temperature while the
head group and the presence of small molecules
interacting with the head of the lipid molecules
influence the structure of the bilayer low tem-
perature phases. When the head group is small,
the Ly gel phase is stable (the tails do not show
a tilt with respect to the bilayer normal like in
the Lg/) while if small amphiphilic molecules,
for example ethanol, are added to the bilayer, the
low temperature interdigitated Lgl phase is the

6 Technological Applications

most stable (where the terminal methyl groups of
the lipid chains are located near the head group
region of the opposite layer) [6].

As a consequence due to the different
chemical-physical properties of the lipid
constituents, the lipid bilayer itself is not a
homogeneous system but shows inhomogeneity
where local phase separation is characterized by
the presence of “rafts” or islands of chemically
distinct lipids immersed in the lipid membrane
[7]. It must be also underlined that such rafts do
not exist only in “pure” bilayers or monolayers
[7, 8] but are also strongly influenced by the
interactions with proteins, where for example
the sphingolipid-cholesterol self-assembly shows
some protein specificity strongly affecting the
membrane bio-activity [4, 9].

When considering B-barrel outer membrane
proteins (OMPs) specifically, the evolution into
a lipidic environment length of the hydrophobic
patch has been optimized to interact with the
central hydrophobic core of the bilayer.

In fact an OMP can be well represented by
a cylinder where a central hydrophobic section
is embedded into the hydrophobic bulk of the
lipid bilayer, topped by two hydrophilic rings
interacting with the outer hydrophilic membrane
portion and the inner and outer cell aqueous
environments (see Fig. 6.1).

However the length of the hydrophobic patch
of the P-barrel OMP and the lipid bilayer is
not always perfectly overlapping. This difference
defines the so-called hydrophobic mismatch, i.e.
the difference in length between the hydrophobic
core of the lipid bilayer and the hydrophobic
tertiary domain of the protein.

As a consequence there is an important recip-
rocal influence/perturbation between the bilayer
and the protein itself, where the bilayer regu-
lates the membrane protein function by inducing
protein conformational changes which involve
a perturbation on the protein/bilayer boundary
affecting the adjacent bilayer characteristics [10].
The hydrophobic mismatch between a f-barrel
membrane protein and a BAB block copolymer
membrane (explanation on polymer blocks, see
below) is shown schematically in Fig. 6.2.
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Fig. 6.1 Schematic representation of a bacterial p-barrel
outer membrane protein embedded in a lipid bilayer, with
the O — outer aqueous environment, P — periplasm and
TM - trans-membrane part. Water molecules surrounding
the external protein parts (loop and turn regions) are
indicated

The mentioned bilayer perturbations/
deformations involve an energetic cost, function
of the conformational change varying with
the bilayer physical-chemical properties, i.e.
bilayer thickness, intrinsic lipid curvature,
elastic compression and bending moduli.
Therefore the protein function is regulated by
the bilayer properties determining its free-energy
changes caused by the protein-induced bilayer
deformation, defining the lipid bilayer as a
possible allosteric regulator of the membrane
function [10].

Such analysis is not only important for the
membrane protein regulation but also when a
reconstitution of a membrane protein into a lipid
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Fig. 6.2 Schematic representation of hydrophobic mis-
match between B-barrel membrane protein and a BAB
block copolymer membrane. Top — hydrophobic portion
(indicated by broken line) of the protein is longer than
the unperturbed hydrophobic membrane thickness and
bottom — hydrophobic portion of the protein is shorter than
the unperturbed hydrophobic membrane thickness

membrane or other specific systems takes place.
These reconstituted protein systems are useful to
set up a simplified environment, as compared to
the original complex cell lipid membrane, so to
obtain a model system for studies to be conducted
on the membrane protein itself.

In general the reconstitution of membrane pro-
teins into model membranes is a complex experi-
mental procedure performed to retain the original
protein activity by the use of different structures
such as monolayers, supported lipid bilayers,
liposomes and nano-discs [11].

Specifically interesting for biotechnological
applications are so-called liposomes [12];
lipid based supra-molecular assemblies and
artificially-prepared vesicles composed by a lipid
bilayer.

Their use and associated techniques have
been developed within the last 30 years being
relatively easy to construct by procedures



144

based on reverse-phase evaporation followed
by extrusion methods or ultrasonication.
Furthermore, under optical microscope both
unilamellar or multilamellar giant vesicles can
be easily micro-manipulated. The reconstitution
of membrane proteins into liposomes is generally
conducted within the presence of detergents;
the latter are necessary to solubilize membrane
proteins during protein extraction from the
original cell membrane; then mixed with
the desired phospholipid vesicles forming an
isotropic solution of mixed phospholipid-protein-
detergent micelles.

The subsequent detergent removal can be per-
formed by dialysis, gel filtration, affinity chro-
matography or Biobead adsorption (for details
see Sect. 5.2). As a consequence when the de-
creasing detergent concentration reaches a crit-
ical level, the protein spontaneously associates
with the phospholipid membrane to form, pos-
sibly, biologically active, protein-functionalized
liposomes defined as “proteoliposomes”.

Although the mentioned techniques are able
to successfully embed membrane proteins into a
liposome membrane, seldom there is a control
on the protein number and orientation, especially
important if ion-channel proteins are to be used;
though some success has been obtained [13].

The reconstitution of a membrane protein into
a liposome membrane has been proposed to fol-
low a similar energetic scheme as proposed for
an inserting peptide [14] where four steps must
be considered: partitioning between the aqueous
and membrane environment; folding/unfolding
of the peptide/protein within the two different
environments; insertion into the lipid bilayer and
association, with other peptides or proteins.

Such a scheme though based on four thermo-
dynamic separated steps, presents many Cross-
couplings such as, for example, the energetics
of partitioning-folding for an a-helix formation
by the bee-venom melittin peptide or P-sheet
formation by the hexapeptide AcWLS5 [14].

The aforementioned energetic scheme is quite
well known for helical transmembrane proteins
characterized by their ability to dissolve and fold
into lipid bilayers [15].
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Furthermore the helical transmembrane pro-
teins have been proposed to interact with only
one of the a-helices with the lipid bilayer while
the association of the following helices can occur
after insertion by hydrogen bonds [16] (for details
see Fig. 2.5).

In case of the P-barrel membrane proteins,
instead, the folding and insertion have been pro-
posed as synchronous events [17] and their as-
sembly follows an “all or none” mechanism [18].

It should be underlined that while the folding
and insertion of a P-barrel protein are quite well
understood in “in vivo” conditions, when dealing
with “in vitro” conditions the knowledge is scarce
(for details check Sect. 2.3.2), where the “in
vitro” term includes the interaction, insertion and
folding within a liposome membrane.

Though the “in vivo” folding conditions are
not fully understood, they are still better charac-
terized as compared to the “in vitro” conditions
due to the “in-vitro” absence of chaperones and
the molecular machinery found in “in vivo” de-
fined as a “translocon or translocation channel”
constituted by protein complexes able to translo-
cate proteins and polypeptides across the inner
membrane [19] or the outer membrane [20] and
to integrate nascent proteins into the membrane
itself (see also Fig. 2.10).

