ETH Library

Structural studies of bacterial ABC
exporters
Doctoral Thesis
Author(s):
Flogaus, Christian Peter
Publication date:
2011
Permanent link:
https://doi.org/10.3929/ethz-a-006393497
Rights / license:
In Copyright - Non-Commercial Use Permitted

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

DISS. ETH NO. 19470

Structural Studies of Bacterial ABC Exporters

A dissertation submitted to

ETH ZURICH

For the degree of
Doctor of Sciences

Presented by

CHRISTIAN PETER FLOGAUS

Diplom-Biologe (technisch orientiert), Universität Stuttgart
Born 14.05.1978

Citizen of
Germany

Accepted on the recommendation of
Prof. Dr. Kaspar Locher, examiner
Prof. Dr. Rudolf Glockshuber, co-examiner

2011

Table of Contents

Abbreviations

III

Summary

V

Zusammenfassung

VI

Chapter I: Introduction

1

Chapter II: Examination of the nucleotide-free conformation of the

20

bacterial ABC exporter Sav1866

Chapter III: Recombinant expression, purification and initial

26

crystallization of bacterial homologues of Sav1866

Chapter IV: Screening for small crystallographic chaperones binding

51

YvcC E504Q and supporting its crystallization

Chapter V: Co-crystallization of YvcC E504Q with a conformational

78

antibody Fab fragment

Chapter VI: Functional studies of Bacillus subtilis YvcC

105

Chapter VII: Conclusion and outlook

123

II

Abbreviations
2-I-ADP

2'-iodo-adenosine diphosphate

Å

Angström

ABC

ATP-binding cassette

ADP

Adenosine diphosphate

AMP-PNP

Adenosine 5′-(β,γ-imido)
triphosphate

AMP-PCP

β,γ-Methyleneadenosine 5′triphosphate

ATP

Adenosine triphosphate

C12E8

Octaethylene glycol monododecyl
ether

C10E5

Pentaethylene glycol monodecyl
ether

CM

Cytoplasmic membrane

CMC

Critical micellar concentration

C-terminus

carboxy-terminus

DARPin

Designed ankyrin-repeat protein

DDM

N-dodecyl-β-D-maltopyranoside

DM

N-decyl-β-D-maltopyranoside

DNA

Deoxyribonucleic acid

DTT

Dithiothreitol

ECL

extra-cellular loop

EDTA

Ethylenediaminetetraacetic acid

EMP

Ethyl mercury phosphate

EMTS

Ethyl mercury thiosalicylate

Fab

Fragment, antigen-binding

Fc

Fragment, crystallizable

Fos-14

Fos-choline-14

Fv

Fragment, variable

III

HEPES

2-[4-(2-Hydroxyethyl)-1piperazinyl]-ethanesulfonic acid

His

Histidine

IPTG

Isopropyl-β-D-thiogalactopyranoside

kDa

Kilodalton

LB

Lysogeny broth

LDAO

N-dodecyl-N,N-dimethylamine-Noxide

mAB

monoclonal antibody

MDR

Multidrug resistance

MME

Monomethyl ether

NBD

Nucleotide-binding domain

NG

N-nonyl-β-D-glucoside

Ni-NTA

Nickel-nitrilotriacetic acid

NM

N-nonyl-β-D-maltoside

N-terminus

Amino-terminus

OD

Optical density

OG

N-octyl-β-D-glucoside

PAGE

Polyacrylamide gel electrophoresis

PCR

Polymerase chain reaction

PEG

Polyethylene glycol

SDS

Sodium dodecyl sulfate

TB

Terrific broth

TMH

Transmembrane helix

TMD

Transmembrane domain

Tris

Tris(hydroxymethyl)-aminomethane

IV

Summary
Biological membranes present a barrier to the passive diffusion of important nutrients,
waste products, and toxic compounds into or out of cells and cellular organelles.
The active transport of these is mediated by a variety of membrane proteins, like those
belonging to the super family of ATP-binding cassette (ABC) transporters. Acting either
as importers, so far only found in prokaryotic cells, or exporters, found in all kingdoms
of life, ABC transporters utilize energy from ATP hydrolysis to alternately expose a
substrate binding pocket to the inside or outside of the membrane for import or
export of a wide range of substrates. ABC exporters play an important role in antibiotic
resistance of pathogenic bacteria and multi-drug resistance (MDR) of cancer cells.
Members of the family share a conserved architecture comprising two transmembrane
domains (TMDs) which generate the translocation pathway and two cytoplasmic
nucleotide-binding domains (NBDs) which provide energy by binding and hydrolyzing
ATP. The aim of this thesis was to determine the high resolution structure of an ABC
exporter in a physiologically relevant conformation to gain detailed insight into its ATP
coupled transport mechanism. In the beginning of this thesis the ABC multidrugexporter Sav1866 was crystallized without nucleotide which resulted in low resolution
crystals with high internal disorder.
After thorough homolog screening, the ABC exporter YvcC from Bacillus subtilis was
subsequently selected for crystallization and structure determination in the inward or
outward facing conformation, as well as functional characterization. Both antibodies
and designed ankyrin repeat protein (DARPin) were screened to aid crystallization and
to obtain well diffracting crystals. Monoclonal antibodies raised against the extracellular loops (ECLs) of YvcC were used to co-crystallize with the transporter. Extensive
crystallization screening was undertaken and well diffracting crystals were obtained for
a mutant transporter, YvcC E504Q, lacking a catalytic carboxylate group known to
allow ATP to bind but not be hydrolyzed. Although the presence of the transporter was
required for obtaining these crystals, thorough analysis during the phase
determination stage revealed the probable YvcC E504Q-Fab-crystals contained mainly
the fragment antigen-binding (Fab) portion of the antibody. Presented herein is the
biochemical and functional characterization of YvcC along with details of our
crystallization strategy. These results re-affirm the challenges involved in the
V

crystallization of ABC exporters and demonstrate the potential pitfalls associated with
antibody mediated crystallization of membrane proteins.

Zusammenfassung:
Biologische Membranen bilden eine Barriere für die Diffusion wichtiger Nährstoffe,
Stoffwechselprodukte und toxischer Verbindungen in oder aus der Zelle oder zellulärer
Organellen. Der aktive Transport dieser Verbindungen wird durch verschiedenste
Membranproteine bewerkstelligt, wie etwa durch die Familie der der ABC (ATP-binding
cassette) Transporte, die als Importer, welche nur in Prokaryoten zu finden sind, oder
als Exporter, die sowohl in Pro- wie auch in Eukaryoten vorkommen, auftreten. ABC
Exporter spielen eine wichtige Rolle bei der Antibiotikaresistenz von pathogenen
Bakterien und

der Resistenz von Krebszellen gegenüber verschiedensten

Chemotherapeutika.

ABC

Transporter

bestehen

im

Allgemeinen

aus

zwei

Transmembrandomänen (TMDs), welche den Transportkanal bilden und aus zwei
zytoplasmatischen Nukleotid-bindenden Domänen, die die Energie durch Bindung und
Hydrolyse von ATP erzeugen. Das Ziel dieser Arbeit war es die hoch auflösende
Struktur eines ABC Exporters in einer physiologisch relevanten Konformation zu
bestimmen, um einen detaillierten Einblick in den Mechanismus des ATP-gekoppelten
Transports zu erhalten. Zu Beginn dieser Arbeit wurde der ABC-multidrug Exporter
Sav1866 ohne Nukleotide kristallisiert, was in Kristallen mit niedriger Auflösung und
hochgradiger, interner Fehlordnung resultierte.
Nach einem gründlichen Auswahlverfahren, wurde der homologe ABC Exporter YvcC
aus Bacillus subtilis für die Kristallisation und Strukturaufklärung einer nach innen oder
außen geöffneten Konformation und für weitere funktionelle Studien gewählt. Es
wurden DARPins (designed ankyrin repeat protein) und Antikörper gesucht, die die
Kristallisation unterstützen und um gut streuende Kristalle zu erhalten. Ein
monoklonaler Antikörper, der die extrazellulären Bestandteile von YvcC band, wurde
für die Kristallisation mit dem Transporter verwendet. Nach intensiver Optimierung
der Kristallisationsbedingungen konnten gut streuende Kristalle für eine Mutante, YvcC
E504Q, bei der eine katalytische Carboxylgruppe entfernt wurde, wodurch ATP zwar
gebunden, aber nicht mehr hydrolysiert wird, erzeugt werde. Obwohl der Transporter
VI

für die Kristallisation vorhanden sein musste, zeigte eine gründliche Analyse bei der
Bestimmung der Phaseninformation, dass die vermeintlichen YvcC E504Q-Fab Kristalle
hauptsächlich nur die Antigen-bindenden Fragmente (Fab) des Antikörpers enthielten.
Nachstehend wird die biochemische und funktionelle Charakterisierung zusammen mit
der verwendeten Kristallisierungsstrategie dargestellt. Die Ergebnisse bestätigen
erneut die Herausforderungen bei der Kristallisation von ABC Exportern und
demonstrieren potentielle Gefahren bei der Antikörper vermittelten Kristallisation von
Membranproteinen.

VII

Chapter I:
Introduction

Transport across biological membranes
Transport across biological membranes is vital for proper physiological functioning of
all living cells. This highly regulated process can occur in two distinct ways. First,
solutes can cross a membrane passively down their electrochemical gradients through
channels and other pore forming proteins. Conversely, solutes can be transported
actively against their electrochemical gradient through the utilization of cellular free
energy.
This active transport [1] and the corresponding transport proteins involved fall into
two categories: Primary active transporters that utilize cellular adenosine triphosphate
(ATP) and its hydrolysis for uptake or extrusion of their substrate molecules, and
secondary active transporters that drive substrate translocation through utilization of
pre-existing electrochemical gradients of another solute in the same (symporters) or
opposite (antiporters) direction of the actual substrate.

The ABC transporter superfamily
ATP binding cassette transporters constitute one of the largest and most diverse
protein superfamilies [2, 3]. These integral membrane proteins can be found in all
three kingdoms of life [4] where they couple hydrolysis of ATP to transport of their
substrates. ABC proteins are also involved in other cellular processes like DNA-repair
and recombination [4-6]
ABC importers are only present in prokaryotes and catalyze the specific uptake of a
variety of substrates like ions, small sugars, siderophores, amino acids, peptides and
vitamins [7]. ABC exporters, found in both prokaryotes and eukaryotes, facilitate the
efflux of various compounds like peptides, lipids, antibiotics and drugs [2]. This makes
ABC exporters clinically relevant since they contribute to antibiotic or antifungal
resistance of human pathogens like Staphylococcus aureus [8, 9] or Candida albicans
[10-12].
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Moreover, in human cancer cells overexpression of ABC exporters like P-glycoprotein
(MDR1) or MRP1 [13] contributes to multi drug resistance (MDR) [14-16], a major
hindrance to successful chemotherapy.
So far 80 ABC transporters have been identified in the genome of Escherichia coli
[6]and 50 ABC transporters have been identified in the human genome [17, 18]. The
human ABC genes include prominent members like Tap1 and Tap2 (transporter
associated in antigen processing, [19]). Dysfunction of several ABC transporters
underlie a variety of diseases including cystic fibrosis (CFTR, [20]), Tangier disease
(ABC1, [21, 22]) and adrenoleukodystrophy (ALD, [23]).
Despite the variability in the transmembrane domain primary sequences, prokaryotic
ABC exporters share on overall conserved architecture with their eukaryotic
counterparts as exemplified by that the prokaryotic ABC exporter LmrA from
Lactococcus lactis, which has been shown to substitute for human P-gp in vivo [24].

Molecular organization of ABC transporters
Members of the ABC transporter family share a common organization that consists of
two transmembrane domains (TMDs) and two nucleotide binding domains (NBDs). The
two TMDs form the translocation pathway through the lipid bilayer. On the
cytoplasmic side the two NBDs are attached to the TMDs. The NBDs bind and
hydrolyze ATP [4] and thus provide the energy for the transport reaction. These ABC
transporter domains can be expressed as individual polypeptide chains, which is the
case for many ABC importers where the TMDs and NBDs can be homo- or
heterodimers. Additionally, ABC importers require substrate binding proteins that bind
the substrate with high specificity and deliver it to the periplasmatic part of the TMDs
(Fig1.1). A typical bacterial ABC exporter consists of two TMD-NBD fusion proteins
(half-transporter) and can be either homo- or heterodimeric (Fig. 1.1). Finally, most
eukaryotic ABC exporters are expressed as single polypeptide chain (full-transporter).
Furthermore there are additional subunits attached to the NBDs [25] which are
reported to have regulatory functions [26].

2

Figure 1.1: Domain organization of bacterial ABC importers and exporters | ABC importers (a) and ABC
exporters (b) contain two TMDs and two NBDs. In ABC importers TMDs and NBDs are separate subunits
which can emerge from four different polypeptide chains. ABC importers require a substrate binding
protein which delivers the substrate to the importer. In bacterial ABC exporters one TMD is fused to one
NBD forming a `half-transporter´ which dimerize to either homo- or heterodimeric ABC exporters.

So far the structures of several ABC transporters have been solved in different
conformations with or without SBP. These structures include the ABC exporters
Sav1866 [8, 27]and P-gb [28] and the Vitamin B12 importer BtuCD and BtuCDF [29, 30],
the metal-chelate importer HI1470 [31], two molybdate/tungstate importers [25, 32],
a methionine importer [33] and the maltose importer [34].

Nucleotide binding domains
The NBDs are the motor domains of ABC transporters. They couple ATP binding and
hydrolysis to substrate translocation across the membrane. NBDs are highly conserved
among the ABC transporter superfamily and share an overall sequence identity of 2530% [35].

The canonical NBD fold contains two subdomains: a RecA-like [36]

subdomain and a helical subdomain [37, 38]. The RecA domain includes several highly
conserved and functionally important motifs. The P-loop or Walker A motif provides a
3

glycine-rich loop that binds the phosphates of the nucleotide [39]. The Walker B motif
provides residues important for coordination of the Mg2+ cofactor and the attacking
water [40, 41]. Walker A and B indicate the nucleotide-binding site. The Q-loop
connects the two subdomains of the NBDs, is involved in the interface with the TMDs
[42-44] and interacts with the γ-phosphate of ATP [45]. The helical subdomain contains
the ABC signature or `LSGGQ-motif’ which binds the ATP together with the Walker A
motif of the other subunit [37]. The A-loop stacks against the adenine residue of the
ATP and contributes to the binding affinity of the NBDs [46-49] and the H-loop is
believed to be the linchpin of ATP hydrolysis [48].

Figure 1.2: Schematic overview of ATP-free (left) and ATP-bound (right) NBDs | Figure adapted from
[37]. Schematic overview of the `head-to-tail´ arrangement of the NBDs with two ATP-binding sites. One
ATP binding site consists of the P-loop of one subunit and the LSGGQ-motif of the other subunit.

Some residues in these conserved motifs have been shown to play an important role in
ATP hydrolysis (Fig. Mutating these residues greatly reduces or completely stops ATP
hydrolysis like mutating the Walker A lysine to an arginine [50] or a methionine [24, 51,
52] or prevent binding of ATP like the mutation of the tyrosine in the A-loop to alanine
[46-49]. Another one of these residues is a highly conserved glutamate in the Walker B
motif which was shown to completely abolish ATP hydrolysis in YvcC [53] and human
ABCB1 (P-glycoprotein) [54] or at least greatly reduced ATPase activity in murine
ABCB1 [55-57]. It was also reported that this E to Q mutation in human ABCB1 and
YvcC would trap the nucleotide [50, 54, 57] and the transporter in an outward-facing
conformation, which would in turn be useful for stabilization of homologues of
Sav1866 in structural studies.
4

Walker A

Walker B
Glu 503
P-loop
Q-loop

Figure 1.3: Motifs and key residues ATP hydrolysis in NBDs of Sav1866 | The two NBD domains of
Sav1866 are colored yellow and green. Top: down close-up view of Sav1866 NBDs. Two AMP-PNP
molecules (black) are sandwiched between Walker A (cyan) motif and the P-loop (pink). The Walker B
glutamate residue is shown in red and the Q-loop glutamine is shown in blue, both stacking against the
γ-phosphate of the nucleotide. Bottom: close-up view of one of the ATP-binding sites.
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The two NBDs bind two ATP in a head – to – tail arrangement which is conserved
among ABC transporters. In this arrangement the two ATPs are sandwiched between
the LSQQG-motif of one NBD and the Walker A motif of the other NBD (Fig. 1.2, right).
Without ATP the NBDs adopt an open conformation with a gap in between [58]. The
open and closed conformations of the NBDs have been observed in the structures of
Sav1866 [8]and ModB2C2 [32].