Some steps toward the understanding of the
two step model and “in vivo” behavior have
been recently obtained. Measurements referred to
the free energies of folding for the transmem-
brane proteins PhoP/PhoQ-activated gene prod-
uct (PagP), outer membrane protein W (OmpW)
and Escherichia coli outer membrane phospho-
lipase A (OmpLA), suggest that the stability of
these proteins are strongly correlated to the water-
to-bilayer transfer free energy of the lipid-facing
residues in their transmembrane regions showing
differences in solvent exposure between their
folded and unfolded states. From a biological
point of view, these findings suggest that the
folding free energies for these membrane proteins
may be the thermodynamic driving force estab-
lishing an energy gradient across the periplasm,
thus driving their sorting by chaperones to the
outer membranes in living bacteria [21].
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Table 6.1 Hydrophobic region length of the FhuAA
1-159 protein; h and the a angle defined as the tilt of
the strands toward the barrel axis simulated in DNPC and
DOPC lipid bilayers (310 K)

FhuA A1-159 (DOPC) FhuA A1-159 (DNPC)
2.03+0.14 224+0.13
37.07 £4.13 37.66 £ 3.94

h (nm)
a(®)

Regarding the hydrophobic mismatch effect

[10] and its influence on the secondary/tertiary
structure of a P-barrel membrane like E. coli
FhuA (ferric hydroxamate uptake component A)
and a related engineered variant FhuAA1-159,
where the first 159 amino acids corresponding
to the internal cork domain have been deleted
(for details check Sect. 5.1.2.1) a Molecular
Dynamics simulation study was performed [22].
The structural changes on the aforementioned
proteins where analyzed when embedded into
two different environments based on a DNPC
(1,2-dinervonyl-sn-glycero-3-phosphocholine,
a 24:1 lipid represented by the nervonyl
acyl radical, —[CH;];CH=CH[CH;];3-cis-15-
Tetracoseno) lipid bilayer and an OES deter-
gent cell (N-octyl-2-hydroxyethyl sulfoxide)
showing no substantial length differences or
hydrophobic stress. However in a subsequent
simulation [23], the FhuAA1-159 variant was
embedded into two different lipid bilayers,
the aforementioned long chain DNPC and
the shorter DOPC (1,2-dioleoyl-sn-glycero-3-
phosphocholine, a 18:1 lipid represented by the
oleyl radical —[CH,];CH==CH[CH;];-cis-9-).
The difference in the length of the hydrophobic
core between the two lipids was reported to be
Apnpc—popc = 1 nm and as a consequence the
hydrophobic mismatch of 1 nm is expected to
induce some distortion or “stress” on the protein
secondary/tertiary structure.

As reported in Table 6.1 two parameters have
been defined to analyze the effect of the hy-
drophobic mismatch on the FhuAA1-159 engi-
neered protein, defining the length of the hy-
drophobic protein region and the o angle, i.e. the
tilt of the strands toward the barrel axis [22]. The
results do show very little differences, though re-
porting a protein elongation in the DNPC bilayer
compared to the DOPC.
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The robustness of OMPs even when engi-
neered (FhuAA1-159), adds to their value for
the development of new nano-materials for nano-
technological applications. Details on the main
applications will be described later in Sect. 6.2.

In principle a difference must be set when us-
ing the terms “insertion” or “reconstitution”. The
term insertion is well represented by the insertion
of a a-helical transmembrane protein or polypep-
tide, like bee-venom Melittin or Hyalophora ce-
cropia (Cecropia moth) derived Cecropin A, into
a lipid or polymer membrane following the afore-
mentioned four step model, while reconstitution
can be generally intended as the embedding of a
membrane protein into a lipid membrane during
the forming process of a liposome.

In fact, because a P-barrel protein has been
suggested to follow a two-step simultaneous
mechanism [17] considering the cross section of
a polypeptide compared to a classical B-barrel
protein (~3-5 nm) the energy penalty to produce
a cavity within a lipid or polymer membrane in
case of a B-barrel protein is much higher.

Such a simple model fits well to many of
the experimental procedures where a B-barrel
membrane protein is “reconstituted” into a lipid
bilayer adding slowly the lipidic phase in a so-
Iution already containing purified and detergent-
solubilized B-barrel proteins such as a FhuA vari-
ant [24] or the BamA transmembrane protein
of the E. coli Bam complex necessary for the
outer membrane protein translocation and inser-
tion [25]. In both cases the detergent used to sol-
ubilize the membrane proteins is slowly diluted
and at the same time lipid extract is added.

Though the reconstitution of B-barrel proteins
into liposomes is an interesting method to study
the embedded proteins itself, the reconstitution of
B-barrel proteins into polymersomes has attracted
considerable attention during the last decades,
also.

Polymersomes are artificially made vesi-
cles where the membrane is constituted
by amphiphilic synthetic block copolymers
instead of lipids as in the liposome case. The
term “amphiphilic (or amphipatic)” defines a
chemical compound possessing both hydrophilic
(water-loving, polar) and lipophilic (fat-loving)
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Fig. 6.3 Schematic representation of (a) different exam-
ples for block copolymers with A — hydrophilic block;
B — hydrophobic block; fop — AB diblock; middle — ABA

characteristics. For example lipids constituting a
cellular membrane or a liposome are amphiphilic,
with the classical polar head and a hydrophobic
tail. However in the synthetic block co-polymers
two or more hydrophilic or hydrophobic
polymers are chemically linked aggregating
in solution to produce vesicular structures
[26] or to microphase into a more complex
variety of morphologies, i.e. spheres, lamellae,
inverse spheres and several more complex
shapes depending from the surrounding physical-
chemical conditions like solvent and temperature
or depending from the chemical characteristics
of the polymers used and their volume fractions
[27]. The hydrophilic or hydrophobic blocks
of an amphiphilic block copolymer are generally
termed A (hydrophilic block) and B (hydrophobic
block). They form then for instance AB diblock
or ABA triblock copolymers (Fig. 6.3a) that self-
assemble to form membranes (Fig. 6.3b).

The use of synthetic polymers increases dra-
matically the number and combinations of possi-
ble physical-chemical characteristics of the sin-
gle block copolymers, enabling chemists to have
some control on the permeability and stability
of the polymersome itself. Although the stabil-
ity of liposomes and polymersomes is differ-
ent due to their different chemical composition,
the origin of their formation is practically the
same being both held together by non-covalent
interactions.

From the mechanistic point of view, block
copolymers self-assemble by a thermodynam-
ically driven process where the chemical dis-
affinity between the blocks results in an unfavor-
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triblock and bottom — BAB triblock and (b) BAB triblock
copolymers assembled to for a bi-layer membrane

able mixing enthalpy and a small mixing entropy
while covalent bonds between the blocks prevent
macrophase separation.

Experimentally the formation of such nano-
structures like micelles and vesicles can be
achieved by two main methods: by molecular
aggregation or by mechanical disintegration of a
macroscopic phase of matter [28].

When considering the insertion of a mem-
brane protein into a polymer membrane further
points must be considered in order to understand
whether the reconstitution will be successful or
not.

Specifically there is a lack of general and
reproducible protocols regarding the functional
reconstitution of channel-forming membrane
proteins, quite often strongly protein dependent.
A first problem derives from the use of organic
solvents necessary to solve the synthetic
polymers. One of the classical techniques is the
drop-wise addition of a polymer—protein—organic
solvent mixture, like ethanol or tetrahydrofurane
(THF), to an aqueous solution leading to the
formation of proteo-polymersomes.

Another approach, again involves the
drop-wise addition of a solution of organic
solvent 4+ polymer into an aqueous solution of
the membrane protein stabilized by detergents.
However, in both cases, when membrane proteins
are mixed with an organic solvent, they get
mostly denatured.

Furthermore organic solvents remaining
within the solution, especially if totally or
partially soluble with water, may keep the recon-
stituted proteins in an unfavorable environment
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and destabilize the vesicular structures by
fluidifying the polymersome membrane made
by amphiphiles. As a consequence the afore-
mentioned methods limit the use of membrane
proteins due to their de-functionalization by
organic solvents.

A solution toward the functional reconstitution
may derive from two approaches:

1. the use of membrane proteins that show an
intrinsic robustness to the presence of organic
solvents or;

2. the development of methods avoiding the use
of organic solvent.

Following the first approach, an engineered
FhuA channel protein with a specifically
elongated hydrophobic section to fit within
the hydrophobic thick layer of the PIBggo-
PEGe000-PIB 1900 (PIB = polyisobutylene, PEG =
polyethylene glycol) tri-block copolymer (see
below for further explanation) shows an
extremely strong resistance toward organic
solvents, reaching 10 % v/v of THF still obtaining
a valid functional reconstitution [29].

While the second technique was used to func-
tionally reconstitute a BR/FyF-ATP synthase
into a PMOXA-PDMS-PMOXA (PMOXA: poly-
2-methyl-2-oxazoline, PDMS: poly-dimethyl-
siloxane) polymersome membrane [30].

Shifting the attention to the microscopic origin
of the problems related to membrane protein re-
constitution into a polymer bilayer, the main vari-
able has been detected in the strong hydrophobic
mismatch between the hydrophobic domain of
the protein and the hydrophobic thickness of the
polymer itself.

In fact membranes formed by block copoly-
mers are often thicker (5-22 nm) than those
formed by “natural” phospholipids (3—4 nm)
leading to better mechanical strength [31]
resulting in to a drop in efficiency of channel
insertion (when comparing polymersomes to
liposomes). The strategic solution for the
functional reconstitution of membrane proteins
into polymeric membranes requires to design
polymer membranes as thin and fluid as
possible, in order to minimize the energetic
penalty associated with the exposure of the
nonpolar/polar interface.
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For example, simulation studies conducted
on the outer membrane proteins OmpF
insertion into a di-block copolymer EOy9EEjg
(EO = Ethyleneoxide, EE = Ethylethylene) mem-
brane show a considerable symmetric deforma-
tion of the hydrophobic region of the polymer.
The hydrophobic mismatch upon insertion
is 1.32 nm, corresponding to 22 % of the
polymer thickness [32]. As a consequence, if
copolymer bilayers cannot withstand the hy-
drophobic mismatch, channel protein insertion is
prevented.

The polymers till now used to reconstitute
membranes proteins reproduce a bilayer lipid
like organization, though the polymer itself is
chemically different from the original lipids. For
example different di- or tri-block copolymers
have been used to reconstitute several membrane
proteins, like the tri-block copolymer PMOXA-
PDMS-PMOXA (PMOXA: poly-2-methyl-2-
oxazoline, PDMS: poly-dimethyl-siloxane) for
the FhuA, OmpF and Tsx [33-35], the di-block
copolymer PBD-PEO (PB: poly-butadiene, PEO:
poly-ethylene oxide) to reconstitute the dopamine
receptor D2 (DRD2) [36] or with both of the
aforementioned polymers the reconstitution at
high-densities of water channels into vesicular
and planar membranes [37]. Another tri-
block Copolymer PIB 10()0—PEG6()0()—PIB 1000
(PIB = polyisobutylene, PEG = polyethylene
glycol) was used to embed an engineered FhuA
variant with extended hydrophobic portion (FhuA
Ext) [29] while the tri-block PetOz-PDMS-
PEtOz (PEtOz = poly(2-ethyl-2-oxazoline)) was
successfully used for the reconstitution of the
FoF-ATP synthase and bacteriorhodopsin [38].

A solution of the hydrophobic mismatch prob-
lem can be obtained by increasing the hydropho-
bic length of a membrane protein by changing
the point of view: matching the protein to the
polymer instead of matching the polymer to the
protein. For example the engineered FhuAA1-
159 [39] often cannot insert into thick polymeric
membranes.

Using a simple amino acid “copy-paste” ap-
proach the protein hydrophobic transmembrane
section was increased by 1 nm, leading to a
predicted lower hydrophobic mismatch between
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the protein and the PIB;o09-PEGegp00-PIB 1000
(PIB = polyisobutylene, = PEG = polyethylene
glycol) tri-block copolymer polymersome
membrane, minimizing the insertion energy
penalty [29]. The strategy of adding amino acids
to the FhuAA1-159 hydrophobic part can be
further used to build even more hydrophobic
proteins, promoting the efficient embedding into
thicker or more hydrophobic block copolymer
membranes (for details on the FhuA variant FhuA
Ext check Sect. 5.1.2.4).

In general the mechanical properties of a
polymersome membrane result in a higher
stiffness as compared to the liposome membrane;
a general problem especially when considering
the embedded protein stability or reconstitution.
However in some specific polymer cases such
as PDMS-PMOXA, the elastic response of
the PDMS-PMOXA polymersomes to external
stimuli is much closer to that of lipid vesicles
compared to other types of polymersomes, such
as polystyrene-block-poly(acrylic acid) (PS-b-
PAA) [40]. This is a rather interesting finding
explaining the success of the PDMS-PMOXA
polymer to embed natural membrane proteins.

As previously reported the hydrophobic
central part of a lipid bilayer is mainly based
on low molecular weight -CH,- chains where
the hydrophobic mismatch can be thought
mainly driven by enthalpic energy penalties,
i.e. the lengthening of the -CH,- angles. In a
polymer bilayer, instead, the higher molecular
weight of the central hydrophobic part is mainly
entropically driven, i.e. folding and/or unfolding
of the polymer chain.

Due to the length of the polymer chains the
two independent layers are expected to be en-
tangled in the hydrophobic region [41], a situ-
ation less common though existing in the lipid
bilayers (Lgl phase). Such a behavior in case of
block copolymers originates from the shielding
of the hydrophobic membrane from water by a
polymeric brush due to the partial coiling [42]
of the hydrophile. As a consequence the higher
molecular weight hydrophobic polymer coils are
more likely to interdigitate and become entangled
and the reconstitution of a fB-barrel protein in
a polymer bilayer can be hindered by an en-
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tropic factor with the polymer chain interacting
with the hydrophobic “cylinder” of the membrane
protein.

Another problem can be found considering
the miscibility of the detergents used to solubi-
lize/stabilize the membrane protein in aqueous
solutions. In fact membrane proteins are strongly
hydrophobic and insoluble in water and a series
of detergents are employed to extract and sta-
bilize the membrane proteins. The protein itself
when in a water solution will be surrounded by
a detergent belt or small micelles, depending on
the detergent concentration. The chemical char-
acteristic of such an environment can be very im-
portant when protein reconstitution in a polymer
membrane is considered. In fact polymers can
be immiscible [43] and if a membrane protein is
solubilized with a detergent based on a polymer
chain immiscible with a determined polymer-
some membrane, a reconstitution is difficult or
impossible.

A last variable when considering polymeric
membranes must be analyzed: polydispersity.
The polydispersity index (PDI) of a polymer
refers to the distribution of the single polymer
chains as function of the molecular weight and
defined by the relation:

M
PDI = -
M

n

6.1)

where M, is the weight average molar mass
defined by:

ZMizNi
- S MN,

and M, is the number average molar mass, de-
fined by:

My (6.2)

ZM,- N;
— —ZN,-

with i representing the i-monomer within the
chain. M, is more sensitive to molecules of low
molecular mass, while M,, is more sensitive to
molecules of high molecular mass.