Transmembrane Domains
In contrast to the NBDs, the transmembrane domains of ABC transporters, which
constitute the substrate translocation pathway, exhibit little or no sequence similarity
owing to the large variety of transported substrates. With the available structures of
ABC Exporters and importers it was possible to get insight into the transmembrane
topology of ABC transporters. The transmembrane (TM) helices were shown not cross
the membrane in a continuous straight line but are often bent, tilted or even
interrupted. ABC exporters exhibit a common core of 12 (2 times 6) TM helices [8] but
eukaryotic ABC exporters like the human TaP1-Tap2 exporter often feature additional
regulatory TM helices [59, 60]. The structure of Sav1866 showed that the two TMDs
are strongly intertwined and twisted which could also be observed in the revised
structures of MsbA [61]. As a result of this the two exhibited `wings´ in the membrane
are built up of TM helices of the two TMDs. This feature has only been observed in ABC
exporters so far. TMDs of ABC exporters share only sequence similarity if they
transport very similar substrates [62]. The TMDs of ABC importers are structurally
more diverse and show between 10 [63] and 20 [62] TM helices. Type I ABC importers
(e.g. AfModBC and MaModBC) reveal 12 TM helices while type II importers have 20
TM helices (e.g. BtuCD).
Bound substrates in ABC importers have been observed in several structures
like those of MalFGK and AfModBC so far. Various approaches, such as cross-linking
with photoaffinity drug analogs [64], have been used to study drug binding in ABC
exporters [65-67]. Active transport of the two fluorescent dyes Hoechst 33342 and
Rhodamine 123 was examined in P-gp and two distinct but cooperative drug binding
sites were suggested [68]. In the human multidrug exporter P-gp amino acid side
chains from different TM helices were shown to be involved in drug binding [69]. In the
6

recently published low resolution structures of P-gp from M.musculus two cyclic
peptide inhibitors were bound in the internal cavity of the inward facing exporter [28].
It has also been shown that the multidrug exporter LmrA [70] from L.lactis has high
and low – affinity substrate binding sites in the TMDs which are accessible to the
cytoplasmic and the external side of the membrane [51].

Transmission interface and a common coupling mechanism
Binding and hydrolysis of ATP result in conformational changes of the NBDs that are
transmitted via non-covalent interactions at the interface between NBDs and TMDs.
The TMDs contribute to this interface by short α-helices which interact with residues
near the Q-loops [45]. These `coupling helices´ are present in all ABC transporter
structures [8, 27, 29-32] so far and constitute a conserved architectural motif of ABC
transporters that is essential for physiological function [71-73]. In the structure of
Sav1866 these `coupling helices’ [8, 74] are almost parallel to membrane plane and
interact with the NBD of the same subunit (intracellular loop 1, ICL1) or the NBD of the
other subunit (ICL2) (Fig. 1.4).

Figure 1.4: Transmission interface and `coupling helices´ of Sav1866 | Close-up view of the
transmission interface of Sav1866. One domain is in green ribbon presentation, the other one in yellow
coil presentation. Black spheres indicate the `coupling helices´ (red) which are mainly in contact with the
other subunit. Figure adapted from [8].
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Transport mechanism
Both ABC importers and exporters have been proposed to share the same coupling
mechanism which was described as an “alternating access and release” mechanism for
major facilitator transport proteins [75]. This involves two distinct conformations,
inward and outward-facing, the interconversion of which results in substrate
translocation. In the outward–facing, nucleotide-bound conformation the TMDs are
open towards the extracellular space or periplasm and closed to the cytoplasm where
the interface between the NBDs is closed and the nucleotides are trapped between the
NBDs. In the structure of the ABC exporter Sav1866 [8, 27] (Figure 1.5) there is a large
cavity between the TMDs which is open to the extracellular space and the outer leaflet
of the membrane and closed to the cytoplasm, likely representing an extrusion pocket
with low substrate affinity.

N-ter

N-ter

C-ter

C-ter
Figure 1.5: Outward- and inward-facing crystal structures of ABC multidrug exporters | Left side:
structure of the homodimeric, bacterial ABC exporter Sav1866 (PDB: 2HYD) from S.aureus in an
outward-facing conformation [8]. The two subunits are depicted in green and yellow. N- and C-terminus
of one subunit are marked. Two ADP molecules are bound between the NBDs [27]. Right side: structure
(PDB: 3G5U) of the ABC exporter P-gp [28] from M.musculus in an inward-facing conformation. The gene
product of P-gp is a single polypeptide chain containing all four domains
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This would suit biochemical data from other ABC exporters [51, 64, 76, 77] where the
presence of ATP reduces the affinity for hydrophobic substrates and the general idea
of a translocation pathway with a high affinity binding site at the cytoplasm and an
extrusion cavity with almost no affinity when the ABC exporter is in the ATP-bound
outward-facing conformation [51, 78].
In the outward–facing structure of the ABC importer MalFGK [34] a SBP is bound to the
periplasmatic parts of the transporter with a substrate molecule located between SBP
and transporter.
Mal F

Mod A

MBP

Mod B

Mal G

Mal K

Mod C

Figure 1.6: Outward- and inward-facing crystal structures of ABC importers | Left side: structure (PDB:
2R6G) of the maltose importer MalFGK2 [34] from E.coli in complex with its binding protein MBP (dark
blue) in an outward-facing conformation. Maltose is bound between the transmembrane domains Mal F
(cyan) and Mal G (red). Two ATP molecules are sandwiched between the NBDs (Mal K, yellow and
green). Right side: structure (PDB: 2ONK) of the putative molybdate/tungstate importer ModB2C2 [32]
from A.fulgidus in complex with its binding protein Mod A (dark blue) in an inward-facing conformation.
The two transmembrane subunits ModB are colored in yellow and green.

After hydrolysis of ATP and release of inorganic phosphate and ADP the transporter is
in an inward–facing, nucleotide–free conformation. In this conformation the TMDs are
9

open to the cytoplasm and there is a large gap between the NBDs. In the structure of
the ABC exporter P-gp which was solved inward - facing and nucleotide - free recently,
the cavity between the TMDs consists of mainly hydrophobic residues. This cavity
could serve as a substrate binding pocket that acquires hydrophobic substrates from
the cytoplasm or the inner leaflet of the membrane. There are also two distinct inward
– facing, nucleotide – free structures of MsbA available [61]. The structure of E.coli
MsbA shows a large opening between the ICLs and NBDs which are 50 Å apart. In the
structure of Vibrio cholera MsbA the transporter is in a closed inward – facing,
nucleotide - free conformation with a small gap between the NBDs and an opening of
the ICLs towards the cytoplasm. Unfortunately both structures are at low resolution
(5.0 Å and 5.5 Å respectively) and only the Cα positions were deposited in the model.
The question is if an inward – facing conformation with a 50 Å gap between the NBDs
resembles an actual physiological conformation or is an artifact due to disruption of
the closed dimer by detergent molecules. If it is a physiological conformation the open
and closed inward – facing, nucleotide – free conformations could be explained by a
conformational flexibility. This could help larger substrate molecules to be acquired
and transported. But as stated before the resolution of these structures is to low and
one or more high resolution structures of ABC exporter in a nucleotide – free
conformation are needed together with a further studies like EPR.
Upon hydrolysis of ATP the transporter would then return into the outward – facing
conformation and release the substrate (Fig. 1.7). In the inward – facing and nucleotide
– free structure of the ABC importer AfModBC binding of the SBP and
binding/hydrolysis of ATP would promote also the return to the outward – facing
conformation and uptake of the substrate (Fig. 1.6).
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Figure 1.7: Conserved coupling in ABC transporters | Binding of ATP triggers a molecular motion from
the inward-facing conformation (left) to the outward-facing (right) conformation of the TMDs. This
moves the conserved coupling helices closer together. Figure adapted from [37].

Aims of this thesis
With the structure of Sav1866 from Staphylococcus aureus the first high resolution
structure of an ABC exporter was available, revealing the overall molecular
architecture of ABC exporters. However, additional information was needed to
determine if the structure reflected a common core architecture of the TMDs or one of
many that could arise from the variability in ABC exporter TMD sequences. In
particular, the observed domain swapping of one intracellular loop which interacts
with the NBD of the other subunit exclusively, the pronounced twist of the TMDs and
the `wings´ embedded in the membrane which are made of helices of both subunits
had to be examined more thoroughly, even though a revised structure of MsbA
showed the same fold [61].
In the structure of Sav1866 the outward-facing conformation is coupled to bound
nucleotide. In order to elucidate the transport mechanism of ABC exporters additional
structures were required to confirm the predicted inward-facing, nucleotide-free
conformation. Here it was of special interest to see if the nucleotide-free conformation
is coupled to one specific inward-facing conformation or not. Moreover it was relevant
to study the transmission interface between TMDs and NBDs to observe how ATPinduced conformational changes are transmitted from the NBDs to the TMDs.
11

Since ABC exporters are clinically relevant it is very important to locate and
characterize substrate binding sites for the various transported compounds. So far it is
not known where and how different drug binds or how they stimulate ATP hydrolysis.
To address these open questions, the goal of this thesis was to determine
either the inward-facing conformation of Sav1866 or the structure of another ABC
exporter in a physiological relevant state. For the determination of another ABC
exporter, with a particular focus on functionally characterized homologues like LmrA,
LmrCD or YvcC
In my thesis I describe the attempts to crystallize Sav1866 in a nucleotide-free state
(chapter II). Data collection of nucleotide-free Sav1866 crystals revealed a high degree
of conformational flexibility, making it unsuitable for further structural studies.
Chapter III details a homolog screening and selection of an appropriate ABC exporter
suitable for structure determination. The goal of this screen was to find ABC exporters
which were stable and active in detergent solubilized state. The bacterial ABC exporter
YvcC (or BmrA) from Bacillus subtilis was recognized as the most promising target, but
no crystals were obtained from initial and refined crystal screenings.
In chapter IV I describe the screening for crystallization `chaperones´ that bind YvcC
with high affinity and aid crystallization of YvcC by providing a large hydrophilic surface
which is essential for crystal contacts. For this purpose a designed library of ankyrin
repeat proteins was screened, but no high affinity binders could be obtained. As an
alternative we screened for monoclonal antibodies raised against YvcC. Two
monoclonal antibodies could be identified that bound YvcC with high affinity.
Chapter V describes the co-crystallization of YvcC in complex with the antigen binging
antibody fragment (Fab). Since it could not be determined for sure that the crystals
contained Fab and YvcC with non-crystallographic methods such as SDS-PAGE, an
intensive screening for crystallization conditions was started. The aim of this screening
was to find crystallization conditions suitable for selenomethionine labelled protein in
order to obtain phase information and get a first insight into the structure.
Unfortunately the resulting crystals revealed that the crystals did not contain YvcC. It is
highly likely that these Fab crystals needed YvcC only for initial nucleation or crystal
growth.
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In chapter VI the ABC multidrug exporter YvcC is characterized on a functional level.
ATPase activity of the catalytic carboxylate mutant, E504Q, is determined in a
detergent solubilised state with different nucleotides and the ATPase activity of YvcC in
liposomes is determined in the presence of doxorubicin, an anti-cancer drug and a
potential substrate. Binding affinity of doxorubicin to YvcC was determined using
fluorescence anisotropy.
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Chapter II:
Examination of the nucleotide-free conformation of the
bacterial ABC exporter Sav1866
Abstract
Structural conservation among different ABC exporter and importer domains suggests
a common transport mechanism where the outward-facing conformation -based on
the structure of Sav1866 from Staphilococcus aureus- and the proposed inward-facing
conformation of the transporter are alternated during the ATP binding/hydrolysis and
substrate translocation cycle.
To further validate this, we set out to determine the structure of Sav1866 in an inwardfacing, nucleotide-free conformation. This chapter details our attempts along with
initial data collection and analysis from the best diffracting crystals recorded at the
Swiss Light source (SLS).

Introduction:
Outward-facing conformation of the ABC exporter Sav1866
The ABC exporter Sav1866 from Staphilococcus aureus shows the canonical
architecture for ABC exporters [1, 2]. It is a homodimer consisting of one
transmembrane domain (TMD) and one nucleotide-binding domain (NBD) [3, 4] per
monomer. The Sav1866 structure was solved with bound ADP [1] and the nonhydrolyzable ATP-analogue AMP-PNP [5] and presents the ATP-bound conformation. In
this conformation the two subunits are intertwined and strongly interacting.
The goal of this chapter was to crystallize the ABC exporter Sav1866 in a nucleotidefree and presumably inward-facing conformation in an effort to confirm the suggested
two-state transport scheme [1, 6, 7] which is coupled by binding and hydrolysis of ATP.
A structure of Sav1866 in this state could also help to identify potential drug or
substrate binding pockets and hence elucidate the transport mechanism [8] and the
mechanism of substrate inhibition or stimulation of ATPase activity. A high resolution
structure of an ABC exporter in a nucleotide-free and inward facing conformation with
a high affinity substrate binding pocket could help to design specific inhibitors for ABC
exporters.
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Experimental procedures
Cloning and over-expression of Sav1866
For expression a pet19b based plasmid containing the T7 phage promotor, the L8-UV5
lac operator and a N-terminal deca-histidine affinity tag was used [1, 9] (Fig 2.1).

Figure 2.1: Expression vector containing sav1866 with an N-terminal HIS10-tag | The expression
plasmid is based on a pet19b frame (Novagene). The plasmid contains the strong T7 phage promoter,
the L8-UV5 lac operator and sav1866 with a N-terminal deca-histidine affinity tag.

Sav1866 was over-expressed in E. coli BL21(DE3)-RIPL (Stratagene) cells. 50ml of a
500ml overnight culture in Terrific Broth (TB) medium at an optical density (A600nm) of
0.3-0.5 was used to inoculate a second 500ml TB culture. At an optical density (A600nm)
of 0.5 the second preculture was used to inoculate 10l TB medium supplemented with
1% (w/v) D-(+)-glucose and 100µM/ml ampicillin in a Techfors-S fermenter (Infors HT,
Switzerland). E.coli cells were grown at 37°C and expression was induced with 0.4mM
IPTG at an optical density (A600nm) of 11. After 90min cells were harvested by
centrifugation for 10min at 15.000 x g (Sorvall RC5C) and stored at -80°C.

Isolation of the membrane fraction
For isolation of the membrane fraction cells were resuspended in buffer containing
50mM Tris/HCL pH 8.0 and 500mM NaCl in a ratio of 1g cells to 6ml buffer. After
resuspension cells were disrupted using a M-110L microfluidizer (Microfluidics) at
15.000 psi external pressure. Heavier cell components were removed by centrifugation
for 30min at 4°C at 4300 x g (Sorvall RC5C, SLC-4000 rotor). Inner membranes were
pelleted by ultracentrifugation at 142.000 x g for 35min at 4°C (Ti45 rotor, Beckman)
and resuspended in buffer containing 100mM sodium phosphate pH 8.0 (473.5ml
0.2M Na2HPO4 (53.65 g Na2HPO4 x 7H2O/l) and 26.5ml of 0.2M NaH2PO4 (27.8 g
Na2HPO4/l) in 1l), 200mM NaCl, 15% (w/v) glycerol and 20mM Imidazole/HCl pH 8.0 in
a ratio of 1:2 (1g cells in 2ml buffer). Membranes were stored at -80°C.
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Purification of Sav1866
Sav1866 was purified as described previously [1, 9]. The purification was carried out at
4°C unless stated differently. Frozen membranes were thawed and 1% (w/v)
polyoxyethylene-8-dodecyl-ether (ANAPOE- C12E8, Anatrace) and 0.1% (w/v) n-dodecylβ-D-maltopyranoside (Sol-grade DDM, Anatrace) were added. After solubilization for
90min the solubilizate was centrifuged at 40.000 x g for 30min (Sorvall RC5C, SA-600
rotor). The supernatant was loaded onto a on a XK26 column (GE Healthcare)
containing 20ml of Ni-NTA superflow resin (Qiagen). The buffers for the purification
contained 100mM sodium phosphate pH 8.0 (473.5ml 0.2M Na2HPO4 (53.65 g
Na2HPO4 x 7H2O/l) and 26.5ml of 0.2M NaH2PO4 (27.8 g Na2HPO4/l) in 1l), 200mM
NaCl, 15% (w/v) glycerol and 0.01% (w/v) C12E8. Additionally the buffers contained
20mM Imidazole/HCl pH 8.0 for loading, 50mM for washing and 200mM for elution.
After elution the buffer was changed to 10mM Tris/HCl pH 8.2, 100mM NaCl, 0.5mM
EDTA/NaOH pH 8.0 and 0.01% (w/v) C12E8 using a HiPrep 26/10 desalting column (GE
Healthcare). The protein concentration was determined using a calculated absorption
(A280nm) of 0.691 for 1mg/ml [10].