M, (6.3)
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All biological polymers have a PDI of 1,
defining all molecules having the same molecular
weight while industrial polymers very seldom
show a PDI near to 1. Until now when relating
to the difficulties to include a membrane protein
into a polymer membrane however the polymer is
considered to have a PDI = 1.

When a protein reconstitutes into polymer
membranes, the protein will be most probably
in contact with a “gradient” of shorter polymer
chains gradually lengthening toward the farthest
point from the protein. In fact as reported in the
theoretical analysis of Pata et al. [44] entropy
should mix the different chains uniformly, but
the perturbation induced by embedded proteins
can lead to a local segregation, where shorter
chains that match the protein dimensions more
closely would concentrate in the region adja-
cent to the protein boundary, inducing a kind of
“polymer raft” around the protein itself. Such
a phenomenon can introduce an easier way for
the membrane protein to be reconstituted into a
polymer layer.

In conclusion polymersome research as well
as the development of biomimetic membranes for
sensor and separation technology is a vibrant field
with ample possibilities of improvement [45]
where the microscopic understanding of a “sim-
ple” membrane protein embedded into a polymer
membrane would boost a rational approach.

6.1.2 Dynamic Light Scattering

Light scattering is a phenomenon resulting from
the interaction of an electromagnetic wave with
a portion of matter. When an incident light ray
or electromagnetic (em) wave encounters a body
or an inhomogeneity light itself is re-diffused or
redirected in all directions.

The phenomenon itself is a complex interac-
tion between the incident em wave and the molec-
ular/atomic structure of the scattering object and
cannot be simply considered as a reflecting or
bouncing of light rays from the surface of the
scattering object [46].

The interaction between the em wave and mat-
ter results in an induced dipole moment within the
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object due to the electrons that are periodically
perturbed with the same phase as the electric
field of the incident light. As a consequence
molecules themselves constituting the analyzed
object are a secondary source of light homoge-
neously emitted in space (scattering). The fre-
quency shifts compared to the original source,
the angular distribution, the polarization, and the
intensity of the scattered light are function of
the size, shape and molecular interactions in the
scattering material [46].

The two main theories of scattering are based
on the Rayleigh and Mie scattering. The former
is mainly applicable to small (compared to the
incident wavelength), dielectric (non-absorbing),
spherical particles while the second one deals
with the general problem of scattering from a
solution of spheres, absorbing or non-absorbing,
not anymore depending on the particle size.

The Mie scattering theory does not show par-
ticle size limitations, converges to the limit of
geometric optics for large particles and can in-
clude the Rayleigh scattering as subset. In general
Rayleigh scattering theory is preferred when pos-
sible to apply, due to the complexity of the Mie
scattering formulation.

Some other types of scattering exist for exam-
ple when analyzing colloidal mixtures or suspen-
sions (Tyndall scattering), while inelastic forms
of scattering like the Brillouin; generated by the
interaction of photons with phonons in solids;
or the Raman inelastic scattering; where photons
interact with optical photons in solids; will not be
considered for further analysis in the liposome or
polymersome characterization [47].

From the experimental point of view a dif-
ferentiation between static and dynamic light
scattering is necessary. In the static light scat-
tering (SLS) case, the considered experimental
parameter is a function of the time-averaged in-
tensity of the scattered light, while in the dy-
namic light scattering (DLS) case the fluctua-
tions in light intensity by itself are considered
so to extract the information from the desired
experimental variable. The DLS technique is also
quite often referred to as photon correlation spec-
troscopy (PCS) and quasi-elastic light scattering
(QELS).
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With a combination of the aforementioned
theoretical apparatus for the interpretation of the
light scattering and some fluctuation theory de-
rived by statistical mechanics, the information
on the structure and dynamics of the scattering
medium can be obtained.

By introducing a short physical description
(for a better and complete overview of DLS
theory and some examples of application please
check the following literature [48, 49]) on how
DLS scattering is related to macroscopic vari-
ables like diffusion, a direct link between the
Brownian motion, arising from collisions be-
tween the suspended particles and the solvent
molecules, and the resulting scattered light is
obtained by considering the “correlation coeffi-
cients” described by a relation like Eq. 6.4:

G(r) = /I(l)] (t+71)=B+ Ae—2q2Dr

0
(6.4)

where G(7) is the correlation coefficient, I is the
intensity at a given time t and t+t, B is the
baseline, A the amplitude and D the diffusion
coefficient. In fact as a consequence of the par-
ticle motion, the light scattered from the particle
ensemble itself will randomly fluctuate in time.
At this point the necessary information regarding
the motion or diffusion of the particles in the solu-
tion is contained within the measured correlation
curve. By measuring the fluctuations in very short
time intervals a correlation curve is built by which
it is possible to extract the diffusion coefficient
and subsequently the hydrodynamic particle size
or hydrodynamic radius. It should be underlined
that the hydrodynamic radius differs from the
“real” particle size, due to the fact the particle
itself is hydrated/solvated and the diffusion co-
efficient of the particle derived by DLS gives
the total radius i.e. particle 4 solvation/hydration
sphere.

Finally by using the Stokes-Einstein equation
given in Eq. 6.5:

Rey = KT

6.5
6rnnD (6.5)
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the hydrodynamic radius R(H) is derived where
k is the Boltzmann constant, T is the absolute
temperature, and 1 is the solvent viscosity.

Applications of DLS within the biophysical-
chemistry realm are devoted to the characteriza-
tion of particle sizes and distribution or diffu-
sion coefficients including proteins, polymer so-
lutions, particles in solution, polymersomes and
liposomes [49]. Stability or aggregation studies
can be also performed by DLS analysis checking
whether the hydrodynamic radius changes in time
or during temperature dependence experiments.

Operationally DLS is a powerful way to per-
form short time, non-invasive measurements on
samples including a quite user-friendly and sim-
ple preparation of the same samples. Modern
instrumentation can detect and resolve particle
sizes of diameters ranging between 0.6 nm and
6 pm converting a wide range of sample con-
centrations. If the considered system is monodis-
persed or polydispersed a fitting procedure based
on a CONTIN analysis must be performed and in
case of polydispersed systems various scattering
angles should be considered.

It can be well stated that DLS is a commonly
used and affirmed technique for biomolecular
studies and interaction studies [50]. Modern ap-
plication of DLS include pre-screenings for pro-
tein crystallization to test the homogeneity of the
sample [51] or to obtain molecular parameters
such as size, molar mass and intermolecular inter-
actions to identify and characterize intrinsically
disordered proteins (IDPs) [52].

The literature on and application of SLS and
DLS regarding the studies of liposomes and poly-
mersomes is vast and, practically, quite often each
new characterization and study of such systems
includes a high number of techniques where scat-
tering methods are routinely used to understand
the hydrodynamic radius and polydispersity of
the samples [53-56].

An interesting non published study on poly-
mersomes with the embedded engineered FhuA
membrane protein (FhuA Ext) noticed an in-
crease in polymersome diameter in presence of
the protein compared to the pure polymersomes
hinting towards a correlation between diameter
increase and protein reconstitution (for details
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Fig. 6.4 Schematic representation of the two step oxidation products of TMB (3,3’-5,5’-tetramethylbenzidine)

see Sect. 5.1.2.4). From this finding might be
deduced a first clue on the number of proteins em-
bedded in the polymersome membrane with the
pre-requisite of a constant membrane thickness,
polymer membrane total volume and maintained
spherical symmetry of polymersomes.