Crystallization of Sav1866 in a nucleotide-free conformation
For crystallization setups Sav1866 was concentrated using an Amicon Ultra-15 filter
with a 100kDa cutoff (Millipore). All crystallizations trials were done by vapor diffusion
in sitting drops at 5°C. Initial crystallization attempts were performed with the NCCR
crystallization facility. Initial crystals were reproduced and improved and grew at 10°C
in 24-well Cryschem plates (Hampton Research). For data collection crystals were
transferred in a two-fold concentrated harvest solution which was then replaced by
the same solution containing 30% (w/v) PEG 4000 for cryo-protection. Finally crystals
were flash-frozen by immersion in liquid nitrogen.
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Results and discussion
Initial crystal screening of Sav1866 a nucleotide-free conformation
Initial crystals obtained from screens using the NCCR crystallization facility grew at
50mM HEPES pH 7.40, 1M NaCl, 30% (w/v) PEG4000 or at 50mM ADA pH 6.50, 1M
NaCl, 30% (w/v) PEG4000. These crystallization conditions were refined to 50mM
HEPES pH 7.50, 650mM NaCl and 25.5% (w/v) PEG 4K. Crystals obtained from the
refinement screens were used for data collection at X06SA beam line of the Swiss Light
Source (SLS). The best crystals diffracted only to 8Å and showed an internal disorder
(Fig. 2.2). It is likely that Sav1866 is flexible in the nucleotide-free conformation
resulting in the observed disorder of the crystals. This is supported by the fact that
only minor conformational changes would result in a resolution of 8Å. Bigger changes
or more than one conformation would result in absence of diffraction.

Figure 2.2: Diffraction pattern of SAv1866 in a nucleotide – free state | Sav1866 was crystallized in a
nucleotide–free, putative inward–facing conformation. Initial data collection at the SLS showed, that
Sav1866 was highly flexible in this conformation. Resolution ring is estimated.
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It also could be that Sav1866 was in a nucleotide-free, but outward-facing
conformation. This assumption is supported by the fact that Sav1866 crystals did not
crack upon treatment with harvest solution containing 1mM ATP. In a crystal made up
of tightly packed Sav1866 transporters in a specific inward-facing conformation,
binding and hydrolysis of ATP should lead to conformational changes that should harm
or destroy the crystal. Overall it appeared that Sav1866 was not a suitable target for
determination of a nucleotide-free and presumably inward-facing conformation and it
seemed that it was necessary to screen for an adequate homologue which could
provide the nucleotide-free and inward-facing conformation of an ABC exporter. This
homologue screening is described in the following chapter.
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Chapter III:
Recombinant expression, purification and initial crystallization
of bacterial homologues of Sav1866
Abstract
With the inward-facing structure of the ABC importer ModBC from Archaeoglobus
fulgidus and the outward-facing structure of the ABC exporter Sav1866 from
Staphilococcus aureus a common coupling mechanism for the outward and inward
facing conformations of ABC transporters was proposed.
An inward-facing conformation of an ABC exporter could confirm this mechanism
while an outward-facing conformation of another ABC exporter could further validate
the conservation of common architecture.
This chapter describes the search for suitable bacterial homologues of Sav1866 for
structural studies.
Homologues were tested for expression in E.coli, stability in detergent-solubilized state
and finally for biological activity in ATPase assays. Stable and active homologues were
then used for initial crystallization trials.

Introduction
Working with membrane proteins for structural studies presents many challenges
owing to their inherent instability and generally low expression levels. For every
membrane protein the natural lipid-environment of the plasma membrane has to be
replaced with a suitable detergent-micelle. The detergent-solubilized state is often the
reason for aggregation or loss of physiological function of the target protein and the
used detergent also has a major influence on the formation of well-ordered crystals.
Despite the fact that more and more structures of membrane proteins are published
[1] and efforts have been made to analyze detergents used for crystallization of
membrane proteins [2-4] , the process of finding suitable conditions for purification
and crystallization of uncharacterized membrane proteins remains very difficult.
The aim of this project was to search for homologues of the ABC exporter Sav1866 and
then screen for high recombinant expression, solubilization and purification
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conditions. As a part of this screening it was determined if a suitable homologues
showed ATPase activity in detergent solubilized state. A homology screening was
performed to find homologous ABC exporters fulfilling these prerequisites. Homology
screening has shown to be very successful in obtaining proteins for X-ray
crystallography almost 60 years ago [5]. Thereafter homology screening has proven to
be an important tool to find proteins which are stable not only in their native
membrane environment, but also in detergent [6]. For promising homologues different
detergents and buffer conditions had to be screened.
Homologues fulfilling these requisites were used for initial crystallization trials and it
was tried to solve a high resolution structure of an ABC exporter in an inward- or
outward-facing conformation

Experimental procedures
Cloning of Sav1866 homologues
After searching for homologues of Sav1866 using the NCBI protein blast [7] genomic
DNA was purchased from ATCC or extracted from dried cell pellets [8]. Genes were
amplified by polymerase chain reaction using primers containing a NdeI or BamHI
restriction sites. After PCR bands were extracted from a 1% agarose gel (Qiaex II gel
extraction kit, Qiagen) and cloned into a pCR-Blunt II-TOPO using the Zero blunt TOPO
PCR kit (Invitrogen). After transformation and cultivation of chemically competent
E.coli DH5α cells plasmid DNA was isolated using the QIAprep Spin Miniprep Kit
(Qiagen). The obtained plasmids were cut using NdeI and BamHI restriction enzymes
(New England Biolabs) and the resulting bands were separated using a 1% agarose gel.
Extracted bands were used for ligation into a pet19b expression vector (Fig.3.3; Table
3.1). In case of internal NdeI or BamHI sites site directed mutagenesis was used to
remove the restriction sites (QuikChange® II Site-Directed Mutagenesis Kit, Invitrogen).
The genes of heterodimeric ABC exporters were cloned into a donor and an acceptor
vector separately. The gene in the donor vector was then cloned into the acceptor
vector using XbaI and KpnI sites resulting in a vector containing the two genes each
with an own ribosome binding site, N-terminal deca-histidine-tag and stop codon (Fig.
3.3; pKL1 and pKL7, Table 3.2). Alternatively the two genes were cloned directly into
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one expression vector with a N-terminal HIS10-tag for the first and a C-terminal HIS10tag for the second half-transporter (Fig. 3.3; pKL10).

Figure 3.3: Expression vectors homo- and hetero-dimeric ABC exporters | The expression vectors are
based on a pet19b frame (Novagene). The plasmid contains the strong T7 phage promoter and the L8UV5 lac operator. Homo-dimeric ABC exporters were cloned into an expression vector with a N-terminal
deca-histidine affinity tag (pKL1). Hetero-dimeric ABC exporters were cloned separately into expression
vectors with a N-terminal deca-histidine affinity tags (pKL1 and pKL2). The two genes were then cloned
into one vector by the first gene (donor vector, pKL1, XbaI and KpnI) into the vector of the second gene
(acceptor vector, pKL7). Alternatively hetero-dimeric ABC exporters were cloned directly into an
expression vector containing a N-terminal deca-histidine affinity tag for the first half-transporter and Cterminal deca-histidine affinity tag for the second half-transporter (pKL10).
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Table 3.1: Homo-dimeric ABC exporters used for homology screening
Organism

Gene

Bacillus subtilis
Haemophilus influenzae
RdKW20
Lactococcus lactis
Bacillus subtilis
Thermotoga maritima
Thermotoga maritima
Alkanivorax borkumensis
Chromohalobacter salexigens
Haloarcula marismortui
Haloarcula marismortui
Thiobacillus denitrifcans
Pseudomonas aeruginosa
Sodalis glossinidius
Bacillus licheniformis

YvcC

Genomic
DNA
ATCC

HI0060

ATCC

LmrA
YvcC
TM1256
TM1310
ABO_1055
Csal_1586
trp7
msbA-2
Tbd_2507
PA4997
SG0995
YvcC

ATCC
extraction
ATCC
ATCC
extraction
extraction
ATCC
ATCC
extraction
ATCC
extraction
extraction

Table 3.2: Hetero-dimeric ABC exporters used for homology screening
Organism

Gene
TM0287
TM0288
LmrCD

Thermotoga maritima
Lactococcus lactis

Genomic
DNA
ATCC
ATCC

Recombinant expression of ABC exporters in E.coli
E.coli strain BL21–CodonPlus(DE3) RIPL (Stratagene) was used for expressions of
cloned Sav1866 homologues. For test expressions single colonies from LB agar plates
containing 1%(w/v) glucose and 100µg/ml ampicillin were used for inoculation of 50ml
of Terrific broth (TB) medium in baffled Erlenmeyer flasks. After 8h of growth at 37°C
the precultures were used to inoculate 100ml TB medium each. Expression was
induced with 0.4mM IPTG at an OD600nm of 3 or by autoinduction using a medium
containing 1% (w/v) glycerol instead of glucose. Expression was tested at 37°C as well
as 20°C. Expression was controlled by SDS-PAGE and Western Blotting with a primary
murine penta-his antibody (Qiagen) and a secondary goat anti-mouse antibody with a
conjugated alkaline phosphatase (Rockland Immunochemicals Inc.)
For large scale expression 500ml TB precultures in 2l baffled Erlenmeyer flasks were
used. After growth at 37°C for 8h precultures were used to inoculate up to 2l of TB
medium supplemented with 100µg/ml ampicillin an 1%(w/v) glucose or glycerol.
Alternatively a second 500ml TB preculture was inoculated and at an OD600 of 0.5 the
second preculture was used to inoculate 10l TB medium in a Techfors S fermenter
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(Infors). Expression was induced with 0.4mM IPTG at an OD600 of 12 for 90min. Cells
were stored at -80°C.

Purification and detergent screening of ABC-exporters
All following steps were performed at 4°C unless stated differently. ABC exporters
were either solubilized from isolated membranes or full cells. For isolation of the
membrane fraction cells were resuspended in buffer containing 50mM Tris/HCL pH 8.0
and 500mM NaCl in a ratio of 1g cells to 6ml buffer. After resuspension, cells were
disrupted using a M-110L microfluidizer (Microfluidics) at 15.000 psi external pressure.
Heavier cell components were removed by centrifugation for 30min at 4°C at 4300 x g
(Sorvall RC5C, SLC-4000 rotor). Inner membranes were pelleted by ultracentrifugation
at 142.000 x g for 35min at 4°C (Ti45 rotor, Beckman) and resuspended in buffer
containing 100mM sodium phosphate pH 8.0 (473.5ml 0.2M Na2HPO4 (53.65 g
Na2HPO4 x 7H2O/l) and 26.5ml of 0.2M NaH2PO4 (27.8 g Na2HPO4/l) in 1l), 200mM
NaCl, 15% (w/v) glycerol and 20mM Imidazole/HCl pH 8.0 in a ratio of 1:2 (1g cells in
2ml buffer). Membranes were stored at -80°C. For purification and detergent
screening isolated membranes corresponding to 10g of cells were thawed in buffer
containing 100mM sodium phosphate pH 8.0 (473.5ml 0.2M Na2HPO4 (53.65 g
Na2HPO4 x 7H2O/l) and 26.5ml of 0.2M NaH2PO4 (27.8 g Na2HPO4/l) in 1l), 200mM
NaCl, 15% glycerol, 20mM Imidazole/HCl pH 8 in a ratio of 1 : 2. Detergent was added
to a final concentration of 1% (w/v) and the solution was mixed for 1.5-2h at 4°C or
room temperature. For solubilization of ABC exporters from full cells 12g cells were
resuspended in the same buffer used for solubilization of membranes and then
homogenized using a rod homogenizer (IKA). After homogenization detergent was
added to a final concentration of 1% (w/v) and the mix was sonicated for 3min on ice
(Branson S-250, micro-tip, duty cycle 50%, power output 5). The following steps are
the same for extraction from isolated membranes or from full cells. Insoluble material
was removed by centrifugation for 30min at 40.000 x g and the supernatant was
loaded onto an equilibrated (100mM sodium phosphate pH 8.0 (473.5ml 0.2M
Na2HPO4 (53.65 g Na2HPO4 x 7H2O/l) and 26.5ml of 0.2M NaH2PO4 (27.8 g Na2HPO4/l)
in 1l), 200mM NaCl, 15% (w/v) glycerol and 20mM Imidazole/HCl pH 8.0, concentration
of the corresponding detergent above the CMC) XK26 column (GE Healthcare)
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containing 10ml NiNTA Superflow resin (Qiagen). The column was washed with either
50mM (isolated membranes) or 60mM Imidazole/HCl pH 8 (full cells) and the proteins
were eluted with 200mM Imidazole/HCl pH 8. Proteins were transferred into a buffer
containing 10mM Tris/HCl pH 8.2, 100mM NaCl, 0.5mM EDTA/NaOH pH 8 and
detergent above the CMC using a HiPrep 26/10 desalting column (GE Healthcare). The
proteins were concentrated to 10mg/ml using an Amicon Ultra-15 centrifugal filter
unit with a molecular cutoff of 100 kDa. The concentration was determined using
absorbance at 280nm (see table 3.3 for extinction coefficients [9]). All steps of the
purification were analyzed using SDS-PAGE and western blotting. Homogeneity was
monitored by analytical size exclusion chromatography using a Superdex 200 10/300
GL column (GE Healthcare).

Table 3.3: Extinction coefficients of ABC exporters in homology screening
-1

-1

Organism

protein

Extinction coefficient [M cm ]

Bacillus subtilis
Haemophilus influenzae
RdKW20
Lactococcus lactis
Bacillus licheniformis
Thermotoga maritima
Thermotoga maritima
Alkanivorax borkumensis
Chromohalobacter
salexigens
Haloarcula marismortui
Haloarcula marismortui
Thermotoga maritima
Lactococcus lactis

YvcC

38850

HI0060

37485

LmrA
YvcC
TM1256
TM1310
ABO_1055

42860
40005
53860
59250
59820

Csal_1586

60405

trp7
msbA-2
TM02870288
LmrCD

46760
64415
81500
105200
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ATPase activity assays
Measurement of ATPase activity of detergent-solubilized ABC exporters were
performed as described previously [10] and inorganic phosphate was assayed
colorimetrically by a modified molybdate method [11]. . The assay was performed at
room temperature and the reactions contained between 0.1 and 0.3mg/ml protein in
desalt buffer. Reactions were started by adding 2mM ATP and 10mM MgCl2 and at
distinct timepoints 50µl of the initial reaction mix were removed and ATP hydrolysis
was stopped by adding 12% (w/v) SDS.

Initial Crystallization of Sav1866 homologues
Stable proteins showing monodisperse peaks in size exclusion chromatography were
used for initial crystallization trials. Crystallization was done by vapor diffusion in
sitting drops either at the NCCR crystallization facility or using initial crystal screens by
Hampton Research and in house screens.

Results and discussion
Over-expression
A prerequisite of structure determination of a membrane protein with X-ray
crystallography is the yield of protein obtained from expression and the stability of the
membrane protein in detergent. A homology screening approach was performed to
find a suitable bacterial ABC. For this purpose ABC exporters (Tables 3.3) have been
cloned into expression vectors under the tight control of the T7lac promoter and were
expressed in E.coli BL21(DE3)-RIPL cells as N-terminal HIS10-tag fusion proteins. The
ABC exporters Tbd_2507 from T.denitrifcans, PA4997 from P.aeruginosa and SG0995
from S.glossinidius were discarded before expression and purification, since they could
not be cloned into expression vectors successfully. The recombinant expression was
tested at 37°C and 20°C either by autoinduction of the lac promoter using TB medium
containing glycerol or by induction with IPTG in TB medium containing glucose. The
expression was analyzed using SDS-PAGE and Western blotting. All proteins showed
high expression when induced at 37°C for 2h except for LmrCD (Table 3.4) which
showed high expression when autoinduced at 20°C. The two half transporters of the
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heterodimeric ABC exporter TM0287/0288 were only expressed in equal amounts
when they were cloned separately into an expression vector.

Table 3.4: Expression of ABC exporters at different temperatures and after induction or autoinduction
Organism

ABC exporter

Induction
37°C, 2h

Bacillus subtilis
Haemophilus influenzae
RdKW20
Lactococcus lactis
Bacillus licheniformis
Thermotoga maritima
Thermotoga maritima
Alkanivorax borkumensis
Chromohalobacter
salexigens
Haloarcula marismortui
Haloarcula marismortui

yvcC

Yes, good

HI0060

Thermotoga maritima
Thermotoga maritima
Lactococcus lactis
*genes cloned separately

Autoinduction
37°C , 4h

Induction
20°C, 4h

yes

no

Yes, poor

LmrA
yvcC
TM1256
TM1310
ABO_1055

Yes, good
Yes, good
Yes, good
Yes, good
Yes, good

yes
Yes, poor
Yes, poor
no

Yes, good
yes
yes
Yes, good

Csal_1586

Yes, good

no

Yes, good

trp7
msbA-2
TM0287*
TM0288*
TM02870288
LmrCD

Not tested
Yes, good
Yes, good

yes

Yes, good

Yes, good

Yes

Yes, good

yes

Yes
no

Yes, good
Yes

yes

Yes, good
no

Autoinduction
20°C, 25h

Yes, good

Solubilization and purification of ABC exporters
The aim of initial solubilization and purification tests was to find optimal detergent and
buffer conditions to obtain large amounts of stable and active protein.
For initial tests the ABC exporters were solubilized in the mild, non-ionic detergents
C12E8 and the DDM. It was shown before that these detergents [12, 13] are able to
extract large amounts of protein and at the same time maintain the biological activity
of the protein. For stable and promising homologues a broader detergent screening
was applied. The pH for solubilization and purification was in a pH range of 7.5-8.0
given that a pH range of 6.0-9.0 was reported to be ideal of ATPase activity of ABC
exporters [14-16].
The efficiency of the solubilization (using 1% (w/v) C12E8 and 0.1% (w/v) DDM) and the
purification

(0.01%(w/v) C12E8)

were

monitored

by 12.5% SDS-PAGE

and

thermodynamic stability and homogeneity of the purified ABC exporters were analyzed
by size exclusion chromatography. For the homologues Alkanivorax borkumensis
Abo_1055, Chromohalobacter salexigens Csal_1586 (Fig. 3.4), Thermotoga maritima
TM1256 and TM1310 (Fig. 3.5) and Haloarcula marismortui Msba-2 (Fig. 3.6) low
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solubilization efficiency could be observed (Figure 3.4). For Bacillus licheniformis YvcC a
higher solubilization efficiency was observed (Fig. 3.7) but analytical size exclusion
chromatography revealed instability of the protein which was even more pronounced
after concentration to 4mg/ml. Analytical size exclusion chromatography of the
desalted and the concentrated protein showed a peak of monomeric protein (Fig. 3.7,
additional peak next to dimer peak) and concentration led also to aggregation of the
protein. The heterodimeric ABC exporter LmrCD from Lactococcus lactis [17] could be
solubilized using DDM and C12E8 but judging from SDS-PAGE less LmrD was present
than LmrC (Fig.3.6). This uneven ratio could also explain the broad peak observed in
SEC. The same uneven ratio could be observed for the heterodimeric ABC exporter
TM0287/88 from the thermophile bacterium Thermotoga maritima. Analytical size
exclusion chromatography of the desalted protein showed a broad, asymmetric peak
and concentration induced monomerization as well as aggregation of the protein (Fig.
3.8). In contrast to the previous ABC exporters HI0060 from Haemophilus influenzae
RdKW20 could be solubilized efficiently with DDM and C12E8 and SEC analysis revealed
a stable protein with almost no aggregation after concentration (Fig 3.9). Based on
these results stability of HI0060 in different detergents was tested. Detergents with
chain lengths between C9 and C12 were tested. As shown before [12, 13] for other ABC
exporters a chain length shorter then C12 led to a destabilization of HI0060 (Table 3.5).
Tests with C12E5 and C12E7 did not change the stability of the HI0060 compared with
C12E8. Using the zwitterionic detergent LDAO resulted in a completely instable protein
(Table 3.5). Biological activity in C12E8 or DDM was confirmed in an ATPase activity
assay. Altogether HI0060 turned out to be a suitable target for structural studies.
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a

b

c

d

Figure 3.4: Purification of A.borkumensis Abo_1055 and C.salexigens Csal_1586 | Abo_1055 and
Csal_1586 were purified as described and analyzed by SEC and SDS-PAGE. a) SDS-PAGE of Abo_1055
(arrow), lane M) molecular weight marker, 1) solubilized membranes, 2) supernatant, 3) pellet, 4) and 5)
flow through load and wash, 6) eluate nickel affinity chromatography. b) Analytical SEC of eluate from
nickel affinity chromatography. Most of the protein could not be solubilized and remained in inclusion
bodies. Distance between two vertical lines corresponds to 2.5ml c) and d) SDS-PAGE (arrow) and
analytical SEC of Csal_1586. Results are identical to a) and b).
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b

a

c

d

Figure 3.5: Purification of T.maritima TM1256 and TM1310 | TM1256 and TM1310 were purified as
described and analyzed by SEC and SDS-PAGE. a) SDS-PAGE of TM_1256 (arrow), lane M) molecular
weight marker, 1) solubilized membranes, 2) supernatant, 3) pellet, 4) flow through load, 6) eluate
nickel affinity chromatography. b) Analytical SEC of eluate from nickel affinity chromatography and c)
desalted and concentrated TM1256. Most of the protein could not be solubilized and remained in
inclusion bodies or aggregated while purification. d) Analytical SEC of TM1310. Like for TM1256 most of
the protein remained in inclusion bodies. Distance between two vertical lines corresponds to 2.5ml.
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a

b

c

d

Figure 3.6: Purification of H.marismortui Msba-2 and L.lactis LmrCD | Msba-2 and LmrCD were purified
as described and analyzed by SEC and SDS-PAGE a) SDS-PAGE of Msba-2 (arrow), lane M) molecular
weight marker, 1) solubilized membranes, 2) supernatant, 3) pellet, 4) and 5) flow through load and
wash, 6) eluate nickel affinity chromatography. b) Analytical SEC of eluate from nickel affinity
chromatography. Distance between two vertical lines corresponds to 2.5ml. Most of the protein could
not be solubilized and remained in inclusion bodies. c) and d) SDS-PAGE and analytical SEC of LmrCD.
Solubilization efficiency was good, but less LmrD (SDS-PAGE, upper arrow) was expressed, than LmrC
(lower arrow) resulting in an unequal molar ratio of LmrC and LmrD. This ratio explains the disperse
peak in analytical SEC d).
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a

b

c

Figure 3.7: Purification of B.licheniformis YvcC | B.licheniformis YvcC was purified as described and
analyzed by SEC and SDS-PAGE a) SDS-PAGE of YvcC (arrow), lane M) molecular weight marker, 1)
solubilized membranes, 2) supernatant, 3) pellet, 4) and 5) flow through load and wash, 6) eluate nickel
affinity chromatography, 7) desalted protein, 8) flow through while concentration 9) concentrated
protein (diluted) b) Analytical SEC of eluate from nickel affinity chromatography c) Analytical SEC of
concentrated YvcC. B.licheniformis YvcC aggregated while concentration (peak between void and peak
arrows). Distance between two vertical lines corresponds to 2.5ml.
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a

b

c

Figure 3.8: Purification of T.maritima TM287/88 | TM287/88 was purified as described and analyzed by
SEC and SDS-PAGE a) SDS-PAGE of TM287/88 (arrows), lane M) molecular weight marker, 1) solubilized
membranes, 2) supernatant, 3) pellet, 4) and 5) flow through load and wash, 6) eluate nickel affinity
chromatography, 7) desalted protein, 8) flow through while concentration 9) concentrated protein
(diluted). Judging from SDS-PAGE different amounts of TM287/88 were purified (upper and lower
arrow) (b) Analytical SEC of eluate from nickel affinity chromatography c) Analytical SEC of concentrated
TM287/88. After concentration TM287/88 showed pronounced peaks for aggregated and monomeric.
Distance between two vertical lines corresponds to 2.5ml.

39

a

b

c

Figure 3.9: Purification of H.influenzae HI0060| HI0060 was purified as described and analyzed by SEC
and SDS-PAGE (arrow) a) SDS-PAGE of HI0060 (arrow), lane M) molecular weight marker, 1) solubilized
membranes, 2) supernatant, 3) pellet, 4) and 5) flow through load and wash, 6) eluate nickel affinity
chromatography, 7) desalted protein, 8) flow through while concentration 9) concentrated protein
(diluted). (b) Analytical SEC of eluate from nickel affinity chromatography c) Analytical SEC of
concentrated HI0060 (10mg/ml). HI0060 showed a monodisperse peak for dimeric protein. Distance
between two vertical lines corresponds to 2.5ml.
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Table 3.5: Stability of HI0060 in different detergents
Detergent solubilization
*C12E8, DDM**
*DDM, C12E8**
*DDM, C12E8**
*DDM, C12E8**
*DDM

stability
++
++
++
++
++

*DDM

+

*DDM
*DDM
*LDAO

Detergent purification
0.01% (w/v) C12E8
0.02% (w/v) C12E5
0.02% (w/v) C12E7
0.02% (w/v) C12E8
0.016% (w/v) DDM
0.05% (w/v) C11Maltopyranoside
0.1% (w/v) DM
0.5% (w/v) C9-Maltopyranoside
0.04% (w/v) LDAO
* 1% (w/v) detergent ** 0.1% (w/v)detergent

--

Since all of the ABC exporters mentioned above are of unknown function the two ABC
exporters LmrA* from Lactococcus lactis and YvcC* from Bacillus subtilis were added
to the screen (*cloned and pre-screened by Roger Dawson).
Since it was reported earlier [18] that YvcC from Bacillus subtilis is stable in DDM initial
purifications were performed using DDM. Up to 0.4mg/g wet cells YvcC could be
extracted with DDM. Analytical SEC showed that YvcC started to form aggregates when
concentrated to 4mg/ml (Fig. 3.10). LmrA was not stable enough for crystallization
setups when purified using C12E8 or DDM (Fig. 3.11). Using DDM as detergent resulted
in aggregated protein (Fig. 3.11, b) while using C12E8 resulted in monomeric protein
(Fig. 3.11, b).
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a

b

c

Figure 3.10: Purification of B.subtilis YvcC| YvcC was purified as described and analyzed by SEC and
SDS-PAGE a) SDS-PAGE of YvcC (arrow), lane M) molecular weight marker, 1) solubilized membranes, 2)
supernatant, 3) pellet, 4) and 5) flow through load and wash, 6) eluate nickel affinity chromatography, 7)
desalted protein, 9) concentrated protein (diluted). (b) Analytical SEC of eluate from desalted protein
after nickel affinity chromatography c) Analytical SEC of concentrated YvcC (2mg/ml). YvcC showed a
monodisperse peak for dimeric protein but also a high amount of aggregated. Distance between two
vertical lines corresponds to 2.5ml.
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a

c

monomer peak

b

Figure 3.11: Purification of L.lactis LmrA | LmrA was purified as described and analyzed by SEC and SDSPAGE a) SDS-PAGE of LmrA (arrow), lane M) molecular weight marker, 1) solubilized membranes, 2)
supernatant, 3) pellet, 4) and 5) flow through load and wash, 6) eluate nickel affinity chromatography, 7)
desalted protein, 8) flow through while concentration, 9) concentrated protein (diluted). b) Analytical
SEC of eluate from desalted protein purified in DDM after nickel affinity chromatography. LmrA purified
in DDM showed an large amount of aggregated protein c) Analytical SEC of eluate from desalted protein
purified in C12E8 after nickel affinity chromatography. When purified in C12E8 analytical SEC showed a
disperse peak for LmrA indicating monomeric LmrA. Distance between two vertical lines corresponds to
2.5ml.
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Glutamate to glutamine mutation in Walker B motif
The stability of Bacillus subtilis YvcC and Lactococcus lactis LmrA was too low for
structural studies. Therefore a glutamate to glutamine mutation in the Walker B motif
was introduced. This mutation was reported to abolish ATP hydrolysis in YvcC [19] and
could consequently have a stabilizing effect on the two ABC exporters.
Although the function of HI0060 was unknown it was decided to introduce the
mutation to Haemophilus influenzae RdKW20 HI0060 as well. Nevertheless only minor
effects on stability were observed for HI0060 E511Q. This was not surprising because
the wild type protein was already very stable.
In contrast to HI0060 E511Q drastic effects were observed for LmrA E506Q and YvcC
E504Q. For both proteins stability was monitored at three different temperatures for
three days. For these stability tests LmrA EQ and YvcC EQ were extracted from full cells
and purification buffers were switched from sodium phosphate pH 8.0 to potassium
phosphate pH 8.0.
Analytical SEC of LmrA E506Q on day three revealed that when incubated at 5°C or
10°C almost no aggregates were forming (Fig. 3.12). Aggregation increased slightly
when incubated at 20°C for three days. Based on this finding a detergent screen was
performed with LmrA E506Q which showed highest stability of LmrA E506Q when
solubilized and purified in DDM (Table 3.6).

Table 3.6: Stability of LmrA E506Q in different detergents
Detergent solubilization
*C12E8, DDM**
*DDM
*DDM

Detergent purification
0.01% (w/v) C12E8
0.016% (w/v) DDM
0.05% (w/v) C11Maltopyranoside
0.1% (w/v) DM
* 1% (w/v) detergent ** 0.1% (w/v)detergent

stability
+
++
+

*DDM

-

Interestingly YvcC E504Q was more stable when incubated at 20°C than at lower
temperatures (Fig.3.13) and like LmrA the optimal detergent for solubilization and
purification was DDM (Table 3.7). SDS-PAGE revealed that actually less YvcC E504Q
formed aggregates than suggested by the peak area of the aggregate peak in SEC (data
not shown). In addition aggregated YvcC E504Q and impurities could be removed by
ultracentrifugation for 30min at 178.00 x g.
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a

b

c

d

Figure 3.12: Purification of L.lactis LmrA E506Q | LmrA E506Q was purified in C12E8 and analyzed by SEC
a) Analytical SEC of concentrated LmrA E506Q (7mg/ml), b) Analytical SEC of concentrated LmrA E506Q
(7mg/ml) after three days at 5°C, c) Analytical SEC of concentrated LmrA E506Q (7mg/ml) after three
days at 10°C, d) Analytical SEC of concentrated LmrA E506Q (7mg/ml) after three days at 20°C. With
introduction of the E506Q mutation the stability of LmrA has increased dramatically. After three days at
5°C the amount of aggregated protein is almost as high as on the day first day. With increasing
temperature the amount of aggregated protein increases. But even at 20°C LmrA E506Q could be used
for initial crystallization setups. No monomeric protein could be observed by SEC (see fig. 3.11 c).
Distance between two vertical lines corresponds to 2.5ml.
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b
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d

Figure 3.13: Purification of B.subtilis YvcC E504Q | YvcC E504Q was purified in DDM and analyzed by
SEC a) Analytical SEC of concentrated YvcC E504Q (7mg/ml), b) Analytical SEC of concentrated YvcC
E504Q (7mg/ml) after three days at 5°C, c) Analytical SEC of concentrated YvcC E504Q (7mg/ml) after
three days at 10°C, d) Analytical SEC of concentrated YvcC E504Q (7mg/ml) after three days at 20°C.
With introduction of the E506Q mutation the stability of YvcC has increased. Interestingly YvcC E504Q
was more stable at 20°C than at lower temperature. Because of that finding all following purifications
were performed at 20°C and the amount of aggregated protein could be decreased further by
ultracentrifugation of the concentrated protein. Distance between two vertical lines corresponds to
2.5ml.
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Table 3.7: Stability of B.subtilis YvcC E504Q in different detergents
Detergent solubilization
*C12E8, DDM**
*DDM
*DDM

Detergent purification
0.01% (w/v) C12E8
0.01-0.016% (w/v) DDM
0.05% (w/v) C11Maltopyranoside
0.1% (w/v) DM
0.06% (w/v) Fos-12
0.01% (w/v) Fos-14
* 1% (w/v) detergent ** 0.1% (w/v)detergent

stability
o
++
+

*DDM
*Fos-12
*Fos-12

o/+
o/+

Initial crystallization screening
For initial crystallization screening HI0060, LmrA EQ and YvcC EQ were purified as
described and concentrated to 10-12mg/ml.

HI0060
The first crystallization attempts for HI0060 were performed with Hampton Research
PEG/ION and MembFac screens (DDM, C12E8, C12E7 at 5°C, 10°C, 15°C and 20°C) and
with the NCCR crystallization facility (DDM and C12E7 at 4°C. Also additional salt and
citrate/acetate/phosphate-screens were performed. No crystals were obtained from
these screens. Since HI0060 was functionally uncharacterized it was decided focus the
effort on LmrA E506Q and YvcC E504Q.