It would be interesting to study in greater
detail the aforementioned system by a multi-
angle DLS method to understand if these results
are due to a change in the geometric symmetry of
the polymersome or simply due to the number of
proteins inserted in the polymersome membrane.

In conclusion there is still a wide unexplored
range of possible sophisticated applications of
DLS beyond the simple characterization methods
explained above.

6.1.3 Spectroscopic Flux Assay
and Patch-Clamp

The insertion of a channel protein into a li-
posome or polymersome membrane establishes
a communication between the external environ-
ment and the internal vesicle. The functionality
of the channel can be tested by using a simple
conceptual experiment by determining the flux
of a detectable chemical compound through the
channel itself. The detection of the compound
flux through the channel can be measured by two
possible main strategies:

1. the detection of a “macroscopic” flux
performed on a statistical ensemble of
liposomes/polymersomes or

2. by detecting the “microscopic” flux on a single
protein channel.

These two approaches rely on different tech-
niques whose application and selection is a func-
tion of the information to be extracted. In general
a spectroscopic flux assay, as will be shown in
the following, applied to an ensemble of channel
proteins can only certify if the channel is inserted
into the membrane while it generally does not
give detailed information on the conditions of
the channel itself, i.e. if the channel has changed
its ability to work more or less efficiently as a
diffusion channel depending on the membrane
characteristics.

As reported in a study where the engineered
FhuA Ext was reconstituted into PIBgpo—
PEGepo0—PIB1go0  polymersome membranes,
the influx kinetics could be followed based on
the TMB/HRP detection system (HRP = Horse
Radish Peroxidase, TMB = 3,3’,5,5'-tetramethy-
Ibenzidine). The HRP/TMB assay system is
widely used in enzyme immunoassays (EIA),
due to its robustness. The TMB/HRP detection
system is based on a two-step irreversible
consecutive reaction A—B —C (A=TMB;
B and C=first and second TMB oxidation
products, Fig. 6.4) catalyzed by HRP in presence
of HQOQ.

Since the final TMB oxidation product is only
stable under very acidic conditions [57], the in-
termediate product is used as a reporter with a
characteristic absorbance maximum at 370 and
652 nm [29].

The insertion of the modified FhuA was tested
by detecting the flux of the second TMB oxi-
dation product catalyzed by the entrapped HRP
enzymes after the biotin label-closed channel
(further details on the channel labeling can be
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found in Sect. 5.1.3.1) was opened to permit flux
of hydrogen peroxide and TMB internally to the
polymersome. The same assay system had been
used to analyze the reconstitution ability of the
cork-less FhuAA1-159 [58-60] and of a FhuA
variant with enlarged channel diameter (FhuA
Exp) [24] both reconstituted into liposomes.

In another study Fluorescence Correlation
Spectroscopy (FCS) was used to determine the
number, diffusion properties and brightness of
the fluorophore acridine orange dye between
5<pH<7 being FCS able to discriminate
between fluorescent species inside and outside
polymer vesicles [61]. The FCS method is
based on a temporal auto-correlation analysis
of fluorescence intensity fluctuations collected
in time from a tiny focal volume defined by the
microscope focus of the excitation laser beam
within a sample [62, 63].

Though interesting such techniques are unable
to give specific answers regarding the single
channel and how the channel itself is reacting
under the new environment. To reach such a goal
the patch-clamp technique is used though till now
only on cells or liposomes with reconstituted
channel proteins. The application of this
technique to membrane protein functionalizing
polymersomes would be a very welcome analysis
giving important clues on how the polymer itself
changes the channel protein behavior (stochastic
diffusion) compared to a liposome reconstituted
one.

Historically the patch clamp technique was de-
veloped by Neher and Sakmann [64, 65] to detect
ion currents passing through single acetylcholine-
activated channels in cell-attached patches of frog
skeletal muscle membrane. Further developments
and refinements [66, 67] resulted in techniques
for current recording at high resolution in excised
membrane patches in addition to those that re-
main cell-attached.

The importance of this technique results from
its ability to record single channel conductance
and kinetic behavior of ion channels partly in-
vestigated by classical voltage clamping and by
noise analysis. However the sensitivity on the
technique permits investigations on the physio-
logical role of ion channels in cells inaccessible to
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voltage clamp and to cells that are not electrically
excitable.

Methodologically a membrane patch is electri-
cally isolated from the external solution to record
the current flow within the patch itself. This is
achieved by pressing a fire-polished glass pipette
filled with an electrolyte solution against the
cell or liposome surface applying light suction.
Under optimal experimental conditions, i.e. when
both the glass pipette and the cell membrane
are clean and the distance between the pipette
and the membrane is ~1 nm, a seal with a
corresponding resistance of 10 G2 is formed
(gigaseal) [68]. The high resistance of the seal
gives the possibility to specifically isolate elec-
tronically the currents measured across the mem-
brane patch with little competing noise, as well
as providing some mechanical stability to the
recording.

Often patch-clamp is applied to the analysis
of the reconstituted channel proteins using unil-
amellar vesicles (ULV) that can be sub-divided in
small unilamellar vesicles (SUV < 100 nm), large
unilamellar vesicles (LUV: 100 nm to 1 wm) and
giant unilamellar vesicles (GUV > 1 um).

For example, recently a characterization of
the mechanosensitive MscSP channel was per-
formed in giant spheroplasts and in azolectin
liposomes [69] while GUV where used to test
the functional reconstitution of the voltage-gated
potassium channel [70].

Apart from liposomes, ion channels and
protein channels are reconstituted also into planar
lipid bilayers [71] applying single-ion channel
current measurements at a constant applied
voltage.

Recently a high-throughput screening of ion
channels has been developed on the advent of
the planar patch clamp system [72]. This new
technology based on patch clamp will drastically
increase the number of ion channels that can
be studied, as multiple ion channel experiments
can now be conducted in parallel. On the same
research line the development of the planar patch
clamp [73] was undertaken to conduct measure-
ments including artificial lipid bilayers.

While single channel conductance mea-
surements are especially suited for stochastic
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nanochannel sensing applications as sensing
is based on the changes in electrical current
caused by analytes that interact transiently or
permanently with a nano-pore, the flux enzymatic
assay instead can be applied to get more general
information on channel functionality.

6.1.4 Further Characterization
Methods (Electron
Microscopy, Tryptophan
Fluorescence)

In the previous section, a series of flux based
detection systems have been explained that can
be used to check whether a channel protein is
functionally reconstituted and if the new environ-
ment (lipid or polymer based) affects the channel
properties of the embedded protein.

However if the aforementioned measurements
miss to detect a molecular flux out of the lipo-
some/polymersome lumen, the lack of detection
can be originated by the failed reconstitution
of the channel protein or it might be due to
the partial/total unfolding of the protein within
membrane, implying a non-functional reconsti-
tution. To discern such experimental cases, fur-
ther techniques must be considered by which the
detection of the embedded protein is realizable.
Examples for such complementing techniques are
Electron Microscopy (EM) and Trp fluorescence
measurements.

6.1.4.1 Electron Microscopy

Electron microscopy is a microscopic technique
using electrons instead of light (light microscopy)
to resolve structures <1 pwm. After a first demon-
stration by Ernst Ruska and Maximillian Knoll
in 1931, the first electron microscope was built
in 1933 by Ernst Ruska, it was able to resolve
structures down to 50 nm [74].