LmrA E506Q
Initial crystallization trials with LmrA E506Q were done using Hampton Research
PEG/ION and MembFac screens using DDM or C12E8 at 4°C or 20°C. Not only could no
crystals be obtained from these screens but also it emerged that LmrA E506Q was not
stable enough for crystallization. In all screens that were set up massive amounts of
precipitation could be noticed even when the protein concentration was lowered
significantly or the drop ratio was changed. This could be an indication that LmrA
E506Q itself is instable or that the conditions used for purification and the
crystallization setups were not suitable to sustain the stability of LmrA E506Q long
enough for crystallization.
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YvcC E504Q
For initial crystallization, YvcC E504Q was concentrated to 10, 12, or 15mg/ml.
Additionally to the E to Q mutation in the Walker B motif the non-hydrolyzable ATPanalogue AMP-PNP was used to prevent conformational changes while crystallization
that would disturb or prevent growth of crystals. Initial crystallization setups were
performed using Hampton research PEG/ION, PEG/ION 2 and MembFac screens (0.1%
or 0.16% (w/v) DDM, 20°C, drop ratios: 2µl+2µl, 4 µl +2 µl, 2 µl +1 µl +1µl H2O). Also
the NCCR crystallization facility was used (0.16% (w/v) DDM, 20°C, two drop ratios:
150nl+150nl and 200nl + 100nl). Since no crystal growth could be observed in these
screens in-house screens were used. For these screens three polyethylene glycols
(PEG) with different molecular weight were used as precipitant (PEG 600, PEG 3350,
PEG 10000). The pH in the reservoir solution was screened between pH 5.5 to 9.0. In
this setup different concentrations and mixtures of citrate (Na3-. Li3-, K3- and H3citrate), phosphate (sodium and potassium), acetate (K, Mg, Na, Li and NH4), sodiumpotassium-tartrate, sodium-nitrate, sodium-thiocyanate, sodium-formate and sodium
sulfate were screened.
No crystal growth was observed in any of the screens. However YvcC E504Q showed to
be a very stable protein not only when analyzed by SEC but also in various
crystallization conditions where no or little precipitation was observed.
This and the fact that in some crystallization setups YvcC E504Q indeed precipitated
but the precipitate almost looked like microcrystalline material suggested that YvcC
E504Q itself cannot make crystal contacts. Nevertheless it was decided to try to solve
the structure of YvcC E504Q with crystallographic chaperones. Crystallographic
chaperones bind the target protein with high affinity and aid its crystallization by
providing a large hydrophilic surface. As described in the next chapter there are
different methods available. The first one is the use of antibodies and their antigen
binding fragments as `helper´ proteins for crystallization of the target protein. So far
this method was used many times and provided various structures of membrane
proteins. The other method is the application of DARPins (designed ankyrin repeat
proteins) which were used to solve the structure of AcrB, a multidrug efflux pump of
E.coli.
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Chapter IV:
Screening for crystallographic chaperons binding Bacillus
subtilis YvcC EQ and facilitating its crystallization
Abstract
This chapter describes the screening for designed ankyrin repeat proteins and
antibodies that bind the bacterial ABC exporter YvcC from Bacillus subtilis and would
facilitate its crystallization.

B.subtilis YvcC has proven to be a stable target for

crystallization. As apo YvcC E504Q did not crystallize in thousands of tested conditions,
attempts were made to find suitable DARPins and antibodies that strongly bind the
transporter and facilitate its crystallization. The large hydrophilic surface of the binder
could facilitate crystallization by making lattice contacts.

Introduction
Tight crystal contacts are a prerequisite for well ordered crystals needed for structure
determination [1]. Crystal contacts are made more easily by the hydrophilic surface of
proteins. For membrane proteins these hydrophilic surfaces are only provided by the
non-transmembrane domains of the protein, and can pose a limit on the ability to
form suitable lattice contacts.
Since YvcC did not crystallize on its own we examined whether the problem was
related to a limited hydrophilic surface. An alignment with Sav1866 [2] revealed that
the first extracellular loop (ECL1) of YvcC was considerably shorter than that of
Sav1866 (Fig. 4.1) which makes important crystal contacts in crystals of Sav1866.
ECL1

Figure 4.1: Alignment of Sav1866 and YvcC | The first extracellular loop of YvcC is shorter than that of
Sav1866
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Figure 4.2: Crystal contacts of ECL1 in crystals of Sav1866 | Left side: Unit cell of Sav1866 crystals (red
box). Two Sav1866 molecules make crystal contacts with ECL1 (green rectangle). Right side: close-up
view of crystal contacts made by ECL1 of the two Sav1866 molecules (yellow rectangle). Image by
courtesy of Prof. Dr. K. Locher.

Consequently enlarging the hydrophilic surface of YvcC could provide necessary crystal
contacts and could also provide more space for the detergent micelle which covers the
transmembrane domains of detergent solubilized membrane proteins [3] and does not
make tight crystal contacts. Presented in this chapter are details of our attempts at
DARPin and antibody mediated crystallization of YvcC E504Q.
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DARPin-mediated co-crystallization
Ankyrin repeat proteins are an ubiquitous family of proteins that mediate proteinprotein interactions and were used to create a library of binding proteins [4]. These
designed repeat proteins consist of N- and C-terminal capping regions and a variable
number of ankyrin repeats and were shown to be well expressed in E.coli and
thermodynamically stable [5].

Figure 4.3: Co-crystals of the E.coli multidrug exporter AcrB and two DARPin molecules | Structure
(PDB: 2J8S) of E.coli AcrB. The three subunits of Acrb are presented in yellow, green and cyan. Two
DARPin crystallization chaperones are colored in red and magenta [6].

Selection of specific binders [7] and several structures of membrane proteins cocrystallized with target-specific DARPins [6, 8-11] (Fig. 4.3 and Fig 4.3.1) have shown
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the potential of using designed ankyrin repeat proteins in facilitating crystallization of
membrane proteins.
a

b

Figure 4.3.1: Composition of DARPins| Figure adapted from Binz et al. [8]. a) Amino acid sequence of
the N-terminal capping region, the designed ankyrin repeat module which contains the randomized
areas (marked in red) and the C-terminal capping region. Secondary structure elements are specified
above the sequence. b) Structure of a N3C DARPin consisting of an N-terminal capping ankyrin repeat
(AR, marked in green), three designed ankyrin repeat modules (blue) and a C-terminal capping AR (cyan)
and. Variable amino acids are depicted in red.
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Monoclonal Fab-mediated co-crystallization
Another strategy to enlarge the relatively small hydrophilic surface of membrane
proteins is to use highly specific antibody fragments. Monoclonal IgG against a specific
antigen can be obtained by immunization of mice and consist of two antigen binding
fragments (Fab) and a constant part (Fc). Because of their two binding sites it is
unfavorable to use them for antibody mediated co-crystallization of membrane
proteins since they could `crosslink´ two target proteins. Single Fabs can be created
easily using proteolytic cleavage. However, one has to consider that this proteolytic
digest could result in flexible parts of the linker region between Fab and Fc [12].

Figure 4.4: Co-crystals of the E.coli chloride channel ClC and two Fab fragments | Structure (PDB: 1OTS)
of E.coli ClC. The two subunits of ClC are presented in yellow, green. Two Fab crystallization chaperones
are colored in cyan and magenta or in blue and red [13].
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For structure determination of membrane proteins recombinant [14, 15] antibody
fragments have also been used [16] but so far most structures have been determined
using antibody fragments obtained from monoclonal antibodies [17-23] like the E.coli
ClC chloride channel (Fig. 4.4) [13] or the Salmonella enterica proton pump AdiC (Fig.
4.5) [17]. This method is indeed challenging, but has been proven to be immensely
beneficial in obtaining well diffracting crystals of challenging target proteins.

Figure 4.5: Co-crystals of the S.enterica proton pump AdiC and one Fab fragment | Structure (PDB:
3NCY) of S.enterica AdiC. The two subunits of AdiC are presented in yellow, green. Two Fab
crystallization chaperones are colored in blue and red [17].
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Experimental procedures

DARPins
Cloning and over-expression of biotinylated, Avi-tagged YvcC E504Q
YvcC E504Q was cloned into a pKL11-vector containing a N-terminal HIS10-tag and a Cterminal Avi-tag. (Fig. 4.6)

Figure 4.6: Expression vector containing yvcC E504Q with a C-terminal Avi-tag | The expression
plasmid is based on a pet19b frame (Novagene). The plasmid contains the strong T7 phage promoter,
the L8-UV5 lac operator and sav1866 with a N-terminal deca-histidine affinity tag and a C-terminal Avitag.

YvcC-EQ-pKL11 was co-transformed with pBirA (a plasmid containing a biotin ligase)
into BL21 gold cells. Cells were grown in 2l flasks and 150mg/10l medium and dissolved
biotin was added to the medium (at OD600 2.0). Expression was induced with 0,4mM
IPTG at an OD600 3.0 for 90min.

Purification of biotinylated, avi-tagged YvcC E504Q
For purification of biotinylated, Avi-tagged YvcC E504Q whole cells were resuspended
in resuspension buffer (ratio 1.5:9 (w/v) (100mM potassium phosphate pH 8.0
(473.5ml 0.2M K2HPO4 (34.84 g K2HPO4/l) and 26.5ml of 0.2M KH2PO4 (27.2 g K2HPO4/l)
in 1l), 200mM NaCl, 15% (w/v) glycerol, 20mM Imidazole pH 8.0 and 1% DDM),
homogenized and sonicated for 3 minutes (Branson S-250, micro-tip, duty cycle 50%,
power output 5). After 60min of solubilization at room-temperature solubilized cells
were spun down at 39400g for 40min at 4°C. The resulting supernatant was loaded
onto an equilibrated (100mM potassium phosphate pH 8.0 (473.5ml 0.2M K2HPO4
(34.84 g K2HPO4/l) and 26.5ml of 0.2M KH2PO4 (27.2 g K2HPO4/l) in 1l), 200mM NaCl,
15% glycerol, 0.1% C12E8, 20mM Imidazole/HCl pH 8.0) 5ml Ni-NTA superflow (Qiagen)
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XK26 (GE Lifescience) column. Impurities were removed by washing the column with
the same buffer containing 50mM Imidazole/HCl pH 8.0. The bound, biotinylated and
avi-tagged YvcC E504Q was eluted by washing the column with 200mM Imidazole/HCl
pH 8.0 and was then desalted with a Hiprep 26/10 desalting column into a buffer
containing 10mM Tris/HCl pH 8.2, 100mM NaCl, 0.5mM EDTA/NaOH pH 8.0 and 0.03%
DDM. The desalted, biotinylated, Avi-tagged YvcC-EQ was then used for the ribosome
display.

In vitro ribosome display
In vitro ribosome (Fig. 4.7) display and ligation of open reading frames into expression
plasmids was performed by the laboratory of Prof. Markus Grütter (Department of
Biochemistry, University of Zurich). For this ribosome display [24] a library of N3C
DARPins (N-terminal capping region, 3 randomized ankyrin repeat modules and a Cterminal capping region) was cloned into a pRDV vector (ribosome display vector,
contains T7 promotor, RBS and tolA), amplified by PCR and used for in vitro
transcription and translation. The lack of a stop codon stalls the ribosome with the
nascent but folded polypeptide chain. This complex binds to a biotinylated target
protein bound to a neutravidin-coated microtiter plate. Bound complexes are eluted
and the purified RNA is used for a reverse transcription. The resulting DNA is amplified
and used for the following ribosome display round (4 rounds total).
Crude cell extraction of YvcC-EQ-binding DARPins and ELISA
For analysis of selected YvcC EQ binders the open reading frames containing the
ankyrin repeats from the fourth round of the ribosome display were amplified by PCR
and ligated into a pEQ30 expression vector (Lab of Prof. Grütter).
The ligated binder-library was used for transformation of XL1 Blue super-competent
cells (Stratagene). For the ELISA screening DARPins were expressed in a 96 deep-well
plate with LBAMP Gluc- medium. The 96 deep-well masterplate was incubated overnight
at 37°C and 300 rpm (Buehler TiMix-shaker). On the next morning 300µl were used to
incubate 0.7ml medium in a new 96 deepwell plate. After 1h the expression of
selected DARPins was induced with 0.4mM IPTG and 4h later cells were spun down at
3000g for 5min. 1ml of breaking buffer (50mM Tris /HCl pH 8.2, 200mM NaCl, 1 %
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DDM) was added to break the cells (20min, 37°C, 1000rpm). The lysate was also spun
down for 5min at 3000g.

Figure 4.7:: Selection of DARPins in a ribosome display | Selection of DARPins in a ribosome display.
display In
this ribosome display a library of DARPins is cloned into a pRDV vector, amplified by PCR and used for in
vitro transcription and translation. The lack of a stop codon stalls the ribosome with the folded
polypeptide
ypeptide chain. This complex binds to a biotinylated target protein bound to a neutravidin-coated
neutravidin
microtiter plate. Bound complexes are eluted and the purified RNA is used for a reverse transcription.
The resulting DNA is amplified and used for the following
following ribosome display round (4 rounds). Figure was
adapted from [24].

100µl of the supernatant was applied to immobilized YvcC-EQ.
YvcC EQ. For immobilization a
Nunc Maxisorb 96 microtiter plate was coated with 96 x 100 µl of 66nM Neutravidin in
PBS (4 °C, o/n, sealed
ed with Thermowell sealers Costar 6524). On the next morning the
coated Maxisorb plate was blocked 2 times with 96x 300 µl 0.5 %
BSA/50mMTris/HCl8.2,200mM NaCl (1h, 400 rpm, RT) and washed 2 times with 96x
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300 µl 50mM Tris/HCl 8.2, 200mM NaCl (1h, 400, RT). After drying the plate by beating
dry on a paper towel stack 100µl of freshly purified, biotinylated, Avi-tagged YvcC-EQ
was added. 40min later YvcC-EQ-Avi was removed, the plate was washed 3 times with
96x 300 µl 50mM Tris (HCl) pH 8.2, 200mM NaCl, 0.015 % DDM (RT) and then 100µl of
DARPin crude cell extract was added for 40min. Thereon the primary (α-RGS(His4)) and
the secondary (goat α-mouse-AP) antibody was added (each for 40min at room
temperature, plate was washed 3 times in-between the antibodies). After washing the
plate 4 times it was developed with an AP Substrate Kit (Biorad, 172-1063). The plate
was sealed with a Thermowell-sealer (Costar 6524) and incubated overnight. On the
next morning the reaction was stopped with 100µl 0.4M NaOH and the plate was read
out at 405nm in a micro plate reader.

Monoclonal antibodies
Recombinant expression of YvcC and YvcC E504Q
For large scale expression of YvcC and YvcC E504Q a preculture with 500ml TB medium
supplemented with 100µg/ml ampicillin and 1%(w/v) glucose in a 2l baffled
Erlenmeyer flasks was inoculated with a single colony picked from a LB agar plate
supplemented with 100µg/ml ampicillin and 1%(w/v) glucose. After growth at 37°C for
8h and an OD600nm of 0.5 the preculture was used to inoculate a second 500ml
preculture. At an OD600nm of 0.5 the second pre-culture was used to inoculate 10l TB
medium (100µg/ml ampicillin and 1% (w/v) glucose) in a Techfors S fermenter (Infors).
Expression was induced with 0.4mM IPTG at an OD600 of 12 for 90min. Cells were
stored at -80°C.

Preparation of YvcC E504Q for immunization of mice
The goal of the immunization of mice was to obtain mAb binding the extracellular
loops of YvcC E504Q only. The reason for this was that the extracellular loops of YvcC
are shorter than that of Sav1866 and in Sav1866 crystals these extracellular loops
make crystal contacts (Fig. 4.2). Therefore it was decided to raise mAb against the ECLs
of YvcC E504Q in order to facilitate the formation of crystal contacts at the
extracellular domains. For this purpose YvcC E504Q was cross-linked with in the
presence of AMP-PNP and reconstituted in proteoliposomes (YvcC E504Q was purified
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as described for Avi-tagged YvcC E504, except that the desalt buffer contained 0.01%
(w/v) C12E8 and 0.01% (w/v) DDM). Desalted YvcC E504Q was cross-linked with 0.1%
glutaraldehyde [25] for 20min at room temperature.

Figure 4.8: Schematic drawing of cross-linked and reconstituted YvcC E504Q | After cross-linking with
glutaraldehyde YvcC E504Q was reconstituted into proteoliposomes. Since the accessible surface of the
intracellular domains is larger than that of the extracellular loops, mainly the NBDs and ICLs should be
cross-linked. Using cross-linked and reconstituted YvcC E504Q for immunization of mice should result
IgGs binding the extracellular loops of YvcC E504Q.

Cross-linking was stopped with 0.1M glycine for 10min. Since the accessible surface of
the NBDs and ICLs is larger than that of the ECLs, glutaraldehyde should primarily
cross-link the intracellular domains of YvcC E504Q (Fig. 4.8). Equal amounts of crosslinked YvcC E504Q were added to E.coli total lipids (20mg/ml) and incubated for 90 at
room temperature. After incubation proteoliposomes were spun down twice at
180.000 x g for 20min and the resulting pellet was washed in PBS. The final pellet was
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also dissolved in PBS. 2mg of YvcC E504Q in proteoliposomes (0.5mg/ml in PBS) were
used for immunization of mice.