Today under the realm of EM a plethora of
techniques exists on how to study and prepare the
samples to be analyzed [75].

However considering the EM application
to the liposome/polymersome research field,
a comparative study between atomic force
microscopy (AFM), environmental scanning
electron microscopy (ESEM), transmission
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electron microscopy (TEM) and confocal
laser scanning microscopy (CLSM; labeling
using a fluorochrome marker) on liposomal
characterization was undertaken [76].

Each of the techniques gives a characterization
of the nano-scale structures of liposomes, with
AFM, TEM giving the best information on the
shape and morphology, AFM, ESEM, TEM, and
CLSM on dimensions, AFM on surface proper-
ties, and CLSM on the internal structure.

It should be underlined that while EM is well
known and routinely used to check shape and
geometry of liposomes and polymersomes, not
many studies have been developed to consider
the organization of membrane proteins on the
membrane of liposomes [77-79] and in particular
of polymersomes, apart from the routinely used
application to check the geometry and polymer
membrane thickness.

An EM technique getting popular in the
structural biology field is the cryo-electron
microscopy (Cryo-EM). Cryo-EM is a trans-
mission electron microscopy (TEM) technique
where samples are studied under cryogenic
temperatures (liquid N, temperatures). The wide
use of cryo-electron microscopy originates from
the possibility to observe samples that have not
been stained or fixed and are as a consequence
near to their native structure.

For example, Cryo-EM of vitrified samples
was applied as a quality control of the proteoli-
posome reconstitution while freeze fracture TEM
was used to test the incorporation of RhCG-
HA (Rh glycoproteins) into the lipid bilayer and
to estimate the number of protein particles per
proteoliposome [80].

In another study Cryo-EM was applied to
study the BK (Big potassium) potassium channel
in a lipid membrane [81] or to understand the
structure of reconstituted bacterial membrane ef-
flux pumps (by Cryo-electron tomography) [82].

Future use and applications of the EM tech-
nique will surely improve and increase the details
on how and if membrane proteins interact with
the polymersome membrane.

In general though the functionality can rea-
sonably suggest the proper folding of the protein
channel, such an inductive step is not always
granted.
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6.1.4.2 Tryptophan Fluorescence

It is well known that the spectral parameters of
tryptophan fluorescence emission (Trp absorbs
light at a wavelength of 280 nm) are sensitive
to the environment and a protein’s tryptophans
can report on the environmental characteristics
and changes during events such as folding or
unfolding. For example, the tryptophan Ap.x
of many protein emission scans will red-shift
upon unfolding as the tryptophans become
more exposed to polar solvent. Based on this
phenomenon has been shown how the am-
phiphilic peptide Cecropin A characterized by the
presence of one Trp in its primary sequence was
experiencing a hydrophobic environment when
interacting with vesicles made by the artificial
tri-block copo]ymer PIBIOO()—PEG6000—PIB1000
(PIB = polyisobutylene, = PEG = polyethylene
glycol) by showing a 30 nm blue-shifted emission
when compared to water [83].

Tryptophan fluorescence is also often used
to study peptide insertion/interaction with lipo-
somes [84, 85].

Regarding the proteoliposomes, the mechano-
sensitive channel MscL and its interactions with
the lipid membrane was studied by measuring Trp
fluorescence and analyzing the obtained signal
[86] showing specific preference for a particular
class of anionic lipids, stressing the dependence
of the mechanosensitive channel protein function
on the lipid-protein interactions [87].

A series of recommendations on the technical
use of tryptophan fluorescence measurements to
analyze the stability of membrane proteins folded
in liposomes has been recently published [88].

All these studies point out the validity of
Trp fluorescence measurements as complement-
ing technique to study the reconstitution of mem-
brane proteins.

6.2 Nano-channel Applications

The use of membrane protein channels and espe-
cially of B-barrel outer membrane protein chan-
nels for nano-technological applications obtained
considerable attention since the early 2000s. For
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instance the field of drug delivery using protein
functionalized vesicular nano-compartments, the
field of protein-based stochastic nano-sensing el-
ements or the bio-nanoelectronics field more and
more often report the successful use of OMPs.
This development can be seen as a co-evolution to
the likewise successful area of artificial B-barrels
(as discussed also in Sect. 5.4).

The main applications of biological p-barrel
outer membrane proteins will be introduced in the
following sub-section.

6.2.1 Drug Delivery

The term “drug delivery” defines a series of
technologies for the transport of therapeutic
molecules within the body towards a certain
target in order to achieve a desired therapeutic
effect [89]. Classically drug delivery is actuated
by the administration of a particular chemical
compound by using a non-invasive supply. The
ideal molecule is showing a selective activity
toward the targeted virus, microbe or cell only,
not affecting the main function/physiology of
the patient body i.e. showing no deleterious or
dangerous side effects.

Nowadays the side effects problem is
addressed by the development of targeted
delivery in which the drug is only active in the
specific area (the target) of the body (for example,
in cancerous tissues) where the active compound
is specifically released following a controlled and
designed release kinetic.

The technology engaged with achieving an
efficient targeted delivery is quite complex, as
for example, it must consider the host’s defense
mechanisms avoiding them so to reach its specific
site of action. However the drug release methods
have been over the years always more and more
established and optimized and a step towards
the development of an efficient drug delivery
technology can be assisted by the use of (func-
tionalized) liposomes and polymersomes.

Liposomes have been already used success-
fully as pharmaceutical carriers for drugs and
DNA, in particular for cancer treatment. To
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Fig. 6.5 A polymersome with a targeting device decorated membrane including channel proteins embedded into the
polymer membrane releasing the compound contained within the polymersome lumen upon specific stimuli

increase the liposomal pharmaceutical efficiency
towards cancer cells, two strategies are applied:
passive targeting and active targeting. The
former shows a balanced release kinetic of
the active compound prolonging the liposomes
half-life in blood circulation so to accumulate
in the pathological sites, while the latter is
based on the attachment of specific ligand
molecules to the liposomal surface to actively and
selectively target specific antigens on the target
cells. At the state of the art, antibody-targeted
liposomes loaded with anticancer drugs demon-
strate high potential for clinical applications
[90, 91].

As reported in Sect. 6.1.1, while liposomes are
constrained by the limited chemical characteris-
tics of the lipids, the use of synthetic polymers
substantially increases the number of possible
physical-chemical characteristics of the single
block copolymers, enabling researchers to have
some control on the permeability and stability
of the polymersome itself. As a consequence the
permeability and stability of the system can be
tuned in order to satisfy the conditions needed for
the passive or active drug delivery. For example
a biodegradable polymersome characterized by
a pH dependent permeable membrane for drug
delivery [92] without the inclusion of channel
proteins was developed.

Though recent research has focused on the
development of multi-functional polymersomes
as targeted drug delivery systems for combined
therapeutic applications, there are some efforts
to develop “theranostic” applications where the
therapeutic delivery via passive or active target-
ing is combined with diagnostic capabilities of
the system [93].

However a further step toward the controlled
release deals with the inclusion of engineered
channel proteins to specifically and actively con-
trol the in and out compound fluxes under a de-
termined external perturbation of physical origin
like pH, temperature, light or chemical origin
such as a reducing agent [39].

It should be underlined that the class of
polymers that must be considered under the
active controlled release should be not permeable
or at least showing an extremely low release
kinetic to maximize the effect once arrived at
their destination.

The general concept of an active controlled re-
lease polymersome is depicted in Fig. 6.5, where
channel proteins are embedded into a polymer-
some membrane opening at a precise external
perturbation while to the polymersome surface
are anchored targeting devices (e.g. antibodies)
specifically designed to bind to the desired target
(e.g. cells, bacteria, viruses).
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Within this branch of research a series of
mutated and engineered E. coli FhuA and OmpF
channel proteins have been used to develop lipo-
some or polymersome based release systems. As
the cork-lacking FhuA variant FhuAA1-159 can
be reconstituted only into either liposomes [58—
60] or polymersomes of the PMOXA-PDMS-
PMOXA type [39], variant FhuA Ext was devel-
oped to overcome the hydrophobic mismatch of
insertion into thick polymersome membranes of
the PIB 900~ PEGg000—PIB 1000 type (hydrophobic
mismatch problem, see Sect. 6.1.1) [29]. The
PIB1000—PEG6000—PIB1000 block copolymer has
certain advantages such as the biocompatibility of
both building blocks (PIB/PEG) [94, 95], the im-
permeability toward gases and other compounds
of the PIB unit [96]. Moreover PIByy—PEGgpgo—
PIB g is commercially available and compara-
bly cost effective.

A further FhuA variant (FhuA Exp) was en-
gineered to increase the channel cross section
to possibly tune the molecular cut-off of the
molecules to be externally diffused, i.e. from
the lumen of the liposome/polymersome to the
external environment [24] (see also Sects. 5.1.2.3
and 5.1.2.4).

The controlled release was obtained by
including within the free channel of the
engineered plug-less FhuAA1-159 protein
an irreversible light triggered release system
by employing the photo-cleavable lysine
label 6-nitroveratryloxycarbonyl chloride
(NVOC-CI) [59] or an irreversible chemically
triggered system where the lysine were
labeled with 3-(2-pyridyldithio)propionic-acid-
N-hydroxysuccinimide-ester or 2-[biotinamido]
ethylamido-3,3’-dithiodipropionic ~ acid  N-
hydroxysuccinimide, ester that are sensitive to
the S—S bond cleavage under reducing conditions
[39] (see Sect. 5.1.3.1).

Employing a different channel protein to func-
tionalize nano-compartments for the controlled
release, in an engineered OmpF protein, six hys-
tidines were inserted within the constriction site
of the protein obtaining a reversible pH sensitive
nano-channel working between 5 <pH <7 [61]
(see Sect. 5.1.3.2).
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On the same protein a different approach using
a non-triggered blocking of the OmpF channel
with a crown compound to understand the
structure-function relationship of synthetically
modified porins was also undertaken [97].

The potential for further advancements and
optimizations of the liposome and especially the
polymersome technology is vast. Future research
will attack the problem from two sides: on one
side developing and engineering a new series
of channel proteins that will stably reconstitute
into the synthetic polymers while, in parallel new
modified classes of polymers will be synthesized
to accomplish the strict conditions requested es-
pecially when considering an active delivery.

6.2.2 Stochastic Nano-sensors

In the last two decades nano-pore stochastic
sensors have received a great research impulse
due to their multi-variate applications such as
multi-analyte detection systems, DNA sequenc-
ing purposes [98—100], the study of covalent and
non-covalent bonding interactions [101, 102],
biomolecular folding and unfolding studies [103,
104], differentiation of chiral molecules, enzyme
kinetics, determination of sample purity and
composition [105] to mention only few.

Historically the first nano-sensor or nano-
counter was patented by Wallace H. Coulter.
Nowadays a Coulter counter [106] is a system
for counting and sizing particles suspended in
electrolytes, mainly used as a routine biomedical
application for the counting of cells and virus
particles [107].

The physical principle defining a nano-
pore detection system is simple: the interesting
molecules passes through or interacts with the
interior of a pore causing detectable changes in
ionic pore current [108, 109].

The actual research is following two different
systems based on inorganic/organic solid state
pores [110] or protein based pores.

Solid-state nano-pores are mainly obtained by
using silicon nitride, glass or organic polymers
(polyesters, polyimides). Compared to protein
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Fig. 6.6 Schematic representation of a nano-pore chan-
nel embedded into a lipid bi-layer. The analyte interacting
with the pore is indicated by a cross. The current over
the membrane is measured and changes upon interaction
between analyte and pore-interior

pores they show some advantages, because of
their tunable pore size and shape, physical ro-
bustness allowing to support high voltages and
harsher chemical conditions [110].

Protein based nano-pores involve the use of
a series of proteins, like B-barrel based bacterial
outer membrane proteins such as OmpF [111,
112], OmpG [113], FhuA [114], B-barrel pore
forming bacterial toxins as a-hemolysine [108,
115, 116] or a-helical membrane proteins as
the K™ -channels (KcsA) [117], though very first
bio-organic nano-pores were based on natural
channel-forming peptides incorporated into a bi-
layer lipid membrane able to detect the pas-
sage of single molecules with gyration radii of
0.5-1.5nm [118].

Nanosensors are assembled by placing
a nanometre-sized pore into an insulated
membrane so to measure the ionic transport
through the pore as a measure for the interaction
with the molecules of interest. The general
principle of a nano-pore sensing element is given
in Fig. 6.6.

When the molecules pass through or interact
with the nano-channel, the nano-channel itself is
obstructed and an interruption in the current flow
is registered. Current blockades magnitude, dura-
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tion, and rates of occurrence allow a fast determi-
nation of analyte concentrations and discrimina-
tion between similar molecular species [109].

A major issue in nano-pore sensor technology
is the fast transport of analyte molecules through
the nano-pore. Limitations are due to the current
recording techniques that do not possess the right
time resolution and sensitivity for the detection
of such rapid events. One solution is to slow
down the molecular and ion transport through
the channel changing and actuating a series of
different experimental strategies such as using
a host compound or by modifying the analyte
molecule and nano-pore sensor.

Other solutions to control molecular transport
and, as a consequence, to improve the resolution
and sensitivity of nano-pore stochastic sensors,
are based on the introduction of functional groups
to the nano-pore interior such as hydrophobic,
aromatic, positively and negatively charged
residues or by increasing the ionic strength of the
electrolyte solution and the use of ionic liquids
as electrolytes instead of inorganic salts [105].

As a prototype example of a protein channel
based stochastic sensor the pore-forming toxin
a-hemolysin secreted by Staphylococcus aureus
can be considered. a-hemolysin is a mushroom-
shaped pore, consisting of seven identical
subunits arranged around a central axis (see
Fig. 6.7).

The two p-strands of each subunit forming one
B-hairpin, assemble in the hydrophobic portion of
a lipid bilayer forming a B-barrel pore of ~2 nm
constituted by 14 p-strands. Interestingly each of
the subunits is expressed independently in a solu-
ble cytoplasmic form and only after assembly the
protein folds in its quaternary insoluble structure.

The total length of the channel is ~10 nm. The
external non-barrel portion has a pore opening
of 2.9 nm broadening into a cavity of ~4.0 nm
linked to the p-barrel pore.