Generation of monoclonal antibodies
Generation of monoclonal antibodies, including immunization of mice, fusion of
antibody-producing B-cells with myeloma-cells and sub-cloning of hybridoma-cells was
performed by CePower Ltd. (Wädenswil, Switzerland).
After immunization of mice, sera were tested for antibodies binding YvcC E504Q using
ELISA. For ELISA purified YvcC E504Q was desalted into PBS containing 0.01% (w/v)
DDM. 96 well Ni-NTA HiSorb-plates (Qiagen) were coated with 0.1mg/ml N-terminally
HIS10-tagged YvcC E504Q for 1h and with a negative control, an ABC-type flippase
(kindly provided by Sabina Gerber). All incubation steps were performed at room
temperature under gentle agitation on a microtiter shaker. After incubation plates
were rinsed once (PBS, 0.01% (w/v) DDM, 0.1% (w/v) Triton X-100) and washed three
times (PBS, 0.01% (w/v) DDM, 0.1% (w/v) Triton X-100, 3% BSA) for 5min. After
washing the plates excess wash buffer was removed by beating the plates dry on a
paper towel stack. Thereafter plates were incubated with different dilution of mice
sera (100x, 1000x, 3000x, 10000x, 30000x, 100000x in PBS, 0.01% (w/v) DDM, 0.1%
(w/v) Triton X-100, 3% BSA or 100x, 1000x for the negative control) for 1h. After this
the plates were washed again three times for 5min, dried and then incubated for 1h
with a secondary goat α-mouse mAB alkaline phosphatase conjugate (diluted 1:10000
in PBS, 0.01% (w/v) DDM, 0.1% (w/v) Triton X-100, 3% BSA). After four washing steps
the plates were dried and then developed with an alkaline phosphatase substrate kit
(BioRad). The reaction was stopped with 0.4M NaOH and the plates were read out in a
microtiter plate reader at 405nm. Mice whose sera showed the highest signal in ELISA
were used for fusion of B-cells with myeloma cells. The supernatant of the resulting
hybridoma cells was analyzed by ELISA. To enssure that the mAB would bind actually
folded YvcC E504Q, clones showing a positive signal in ELISA were also tested using
Western blotting. Monoclonal antibodies from Clones showing a signal in a Western
blot bind a linear epitope, while clones which are ELISA positive, but do not show a
signal in a Western blot bind probably a conformational epitope.
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Since only mAb that bind a conformational epitope of folded YvcC E504Q can be used
for co-crystallization and structure determination of YvcC E504Q solely mAb of such
hybridoma cell lines were used for further experiments.
Promising hybridoma cell lines were also sub-cloned and resulting mAb were also
analyzed using ELISA and Western blotting. Sub-clones with high yield of mAb were
used for production of mAb (CePower Ltd).

Purification of antibodies and proteolytic digest
Monoclonal antibodies were purified using a Protein G column (1ml HiTrap Protein G
HP, GE Healthcare). Antibodies were loaded onto a pre-equilibrated (20mM sodium
phosphate pH7.0) column. After binding the column was washed using the same buffer
as for equilibration and the antibodies were eluted using 0.1M Glycine/HCl pH 2.7.
Each elution fraction was collected in a 1.5ml vial containing 0.1ml of unbuffered TRIS
to neutralize pH.
Antibody fragments were obtained by proteolytic digest of purified antibodies with the
cysteine protease papain. For this digest purified antibodies were desalted into a
buffer suitable for papain digest (10mM EDTA, 10mM L-cysteine, 10mM -mercaptoethanol in PBS/HCl pH 7.0). Desalted antibodies were mixed with papain in a ratio of
50:1 (in terms of mg/ml) and were incubated of 4h to 12h at 37°C. Proteolytic digest
was stopped with 20mM Iodoacetamide. Digest was monitored by SDS-PAGE.

Binding of YvcC E504Q
For binding tests antibodies were digested with papain and concentrated using a
Milipore Ultra 4 10kDa filter. While concentration the buffer was exchanged to 10mM
Tris/HCl pH 8.2, 200mM NaCl, 0.5mM EDTA, 5mM -mercaptoehanol and 0.01% (w/v)
DDM. Concentrated and digested antibody (2mg/ml) was mixed with YvcC E504Q
(1mg/ml) in a ratio of 1 to 2. After 15min of incubation at room temperature the
supposed YvcC E504Q-Fab-complex was examined by analytical size exclusion
chromatography using a Superdex 200 10/300 GL column. Fractions were collected
and analyzed by SDS-PAGE
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Specificity of antibodies for the extracellular loops of YvcC E504Q
To test if antibodies would indeed bind the extra cellular loops of YvcC E504Q the
localization of antibodies was monitored using fluorescence microscopy. For this
purpose spheroplasts from growing E.coli cells expressing YvcC E504Q were formed
[26]. Fixation of spheroplasts and fluorescence microscopy was performed by Patrick
Kaiser (Group of Prof. Wolf Hardt, Institute of Microbiology, ETH Zurich). Spheroplasts
were fixed with paraformaldehyde and after washing twice with PBS containing 10%
goat serum the spheroplasts were incubated with the anti-YvcC E504Q antibody,
washed again and then a second anti-mouse antibody labeled with FITC was added.
After incubation the spheroplasts were washed twice and treated again with
paraformaldehyde. Localization was monitored with fluorescence microscopy for
intact spheroplasts and spheroplasts treated with Triton X-100. Triton X-100
permeabilizes the membrane and hence allows antibodies to enter the cells and bind a
possible antigen which would alter the fluorescence signal.

Subcloning of hybridoma cell lines
Subcloning of hybridoma cell lines to obtain a cell line emanating from one hybridoma
and hence producing a monoclonal antibody was performed by CePower Ltd. Resulting
subclones were tested for binding of native YvcC E504Q by ELISA and Western blotting.
Subclones that bound natively folded YvcC E504Q were tested for expression rates
(CePower Ltd.) and subclones with high expression rates were kept stored in liquid
nitrogen.
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Results and discussion

Screening for high affinity binders from a library of DARPins
Evaluation of YvcC-EQ-binding
binding DARPins
Overall four rounds ribosome display rounds with a N3C DARPin library were
performed. These four ribosome display rounds resulted in 950 DARPins possibly
possi
binding YvcC-E504Q-Avibiot. Binding of all DARPins was analyzed using ELISA (Fig. 4.9).
Only 28 DARPins showed a signal comparable to the positive control (off7 DARPin and
biotinylated MBP, Fig. 4.4 A1).
In order to examine if the 28 DARPins bind specifically to YvcC-E504Q-Avi
Avibiot or the Avitag another ELISA was performed. In this ELISA 26 of 28 DARPins bound to YvcCYvcC
E504Q-Avibiot as well as to MBP-Avi
MBP
biot (maltose binding protein). Hence only two of the
DARPins, bound indeed YvcC-E504Q
YvcC
and could be used for further analysis.
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Figure 4.9: Evaluation of DARPins binding YvcC E504Q | Only a small amount of DARPins selected in a
ribosome display showed a positive signal in ELISA. None of these positive signals was comparable to the
positive control (well A1) and of 28 DARPins only 2 bound to YvcC E504Q while the rest also bound to
MBP-Avibiot.
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The two DARPins (6-E11
E11 and 1-C6)
1 C6) were expressed, purified and binding to YvcC E504Q
was analyzed by SEC. For this experiment DAPRins and YvcC E504Q were mixed in a
molar ratio of 1:2, incubated and loaded onto a Superdex 200 10/300 GL column.
Peaks were collected and analyzed by 17% SDS-PAGE.
SDS

58 kDa -

Figure 4.10: Evaluation of DARPins binding YvcC E504Q | 17% SDS-PAGE
PAGE analysis of DARPins binding
YvcC E504Q. DARPins and YvcC E504Q were mixed and incubated and analyzed by SEC. All peaks were
collected and analyzed by SDS--PAGE.
PAGE. M) lane containing molecular weight marker 1) 1-C6
1
DARPin 2)
peak collected from analytical SEC which was supposed to contain 1-C6
6 DARPin and YvcC E504Q 3) 6-E11
6
DARPin 4) peak collected from SEC, which was supposed to contain 6-E11
6 E11 DARPin and YvcC E504Q 4) like
line 4 but concentrated sample. Both DARPins analyzed with SEC did not bind YvcC E504Q with high
affinity and could not be co-purified
purified with YvcC E504Q using SEC.

SDS-PAGE
PAGE revealed that YvcC dimer peaks collected from SEC didn’t contain bound
DARPins (Fig. 4.10). It is likely that the two DARPins bind YvcC E504Q only with a low
affinity. The affinity was so low that no DARPin
DARPi - YvcC E504Q – complex could be
observed with analytical size exclusion chromatography. This finding showed that the
two DARPins are not suitable for structure determination of YvcC E504Q using coco
crystallization with either one of the DARPins. Since the affinity of the DARPins for YvcC
E504Q was very low, it was concluded that in a crystal setup DARPins and YvcC E504Q
would co-crystallize.
crystallize. With this result further screening of DARPins binding YvcC E504Q
was stopped. A this point it seemed that the idea of
of a library of designed ankyrin
repeat proteins for structure determination of membrane proteins is highly interesting
but could not deliver DARPins binding YvcC E504Q with high affinity. It could be that
the designed library does not contain DARPins binding
binding YvcC E504Q with high affinity.
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Screening for monoclonal antibodies
Immunization and choosing mice for hybridoma cell fusion
For immunization a cross-linked, reconstituted YvcC E540Q was used. Cross-linking
studies with different concentrations of glutaraldehyde showed that a concentration
of 0.1% glutaraldehyde is sufficient to cross-link YvcC E504Q protein completely within
20min (Fig. 4.11).

Figure 4.11: 10% SDS-PAGE of cross-linked and reconstituted YvcC E504Q| 10% SDS-PAGE; lane M)
molecular weight marker, 1) cross-linked YvcC E504Q. YvcC E504Q was cross-linked for 20min with 0.1%
glutaraldehyde. This was sufficient to cross-link all YvcC E504Q (molecular weight of YvcC E504Q
monomer: 66 kDa) 2) supernatant after reconstitution and ultracentrifugation at 180000 x g for 20min
3) pellet after ultracentrifugation

Glutaraldehyde cross-links lysine residues. Since the accessible surface of the
extracellular loops of YvcC E504Q is considerably smaller than the accessible surface of
the NBDs and the ICLs, there should also be less lysine residues accessible in ECLs. This
assumption is also affirmed by Sav1866. In the structure of Sav1866 six out of 60 lysine
residues (YvcC: 64 lysine residues) are located in the ECLs and the bigger part is located
in the intracellular NBDs and ICLs. Therefore cross-linking should mainly result in
several YvcC E504Q transporters being cross-linked at the intracellular parts of the
protein. By the time these cross-linked YvcC E504Q proteins are reconstituted into
liposomes ideally proteoliposomes should be generated where only the ECLs of YvcC
E504Q are accessible to the immune system of the mouse (Fig. 4.8). After two
immunizations the sera of five mice were tested for antibodies binding YvcC E504Q
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using ELISA. Sera off one mouse showed binding of the negative control (Fig. 4.12,
mouse 4). Finally two mice were picked for generation of hybridoma cells (Fig. 4.12
mice 3 and 5). The supernatants of resulting hybridoma clones were tested for
antibodies binding YvcC E540Q.

Absorbance 405nm

4
3
2

mouse 1

1

mouse 2
mouse 3

0

mouse 4
mouse 5

Serial dilution of mice sera

Figure 4.12: Evaluation of mice sera | After immunization mice sera was tested twice with ELISA. The
mice showing the strongest signal for binding YvcC E504Q were selected for generation of hybridoma
cells (mouse 3 and 5). Mouse 4 showed cross reactivity with the negative control.

From 48 clones of the first fusion only four showed a positive signal in an ELISA. But
these four clones also showed a positive signal in western blotting. This means that the
mAB produced by these clones bind unfolded
unfolded YvcC E504Q. Since the aim of this screen
was to find mAB that bind YvcC E504Q in a nucleotide bound conformation to aid
crystallization these four hybridoma clones were discarded.
The fusion of the second mouse generated 127 clones of which 12 were ELISA
ELI positive.
Western blotting revealed that 3 of these clones did not bind a conformational
epitope. The clones 2-4,
4, 2-51
2
and 2-125
125 that produce these mAB were re-grown
re
and
retested. Binding of the mAb to YvcC E504Q and a conformational epitope was
confirmed
ed by two more ELISA and Western blots. Since the mAb bound a
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conformational epitope no signal in western blotting was observed. For the mAb 2-4
and 2-51 it was also confirmed by Western blotting that the antibodies bound wild
type YvcC and that the secondary antibody used for detection binds both mAb. With
this finding it could be excluded that the Western blots were negative because of the
secondary antibody not binding mAb 2-4 or mAb 2-51.
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The binding of Fab 2-4 and Fab 2-51 to YvcC E504Q was verified using analytical SEC
Analytical size exclusion chromatography revealed that Fab 2-4 binds to YvcC E504Q
(Fig 4.13). Compared to YvcC E504Q alone the peak representing the YvcC dimer is
shifted to a smaller retention volume which indicates a higher molecular weight and
hence the binding of at least one Fab. Fractions of analytical size exclusion
chromatography of Fab 2-4, YvcC E504Q and YvcC E504Q + Fab 2-4 were collected and
analyzed by SDS-PAGE. As expected from SEC the shift of the dimer peak of YvcC
E504Q was due to a bound Fab (Fig 4.14). Binding of Fab 2-4 to YvcC wild type could
also be shown (data not shown).

Figure 4.13: Analytical SEC of mAB 2-4 binding YvcC E504Q | mAB 2-4, YvcC E504Q and YvcC E504Q
mixed and incubated with mAB 2-4 were analyzed with SEC. Peaks were collected and analyzed by SDSPAGE .
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YvcC E504Q

Fc 2-4

Fab 2-4

Figure 4.14: Analytical SEC of Fab 2-4 binding YvcC E504Q and 12.5% SDS-PAGE | YvcC E504Q mixed
and incubated with mAB 2-4 was analyzed with SEC. Peaks were collected and analyzed by 12.5% SDSPAGE. SDS-PAGE revealed that the fractions collected from the dimer peak of YvcC E504Q (band above
58 kDa) contained Fab 2-4 (band above 25 kDa, too. Fractions 3 and 4 (arrow marked with `peak´)
contain the highest amount of YvcC E504Q and mAB 2-4 (lanes marked with 3 and 4, SDS-PAGE)

71

Fab 2-51
51 also bound to YvcC E504Q (Fig. 4.15) and fractions collected of analytical size
exclusion chromatographies of Fab 2-4
2 and Fab 2-51
51 which were collected at the same
volume as the YvcC E504Q--Fab-complex
complex did not contain Fab (data not shown).

b

a

c

d

Figure 4.15: Analytical SEC of mAB 2-51
2
binding YvcC E504Q and SDS-PAGE | Analytical size exclusion
chromatography of a) YvcC E504Q mixed and incubated with mAB 2-51
2 51 b)YvcC E504Q and c) mAB 2-51.
2
mAB 2-51
51 bound YvcC E504Q with high affinity and a complex YvcC E504Q – fab 2-51
51 complex could be
observed with SEC. Distance between two vertical lines corresponds to 2.5ml. d) 12.5%
.5% SDS-PAGE.
SDS
Only
the SEC fractions collected from YvcC E504Q incubated with Fab 2-51
2 51 (a) contained YvcC E504Q (d,
upper arrow) and Fab 2-51
51 (d, lower arrow).
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The yield of mAB 2-125 was very low and Fab 2-125 did not bind to YvcC E504Q while
analytical SEC (data not shown) and any experiments with this antibody were stopped.

Specificity of antibody 2-4 binding for the extracellular loops of YvcC E504Q
Fixation of spheroplasts and fluorescence microscopy was performed in collaboration
with the laboratory of Prof. Dr. Wolf Hardt (Institute of Microbiology, ETH Zurich)
The specificity of mAB 2-4 was monitored using fluorescence microscopy and E.coli
spheroplasts. mAB 2-4 was used as primary antibody against YvcC E504Q and
fluorescence of a secondary anti-mouse FITC-labeled antibody was detected with or
without permeabilization of the membrane with Triton X-100.

Figure 4.16: Targeting of mAB 2-4 in spheroplasts expressing YvcC E504Q | Fluoerscence microscopy
with mAb 2-4 as primary antibody and a secondary fluorescence labeled anti-mouse antibody. Targeting
of mAB 2-4 did not change (A and B) when spheroplasts expressing YvcC E504Q were treated with Triton
X-100 (C and D). Image by courtesy of Prof. Dr. W. Hardt.

Without Triton X-100 a fluorescence signal could be detected at the surface of the
spheroplasts (Fig. 4.16 A and B). This means that the mAB 2-4 bound to the
extracellular loops of YvcC E504Q.
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Given that after permeabilization of the spheroplast membrane with Triton X-100 the
fluorescence signal did not change (Fig. 4.16, C and D), even though antibodies could
have entered the spheroplasts.
If mAb 2-4 would have bound to the intracellular parts of YvcC E504Q one would have
expected a fluorescence signal only after permeabilization of the spheroplast
membrane with Triton X-100, because the antibodies could have entered the cell and
bound the intracellular epitope.
This finding showed that generation of an antibody against the extracellular loops of
YvcC was successful and antibody 2-4 was subcloned and used for initial crystallization
trials.

Subcloning of AB2-4 and isotyping
It is possible that after fusion more than one hybridoma survives and proliferates in
the same well. These hybridomas would then produce more than one monoclonal
antibody. Therefore hybridoma cell line 2-4 was subcloned in order to isolate a cell line
emerging from a single hybridoma and thus producing a monoclonal antibody. Roughly
380 subclones were tested with ELISA and Western blotting. 17 clones were ELISA
positive and Western blot negative. Eight clones with the strongest signal in ELISA
were chosen for determination of the expression rate. The expression rate varied
between 4µg/l culture to 32mg/l culture and the subclone with the highest expression
rate was picked for expression. This antibody was classified as an IgG 2a antibody with
a kappa light chain (Roche applied sciences, IsoStrip kit). Interestingly eight subclones
showed a positive signal in ELISA and a positive signal in Western blotting, implying
they bind unfolded YvcC. This shows that the first hybridoma cell line indeed produced
polyclonal antibodies and subcloning was necessary to obtain a monoclonal antibody
binding native, properly folded YvcC.
Overall screening for monoclonal antibodies using standard immunization and
hybridoma protocols has proven to be the method of choice to obtain high affinity
binders of native YvcC E504Q. Screening synthetic libraries of binding proteins like scFV
and DARPINS may have advantages over screening for mAb, like the required facilities
for mice, the charges for external companies or ethical concerns. But in the end the
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variability of mAb and the selection by the immune system of a mouse is what is
important and this is where synthetic libraries fall behind up to now.

75

References
1.

Ostermeier, C. and H. Michel, Crystallization of membrane proteins. Curr Opin
Struct Biol, 1997. 7(5): p. 697-701.

2.

Dawson, R.J. and K.P. Locher, Structure of a bacterial multidrug ABC
transporter. Nature, 2006. 443(7108): p. 180-5.

3.

Garavito, R.M. and S. Ferguson-Miller, Detergents as tools in membrane
biochemistry. J Biol Chem, 2001. 276(35): p. 32403-6.

4.

Kohl, A., et al., Designed to be stable: crystal structure of a consensus ankyrin
repeat protein. Proc Natl Acad Sci U S A, 2003. 100(4): p. 1700-5.

5.

Binz, H.K., et al., Designing repeat proteins: well-expressed, soluble and stable
proteins from combinatorial libraries of consensus ankyrin repeat proteins. J
Mol Biol, 2003. 332(2): p. 489-503.

6.

Sennhauser, G., et al., Drug export pathway of multidrug exporter AcrB
revealed by DARPin inhibitors. PLoS Biol, 2007. 5(1): p. e7.

7.

Amstutz, P., et al., Rapid selection of specific MAP kinase-binders from
designed ankyrin repeat protein libraries. Protein Eng Des Sel, 2006. 19(5): p.
219-29.

8.

Binz, H.K., et al., High-affinity binders selected from designed ankyrin repeat
protein libraries. Nat Biotechnol, 2004. 22(5): p. 575-82.

9.

Amstutz, P., et al., Intracellular kinase inhibitors selected from combinatorial
libraries of designed ankyrin repeat proteins. J Biol Chem, 2005. 280(26): p.
24715-22.

10.

Bandeiras, T.M., et al., Structure of wild-type Plk-1 kinase domain in complex
with a selective DARPin. Acta Crystallogr D Biol Crystallogr, 2008. 64(Pt 4): p.
339-53.

11.

Sennhauser, G. and M.G. Grutter, Chaperone-assisted crystallography with
DARPins. Structure, 2008. 16(10): p. 1443-53.

12.

Hunte, C. and H. Michel, Crystallisation of membrane proteins mediated by
antibody fragments. Curr Opin Struct Biol, 2002. 12(4): p. 503-8.

13.

Dutzler, R., E.B. Campbell, and R. MacKinnon, Gating the selectivity filter in ClC
chloride channels. Science, 2003. 300(5616): p. 108-12.

14.

Kleymann, G., et al., Engineered Fv fragments as a tool for the one-step
purification of integral multisubunit membrane protein complexes.
Biotechnology (N Y), 1995. 13(2): p. 155-60.

15.

Viti, F., et al., Design and use of phage display libraries for the selection of
antibodies and enzymes. Methods Enzymol, 2000. 326: p. 480-505.
76

16.

Uysal, S., et al., Crystal structure of full-length KcsA in its closed conformation.
Proc Natl Acad Sci U S A, 2009. 106(16): p. 6644-9.

17.

Fang, Y., et al., Structure of a prokaryotic virtual proton pump at 3.2 A
resolution. Nature, 2009.

18.

Inaba, K., et al., Dynamic nature of disulphide bond formation catalysts
revealed by crystal structures of DsbB. EMBO J, 2009. 28(6): p. 779-91.

19.

Shaffer, P.L., et al., Structure and Mechanism of a Na+ Independent Amino Acid
Transporter. Science, 2009.

20.

Zhou, Y., et al., Chemistry of ion coordination and hydration revealed by a K+
channel-Fab complex at 2.0 A resolution. Nature, 2001. 414(6859): p. 43-8.

21.

Tsukazaki, T., et al., Conformational transition of Sec machinery inferred from
bacterial SecYE structures. Nature, 2008. 455(7215): p. 988-91.

22.

Iwata, S., et al., Structure at 2.8 A resolution of cytochrome c oxidase from
Paracoccus denitrificans. Nature, 1995. 376(6542): p. 660-9.

23.

Ostermeier, C., et al., Structure at 2.7 A resolution of the Paracoccus
denitrificans two-subunit cytochrome c oxidase complexed with an antibody FV
fragment. Proc Natl Acad Sci U S A, 1997. 94(20): p. 10547-53.

24.

Zahnd, C., P. Amstutz, and A. Pluckthun, Ribosome display: selecting and
evolving proteins in vitro that specifically bind to a target. Nat Methods, 2007.
4(3): p. 269-79.

25.

Payne, J.W., Polymerization of proteins with glutaraldehyde. Soluble molecularweight markers. Biochem J, 1973. 135(4): p. 867-73.

26.

Witholt, B., et al., An efficient and reproducible procedure for the formation of
spheroplasts from variously grown Escherichia coli. Anal Biochem, 1976. 74(1):
p. 160-70.

77

Chapter V:
Co-crystallization of YvcC E504Q with a conformational
antibody Fab fragment

Abstract
This chapter describes the use of a monoclonal antibody raised against the
extracellular loops of native YvcC E504Q for co-crystallization. The use of this antibody
was necessary since apo YvcC E504Q failed to yield crystals. The method works to
enlarge the hydrophilic surface of the target membrane protein and consequently
allow for better crystal contacts. This chapter details the extensive crystallization
screening of the YvcC E504Q – Fab 2-4 – complex and includes an analysis of the
pitfalls of this technique in terms of difficulty obtaining co-crystals.

Introduction
The substrate translocation mechanism of ABC exporters is yet to be fully understood.
High resolution structures provide important information about the different states
involved – like nucleotide-bound, nucleotide-free, or drug-bound. Visualizing these
physiologically relevant conformations at high resolution will greatly aid in
understanding the underlying mechanisms of the substrate transport cycle.
To obtain a high resolution structure one has to overcome certain problems
characteristic of membrane proteins, which include low expression yields, difficulty in
extraction out of the membrane and the stability and activity in a detergent solubilized
state. Furthermore using a membrane protein in a detergent solubilized state for
crystallization can cause further complications since crystal contacts are made by the
hydrophilic surface of the protein. The detergent micelle covering the hydrophobic
parts of the solubilized membrane protein can hence have a big influence on
successful crystallization of the target protein.
We attempted to obtain the high resolution structure of Bacillus subtilis YvcC E504Q
[1-3] in a presumed outward-facing conformation but surely nucleotide-free state to
support the model system of S. aureus Sav1866 [4, 5] an ABC exporter whose structure
was determined in the outward facing conformation also. Since YvcC E504Q could not
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be crystallized alone probably due a limited hydrophilic surface available for crystal
contacts, we complexed the transporter with monoclonal antibody Fab fragments.
After extensive screening for crystallization conditions, initial hits were further
optimized using standard crystallographic methods. Diffraction data were collected at
the Swiss Light Source (SLS) and the results used as guideline for further optimization.
As standard biochemical methods as well as an analysis of initial unit cell parameters
alone were insufficient to confirm whether the crystals were truly of the transporterFab complex, our main focus was to obtain derivatized crystals for phasing purposes
either through heavy atom soaking or selenomethionine incorporation.

Experimental procedures
Cloning and recombinant expression of B.subtilis YvcC E504Q
B.subtilis YvcC was over-expressed as described in the previous chapter. Small changes
were made to the protocol used for over-expression. The amount of aggregated YvcC
could be reduced by inducing with 0.2mM IPTG at an OD600nm of 8 and expression for
60min. Additionally YvcC was over-expressed in a 30l fermenter (Techfors S, Infors).

Recombinant expression of selenomethionine – labeled B.subtilis YvcC E504Q
Selenomethionine-labeled B.subtilis YvcC E504Q was produced in 5l shaking flasks
using E. coli BL21-codon plus (DE3)-RIPL or BL21 Gold strains. Colonies of a freshly
transformed LB

glucose AMP

plate were picked and used for inoculation of 50ml TB

medium supplemented with 1%(w/v) glucose. At on OD600nm of 1, 100ml pre-warmed
M9 medium supplemented with 1 % glucose and 0.5 mg/l vitamin B12 hydrochloride
were inoculated with 1ml and grown at 37°C to an OD600nm of 0.5. 4ml of this
preculture were then used to inoculate 2l of pre-warmed M9 medium supplemented
with 1 % glucose and 0.5 mg/l vitamin B12 hydrochloride (8-12 flasks). Cells were
grown at 37°C and 95 rpm and at an OD600nm of 0.8 a solution of L-isoleucine, L-leucine,
L-lysine, L-phenylalanine, L-threonine, L-valine at final concentrations of 200 mg/l and
selenomethionine at a final concentration of 100 mg/l was added. After growth for
30min induction of YvcC E504Q was induced with 0.2mM IPTG and cells were
harvested after 60min and stored at -80°C.
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Purification of YvcC E504Q
YvcC E504Q was purified at 20°C. For purification of YvcC E504Q whole cells were
resuspended in resuspension buffer (ratio 1.5:9 (w/v), 100mM potassium phosphate
pH 8.0 (473.5ml 0.2M K2HPO4 (34.84 g K2HPO4/l) and 26.5ml of 0.2M KH2PO4 (27.2 g
K2HPO4/l) in 1l), 200mM NaCl, 15% (w/v) glycerol, 20mM Imidazole/HCl pH 8.0 and 1%
DDM), homogenized and sonicated for 3 minutes. After 60min of solubilization at
room-temperature solubilized cells were spun down at 39400g for 40min at 4°C. The
resulting supernatant was loaded onto an equilibrated (100mM potassium phosphate
pH 8.0 (473.5ml 0.2M K2HPO4 (34.84 g K2HPO4/l) and 26.5ml of 0.2M KH2PO4 (27.2 g
K2HPO4/l) in 1l), 200mM NaCl, 15% glycerol, 0.1% C12E8, 20mM Imidazole/HCl pH 8.0)
5ml Ni-NTA superflow (Qiagen) XK26 (GE Lifescience) column. Impurities were
removed by washing the column with the same buffer containing 60mM Imidazole/HCl
pH 8.0. Bound YvcC E504Q was eluted by washing the column with 200mM
Imidazole/HCl pH 8.0 and was then desalted with a Hiprep 26/10 desalting column into
a buffer containing 10mM Tris/HCl pH 8.2, 200mM NaCl, 0.5mM EDTA/NaOH pH 8.0
and 0.01% (w/v) DDM.

Proteolytic digest of antibody 2-4
Antibody fragments were obtained by proteolytic digest of purified antibodies with the
cysteine protease papain. For this digest antibody 2-4 was desalted into a buffer
suitable for papain digest (10mM EDTA, 10mM L-cysteine, 10mM -mercapto-ehanol
in PBS/HCl pH 7.0). Desalted antibody 2-4 was mixed with papain in a mass ratio of
50:1 and was incubated for 12h at 30°C. Proteolytic digest was stopped with 20mM
Iodoacetamide.

Separation of antibody fragments after proteolytic digest
After proteolytic digest of the antibody 2-4, the resulting fragments were separated
using anion exchange chromatography at 20°C. For this purpose the digested antibody
was desalted into 10mM HEPES/NaOH pH 7.5, 30mM NaCl using a 5ml HiTrap desalting
column and loaded onto an equilibrated 1ml HiTrap Q FF anion exchange column. The
flow through while loading the column and washing with the 10mM HEPES/NaOH pH
7.5, 80mM NaCl contained the Fab and was collected. Bound Fc was eluted using
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10mM HEPES/NaOH pH 7.5 and 1 M NaCl. Collected Fab were desalted into 10mM
Tris/HCl pH 8.2 and 200mM NaCl using a 5ml HiTrap desalting column.

Co-purification of YvcC E504Q and Fab using nickel affinity chromatography
For co-purification of YvcC E504Q with Fab 2-4 using nickel affinity chromatography
YvcC E504Q was purified as described. Antibody 2-4 was digested with papain and then
desalted into the same buffer used for YvcC E504Q. Digested and desalted antibody
was mixed with desalted YvcC E504Q and 1mM MgCl2 and 0.5mM nucleotide was
added. After 1h incubation at 20°C the mixed desalts were loaded onto a second nickel
affinity chromatography column (Ni-NTA superflow resin, Qiagen; XK26 column, GE
Lifescience). The Column was equilibrated with 10mM Tris/HCl pH 8.2, 200mM NaCl,
0.01% (w/v) DDM and 5mM β-mercaptoethanol. Fc, impurities and excess Fab were
removed by washing the column with the same buffer. Bound YvcC E504Q – Fab2-4 –
complex was eluted buffer used for equilibrating and washing containing 200mM
Imidazole/HCl pH 8.0. The complex was then concentrated using an Amicon Ultra-15
filter with a 100kDa cut off (Millipore).

Co-purification of YvcC E504Q and Fab using preparative SEC
For co-purification of YvcC E504Q with Fab 2-4 using preparative size exclusion
chromatography YvcC E504Q was purified as described. After proteolytic digest
antibody fragments were separated with anion exchange chromatography as
described. Desalted YvcC E504Q was mixed with a molar excess of Fab and 1mM
MgCl2 and 0.5mM AMP-PCP were added. The concentration of YvcC E504Q was
determined using a calculated absorption (A280nm) of 0.602 for 1mg/ml [6] and the
concentration of Fab was determined using a Bradford protein assay (BioRad).
After 15min incubation the YvcC E540Q – Fab – complex was concentrated to 1.5 to 2
ml using an Amicon Ultra-15 filter with a 100kDa cut off (Millipore). 500µl aliquots of
the concentrated complex were then loaded on a Superdex 200 10/300 GL column (GE
Lifescience), equilibrated with 10mM Tris/HCl pH 8.2, 200mM NaCl, 0.5mM
EDTA/NaOH pH 8.0 and 0.01% (w/v) DDM. The peaks containing the YvcC E504Q – Fab
–complex were collected, pooled and concentrated again (Amicon Ultra-15, 100 kDa,
Millipore).
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Co-crystallization of YvcC E504Q and Fab 2-4
All crystallizations trials were done by vapor diffusion in sitting drops at 20°C unless
stated differently. For initial crystallization trials YvcC E504Q and Fab 2-4 were copurified using IMAC and initial crystallization trials were performed with the NCCR
crystallization facility. For the initial screening in the NCCR crystallization facility the
MacKinnon screens for membrane proteins, the Sigma-Fluka basic kit for membrane
proteins and a low ionic kit for proteins and the Molecular Dimensions Ltd. MemStart
and MemSys screen were used. YvcC E504Q was concentrated and a molar excess (1.5
fold) of papain digested AB 2-4 (supplemented with 0.01% (w/v) DDM) was added
which resulted in a concentration of YvcC E504Q of 6mg/ml. Initial crystals were
obtained in various conditions containing 30% PEG400, MgCl2, NaCl and a pH of 4.6 to
9.5. The crystals obtained from these screens were reproduced and it was tried to
improve crystal growth especially in the 3rd dimension (Table 5.1) since all initial
crystals were thin and long plates. For all further crystallization setups YvcC E504Q was
used at a final concentration of 4-6mg/ml (i.e. after addition of Fab 2-4) in the
crystallization setups.
Table 5.1: Conditions used for optimization of YvcC E504Q - Fab 2-4 – co-crystals
puffer

salt

temperature

Na citrate pH 5.5,
MES/NaOH pH 6.5,
HEPES/NaOH pH 7.5,
Tris/HCl pH 8.0, 8.2, 8.5

100mM MgCl2, 100mM
NaCl, KCl, LiCl, Naacetate, Ammonium
acetate, Na-citrate, Liacetate, K-Na-tartrate

10°C, 18°C, 20°C, 22°C,
shift 20°C to 18°C after
12h

additives

protein concentration

PEG

TEG, MPD, sucrose,
glycerol

6.5mg/ml, 7.5mg/ml,
8.5mg/ml, 10mg/ml,
11mg/ml (refers to
concentration of YvcC
E504Q)

PEG 200, PEG 300, PEG
400, PEG 550 MME,
PEG 600

In addition different drop ratios and sizes were screened and the different YvcC E504Q
to Fab ratios. In addition to these initial and basic home screens the effect of D2O
instead of H2O in the reservoir solution on crystal growth was tested, as well as the
presence of lipids (E.coli extract polar : phosphatidylcholine in a ratio of 3 :1, Avanti
Polar lipids Inc.). Since all crystallization screens were performed with DDM (n-dodecyl82

β-D-maltopyranoside, Anatrace) also different additive detergents were tested (Table
5.2) in the reservoir solution. These additive detergents should change the detergent
micelle and hence have an effect on crystal growth.