Its vast use as a stochastic nano-sensor is
due to a series of properties such as knowledge
of its 3D structure (as solved by X-ray diffrac-
tion), robustness toward mutations without losing
functionality, relatively large single-channel con-
ductance and a rather open channel showing no
transient background current modulations [108].
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Fig. 6.7 «-hemolysine of Staphylococcus aureus, (a) one subunit, (b) lateral view, (¢) top view

Due to the cytoplasmic soluble expression
of a-hemolysine monomers the production of
the assembled protein to be used as nano-pore
sensing element is considerably easier than the
production of a conventional outer membrane
protein. However a disadvantage can be found
on the genetic level, when genetic modifications
should be introduced, due to the fact that the
seven distinct subunits are expressed by the same
gene obtaining a mutated protein with all seven
subunits modified upon expression. However if
only one subunit should be altered, mutated and
wild type proteins have to be co-expressed and
independently purified (see Sect. 5.1).

Several factors can be used to tune the molec-
ular or ion translocation through the channel, af-
fecting the performance (i.e. resolution and sensi-
tivity) of nano-pore stochastic sensing elements,
including physical conditions (i.e., pH, voltage,
temperature) and structural characteristics of the
nano-pore [119-123].

One of the drawbacks of the use of protein
based nano-pores is their limited flexibility with
regard to the tuning of the pore dimensions, a
target easily obtainable by using solid-state nano-
pores [110].

To increase protein flexibility toward a tunable
pore diameter or length, the FhuA B-barrel pro-
tein can be used as nano-channel as demonstrated
by Mohammad et al. [114]. The previously men-
tioned FhuA variants with enlarged inner chan-
nel diameter (~0.4 nm increase) [24] or elon-
gated hydrophobic channel transmembrane por-

tion (~1 nm increase) [29] that have previously
been shown to be applicable in the drug release
system development, could potentially be used to
design stochastic nano-pore sensors likewise.

However in conclusion and as reported in the
article of Guan et al. [105] though the scientific
development of nano-pore sensors has reached a
high level of sophistication, technological appli-
cations of such nano-devices as in medical diag-
nosis, homeland security, pharmaceutical screen-
ing, environmental monitoring is still not feasible
and many technological challenges remain to be
solved.

6.2.3 Bio-nanoelectronics

A further interesting research field that employs
membrane proteins, is the field of bio-
nanoelectronic interfaces, that relies on the
functional integration of nano-materials and
membrane proteins.

By definition bio-nanoelectronic is the
interface between bio-based materials and silicon
based electronic components, fundamentally
developing a bio-inorganic inter-phase. The
integration of biological systems with micro-
electronics started with the works on capacitive
stimulation of cells [124] to monitor neuronal
activity with field-effect transistors (FETs) [125].
More recently this field has been expanded to-
ward the use of nanowire (NW) transistor arrays
to follow neuronal signal propagation [126].
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Recently a very elegant system using lipid
membranes and transmembrane peptides, with
Silicon nanowires (SiINW) was obtained. A lipid
bilayer membrane was incorporated into SINW
transistors by covering the NW with a continu-
ous lipid bilayer shell forming a barrier between
the NW surface and solution species. When the
“shielded wire” structure incorporates transmem-
brane peptide pores it enables ionic to electronic
signal transduction by using voltage-gated and
chemically gated ion transport through the mem-
brane pores, opening new possible applications
in biosensing, bioelectronics, neuroscience, and
medicine [127].

As a further sophistication regarding the mem-
brane proteins use in nano-electronics, a technol-
ogy has been developed integrating ion channels
and pumps into single-walled carbon nano-tubes
and SiNWs in which membrane proteins are em-
bedded in a lipid bilayer shell covering the nano-
tube or nano-wire component coupling biological
transport to electronic signaling [128].

This considerable progress obtained during
roughly the last 10 years is mainly due to the
miniaturization of nano-materials reaching di-
mensions that are comparable to the size of bi-
ological molecules [129].
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The present book is intended as an introductory
journey to the biology, biotechnology, characteri-
zation and nano-technological applications of the
B-barrel outer membrane proteins (OMPs).

The hope of the Authors is that the interested
Reader is able to acquire some valuable new in-
formation on this ongoing as well as challenging
research field, while at the same time enjoying a
pleasant read.

The number of books and articles dedicated
to OMPs is exponentially increasing and, most
probably, will further increase as soon as certain
issues that currently still prevent a high level pro-
duction of this class of proteins will be overcome,
allowing B-barrel outer membrane protein chan-
nels to be applied as nano-channel components
to technologies such as drug delivery, stochas-
tic sensors and bio-nanoelectronics to mention
few.

In general, OMPs are well known among
biologists, known among biotechnologist and
less known among scientists with backgrounds
more remote from the biological life sciences,
though OMPs are slowly introduced as potent and
flexible nano-components also to chemists and
physicists with an interest in nanotechnology; a
process that this book hopefully will facilitate
further.

The interest OMPs spark is mainly due to
their unique structural features and due to their
folding behavior, as these proteins are exception-
ally robust (e.g. temperature stable and resistant
against low to moderate concentrations of organic

M. Fioroni et al., 3-barrel Channel Proteins as Tools in Nanotechnology, Advances

solvents) and have been shown to refold in vitro
from a completely or partially unfolded state.
Furthermore they are known among molecular bi-
ologists for their tolerance toward vast sequence
mutations rendering them valuable targets for
genetic engineering purposes.

However, the quality jump P-barrel outer
membrane proteins must overpass before
being considered of value for any real world
technological application must deal with building
on and expanding their ability to be easily
engineered and obtained through a mass scale
production, which might turn out to be a difficult
job, as:

The nature of membrane proteins in general
and the resulting special demands they make in
terms of hydrophobicity of their environment
and presence of a boundary surface (hydropho-
bic/hydrophilic) render their industrial large-
scale production in the range of bulk chemicals
very unlikely and scale-up intentions will most
likely reach at most to the scale of fine chemical
or pharmaceutics production rates, as required for
nano-channel applications such as drug-delivery
from nano-containers or OMP use as stochastic
nano-sensors.

To be industrially considered significant in-
creases of product yield per liter of culture are
necessary, such yield increases might in the fu-
ture be possible employing an alliance between
conventional protein expression methods with
metabolic/cellular engineering (currently a maxi-
mum protein yield in the mg/ml range is reached
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by expression into inclusion bodies or by the use
of cell-free expression systems).

The range of nano-technological applications
in which engineered B-barrel outer membrane
protein channels can be used is limited further
due to their “biological” origin, implying that
in spite of their previously mentioned robustness
they can be used in a very limited range of tem-
peratures, pH, ionic strength as well as presence
of organic solvents.

In synthesis, to reach the high level of tech-
nological sophistication that allows the use of
OMPs as valid nano-components still necessi-
tates the need of a deeper understanding on the
origin of their structural stability, as well as their
biogenesis, folding and reconstitution ability.

All of these obstacles can be overcome only
through a consistent use of several theoretical
(i.e. simulations and structural prediction) and
experimental techniques (genetic engineering and
production) requiring the use of advanced analyt-
ical methods.

7 Final Considerations

Though there is still a long way to go before
such targets can be reached, the way is already
partly leveled and first model systems have been
reported.

The present book can be seen as a first intro-
ductory work pointing out the potentials of OMPs
for the bio-nanotechnology field. It shows the
state of the art of the involved research under-
lining where it still lacks knowledge and under-
standing on both the protein based nano-channels
as well as on the hybrid systems of biological
and non-biological (e.g. protein functionalized
polymersomes) components.

In conclusion the authors hope that this first in-
troduction will help to increase the attention, this
fascinating class of proteins (i.e. B-barrel outer
membrane proteins) obtains from the scientific
community and that p-barrel outer membrane
proteins will be considered not only as interesting
targets for model studies but also as tools and
components that can be actually put to use in bio-
nanotechnological applications.
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