Table 5.2: Additive detergents
detergent:

concentration:

OG*

0.6 % (w/v)

C9-glucoside

0.6 % (w/v)

C9-maltoside

0.9 % (w/v)

DM

0.3 % (w/v)

C11-maltoside

0.2 % (w/v)

C10-sucrose

0.3 % (w/v)

C12E5

0.1 % (w/v)

C12E7

0.1 % (w/v)

C12E8

0.1 % (w/v)

C8E5

0.75 % (w/v)

C10E5

0.2 % (w/v)

LDAO

0.3 % (w/v)

* final concentration was lower than the CMC

More additives were screened with the Hampton Research additive screen which
includes 96 additives. The 96 additives were screened with three different
concentrations of PEG 400 each (20%, 25% and 30%) and two drop ratios (2+1 and
1+1). These more advanced additive screens were pipette using a mosquito liquid
handler (TTP Labtech Ltd.) and 96 well plates (MRC 2 well crystallization microplate).
Using the mosquito robot allowed efficient and fast screening of thousands of
conditions. Promising conditions found in the additive screens were reproduced and
refined in 96 well plates and then scaled up in 24 well crystallization plates (24 well
Cryschem plate, Hampton Research). Crystallization was also tested by vapor diffusion
in hanging drops (VDX plate, Hampton Research).
For data collection crystals were harvested in a 2.5 fold concentrated solution and for
cryo protection concentration of PEG 400 was increased gently and stepwise up to 45
% (v/v). For heavy atom derivatization crystals were treated with 2’- I –ADP, EMTS,
Ta6Br14, EMP and HgCl2 before cryo-protection with the compounds dissolved in the
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harvest solution. For xenon derivatization, cryo protected crystals were incubated for
10 minutes at 10bar xenon pressure. Crystals were then flash frozen by submerging in
liquid nitrogen and data was collected at the PX beam line of the Swiss Light Source.
Data was recorded using a micro–crystal-diffractometer (MD2 diffractometer) with a
focused spot size of 15µm x 5µm and a mar225 mosaic CCD detector. Given that many
crystals had to be broken of crystal clusters, had visible flaws or were small since they
were grown in microplates, the small focused spot size of the micro-diffractometer
allowed the collection of diffraction data at different positions of these crystals.
Collected data was processed using XDS [7].
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Results and discussion
Purification and initial crystallization of YvcC E504Q and Fab 2-4
Initially YvcC E540Q and Fab 2-4 were co-purified using nickel affinity chromatography.
Fab 2-4 were generated through papain digest of mAb 2-4 (Fig. 5.5). Initial
crystallization conditions were refined to 100mM Tris/HCl pH 8.5, 100mM NaCl,
100mM MgCl2 and 24-28% (v/v) PEG 400 and a 2µl + 1µl drop size (protein to reservoir
solution). Crystal obtained from this condition were clusters of long, but thin plates
(Fig. 5.1) which showed severe anisotropy and diffracted to 3 Å in the two good and to
7 Å into the bad direction (Fig. 5.2, A and B).

Figure 5.1: Initial YvcC E504Q-Fab2-4 co-crystals | Initial YvcC E504Q-Fab2-4 co-crystals grew as clusters
of long, but thin plates
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Figure 5.2: Anisotropic diffraction of initial YvcC E504Q-Fab2-4 co-crystals | Diffraction of initial YvcC
E504Q-Fab2-4 co-crystals showed was severely anisotropic. In the good directions the crystals diffracted
to 3 Å (A) while in the bad direction the crystals diffracted to only 7 Å.
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Since the low diffracting direction seemed to be related to the thinness of the crystals,
it was tried to alter crystallization conditions in a way that thicker crystals would grow.
Initial in-house screening did not improve crystal growth. Also compounds like TEG,
MPD and sucrose, which are known for slowing down growth and hence can promote
a growth in all three directions, did not show any effect on the crystals. Another
method to influence crystal growth is the use of D2O instead of H2O. D2O influences
the solubility of proteins in solution probably by differences in the dielectric constant
at low ionic strength or by differences between the H or D bounds at high ionic
strength which has an effect on the hydration of the protein and salt molecules [8].
Several crystals grown in D2O showed an increased thickness (Fig. 5.3, A and B),
diffracted to 3 Å in the two good and to 3.8 Å in the bad direction (Fig. 5.4, A and B)
and collected data sets could be processed to space group P2 or C2. These thick
crystals also exhibited lower mosaicity then crystals grown in H2O. With this finding it
seemed to be necessary to screen for crystallization conditions that further increase
crystal thickness.

Figure 5.3: YvcC E504Q-Fab2-4 grown in H2O or D2O | A) Crystals grown in H2O B) Crystals grown in D2O,
crystals grown in D2O are thicker than the ones grown in H2O
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Figure 5.4: YvcC E504Q-Fab2-4 grown in D2O | A) Crystals grown in H2O B) Crystals grown in D2O,
crystals grown in D2O are thicker than the ones grown in H2O C) Anisotropic diffraction patterns
collected from crystals grown in D2O. Compared to crystals grown in H2O (Fig.5.1) diffraction of these
crystals is less anisotropic. They diffracted to 3 Å in the good and to 3.8 - 4 Å in the bad direction.
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Also the purification protocol had to be changed since it was not clear if the ratio of
YvcC E504Q and Fab 2-4 would stay the same after the nickel affinity chromatography
judging from SDS-PAGE (data not shown), it was decided to purify YvcC E504Q and Fab
2-4 separately. For this purpose Fab were separated by anion exchange
chromatography from Fc (Fig. 5.5), concentrated and mixed in a molar ratio of two Fab
fragments to one dimer of YvcC E504Q.

Figure 5.5: 12.5% SDS-PAGE of papain cleaved mAb 2-4 | Left: mAb 2-4 cut with different mass ratios of
papain for 12h at 37°C. Lane 1) papain : mAb 2-4 = 1 : 25, 2) 1 : 50, 3) 1 : 100, 4) 1 : 200, 5) uncut mAb 24. Right: mAb 2-4 was cleaved with papain. Fab 2-4 and Fc were separated using anion exchange
chromatography. Lane M) molecular weight marker, 1) flow through collected while loading, 2) ) flow
through collected while washing with 50mM HEPES/NaOH pH 7.5, 3) empty lane, 4) elution with 100mM
NaCl, 5) elution with 150mM NaCl, 6) elution with 200mM NaCl, 7) elution with 250mM NaCl, 8) elution
with 300mM NaCl, 9) elution with 350mM NaCl. Fab 2-4 do not bind to the anion exchange
chromatography column (lane 1 and 2: flow through collected while loading and washing, arrow) while
Fc binds to the column and can be eluted with higher concentrations of NaCl (lane 6, arrow)

The unit cell dimensions of the initial crystals (space group C2 or P2 and a=99.5
b=179.7 c=181.4) and crystals grown in D20 were large enough to contain a transporter
and one or two Fab molecules with a calculated solvent content of 55% [9]. However it
was important to control if the crystals contained both proteins. Especially since
molecular replacement could not find YvcC E504Q or Fab 2-4 in the crystals, Analysis of
washed crystals using SDS-PAGE and silver staining (BioRad Silver Stain Plus kit)
revealed that both proteins made up the crystals (Fig. 5.6). However there seemed to
be less YvcC E504W than Fab 2-4.
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Figure 5.6: SDS-PAGE
PAGE of YvcC E504Q-Fab
E504Q
2-4 crystals | Crystals were washed in harvest solution to
remove any protein solution and used for SDS-PAGE
SDS
and silver staining. M) molecular
ecular weight marker.
Lane 3) washed crystals. The amount of YvcC E504Q (upper arrow) seemed to be to low compared to
Fab 2-4
4 (lower arrow). Lane 4) YvcC E504Q

A possible explanation for this fact could have been that not all protein entered the
separation
n gel (Fig 5.6, lane 2 top). The triple band of YvcC E504Q which also seemed
to be run a little bit lower than the band of freshly purified and desalted YvcC E504Q
(Fig 5.6, lane 4) could also be observed when the content of a well – taken from a
crystallization plate – was analyzed by SDS-PAGE.
SDS

B

A

Figure 5.7: Fab2-4
4 crystals and diffraction pattern | a) Fab 2-4
4 crystals b) Diffraction pattern of Fab 2-4
2
crystals
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Since analysis of the crystals was not very conclusive, diffraction data and crystal shape
was compared to that of Fab 2-4 crystals (Fig. 5.7). Fab 2-4 crystals were smaller and
did not grow as clusters of thin plates (Fig. 5.7, a) and the diffraction patterns of Fab 24 crystals suggested a small unit cell (Fig. 5.7, b) in contrast to the co-crystals (Fig. 5.2
and 5.4).

Figure 5.8: Comparison of crystallization setups with or without YvcC E504Q | A) crystallization setup
without YvcC E504Q. No crystal growth could be observed B) crystallization setup with YvcC E504Q. Each
of the four wells contains crystals. Crystallization conditions are the same as for A.
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Also no crystal growth was observed in crystallization setups with Fab 2-4 alone (Fig.
5.8, A) while in the same conditions with YvcC E504Q crystal growth could be observed
(Fig. 5.8, B).

Additive detergents
Detergents have been proven to be an additive for protein crystallization that can
improve the quality of crystals [10-12]. Adding a secondary detergent to the
crystallization reservoir alters the detergent micelle of the membrane protein and can
thus have an influence on crystal growth. 12 different detergents were tested as
additives in the reservoir solution and were used in a concentration resulting in a
concentration above the CMC when used in a 2 : 1 drop ratio (except for OG). Some of
the detergents resulted in precipitation of the proteins (LDAO, C8E5) or inhibited crystal
growth (C9-maltoside). Other additive detergents did not change crystal growth (DM,
C11 - maltoside and C10 – sucrose) or promoted crystal growth in only one direction,
resulting in even longer plates (C10E5, C12E7 and C12E8). Two detergents seemed to
promote crystal growth in the third dimension: N-octyl-β-D-glucoside (OG; Fig 5.9, A
and B) and NG N-nonyl-β-D-glucoside (NG; Fig 5.9, C).

Figure 5.9: Effect of additive detergents on crystal growth | A) an B) Crystals grown with OG as additive
C) Crystals grown with NG as additive. Crystals grown with either OG or NG as additive grew thicker in
many cases as single crystals

Despite the fact that the crystals obtained from screens with additive OG or NG indeed
were thicker than crystal from the standard conditions the diffraction did not improve
with additive. Crystals grown in OG showed high mosaicity and/or anisotropy (Fig. 5.10
row A and B).
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Figure 5.10: Effect of OG on diffraction | a) diffraction pattern with high degree of mosaicity b)
diffraction pattern with high degree of anisotropy

93

Figure 5.11: Effect of NG on crystal growth | a) and b) diffraction pattern of crystals grown in NG. NG as
additive detergent did not improve diffraction of crystals
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Data sets collected from crystals grown in OG (Fig 5.10) could not be processed likely
due to imperfections of the crystals. Data sets collected from crystals grown in NG
which showed diffraction similar to crystals obtained from conditions without NG and
could also be processed to space group P2 (Fig. 5.11, A). Molecular replacement with
the structure of Sav1866 [4] or with known structures of Fab [13] did not find a Fab or
a transporter in the collected data set. Molecular replacement was done using the
Phenix software suite [14]. This finding showed the importance of proving that the
crystals were in fact co-crystals of YvcC E504Q and Fab 2-4.

Initial heavy atom derivatization and selenomethionine-labeled Yvcc E504Q
After this finding it was tried to get insight into a possible YvcC E504Q – Fab – structure
by obtaining initial phases. For determination of phases by isomorphos replacement
[15] it was necessary that heavy atom ions or compounds bind tightly to one or few
sites of the protein. For initial soaking experiments EMTS, a mercury compound [16],
was chosen. ETMTS binds free sulfhydryl groups of cysteine residues. Different crystals
were soaked before cryo-protection with EMTS for up to 9 hours, but no signal for
bound mercury could be observed. A reason for this could be that the sulfhydryl
groups of the two cysteine residues of YvcC E504Q were not accessible or it was a
crystal without YvcC E504Q.
For obtaining phases by multiple wavelength anomalous dispersion [17, 18]
selenomethionine labeled YvcC E504Q was used for crystallization. Compared to native
protein the selenomethionine labeled protein was less stable and higher amounts of
aggregated protein could be observed by SEC. Crystallization trials with the labeled
protein showed a huge amount of precipitation in standard conditions and in
conditions with additive NG. Crystals grown in these trials were small clusters of very
thin and numerous needles (Fig. 5.12).
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Figure 5.12: Selenomethionine labeled YvcC E504Q-Fab 2-4 crystals | Crystals grown with
selenomethionine-labeled YvcC E504Q grew as clusters of very thin and tiny needles.

Because of this and a very sturdy skin covering the whole well it was not possible to
harvest single needles. Instead it was only possible to harvest parts of a cluster
covered with precipitation and the focused spot of the microdiffractometer was to big
to shoot areas of crystals without precipitation. With this experiment it was not
possible to determine whether selenomethionine labeled YvcC E504Q was in the
crystal or not. Obviously it was necessary to screen for crystallization conditions that
would give better crystals when using selenomethionine labeled YvcC E504Q.

Screening for new additives
Because of the low quality of initial crystals obtained from screens with
selenomethionine labeled YvcC E504Q a new screen for additives was started with the
aim to find crystallization conditions that would give rise to crystals good enough for
data collection at the SLS. This screening was performed using a commercially available
additive screen (Additive screen, Hampton Research). Three out of 96 different had a
positive effect on crystal growth. Crystals obtained from conditions with NiCl2, MnCl2
and sarcosine were reproduced and it was shown that most crystals grown in
conditions with NiCl2 and MnCl2 were indeed thicker and did not grow as clusters.
Sarcosine (n-methyl-glycine) promoted growth of single crystals but did not increase
thickness of the crystals and hence was not used for rescreening but as an additive for
NiCl2 and MnCl2 conditions.
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Figure 5.13: Diffraction patterns of crystals grown in MnCl2 | Crystals grown in MnCl2 diffracted up to
2.8 Å in the good directions (A) and 3.2 Å in the bad direction (B).
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Crystallization conditions for NiCl2 and MnCl2 were rescreened and special emphasis
was put on the used PEG. Different concentrations of NiCl2 or MnCl2 were screened
with varied concentrations of NaCl and MgCl2 in PEG 200, PEG 300, PEG 400, PEG 550
MME and PEG 600. Many single and cuboid – shaped crystals were obtained from
conditions with 100mM Tris/HCl pH 8.5, 100mM NaCl, P300 and 20mM NiCl2 and
single biface-shaped crystals were obtained from conditions with 10-50mM MnCl2, 1050mM MgCl2, 100mM NaCl and P400.
Crystals grown in NiCl2 or MgCl2 belonged to space group I 2 2 2 with the unit cell
parameters a=93.7Å, b=171.2 Å, c = 174.4 Å and α=β=γ= 90°. This space group and a
calculated solvent content [9] of 55% would be consistent with one half transporter
and one Fab per asymmetric unit. Molecular replacement [14] found one Fab in the
asymmetric unit. This ratio of one Fab per half transporter was also supported by
densitometric analysis of SDS-PAGE of YvcC E504Q –Fab 2-4 – complexes.
The Crystals grown in MnCl2 showed remarkably low anisotropy and diffracted up to
2.8 Å (Fig. 5.13) while crystals grown in NiCl2 showed higher anisotropy and diffracted
to 3 Å in the best direction (data not shown). For this reason it was decided to
continue screening in MnCl2 conditions and try to obtain phases from crystals grown in
these conditions.
When these crystals were analyzed by SDS-PAGE and silver staining only a blurred
band of YvcC E504Q was observed (Fig. 5.14, left gel between 66 kDa and 45 kDa
marker). Certainly this was very concerning even though not all protein entered the
separation gel (Fig. 5.14, Left gel, upper arrow, border stacking and separation gel and
pocket), but then it could be demonstrated that the conditions used for crystallization
influence the characteristics of YvcC E504Q in SDS-PAGE. The phenomenon could be
reproduced by incubating desalted YvcC E504Q with desalted Fab 2-4 and adding
corresponding concentrations of MnCl2 and PEG 400 (Fig. 5.14, right gel, Coomassie
staining, lane 1-3). This resulted in YvcC E504Q not being visible in SDS-PAGE. When
this experiment was repeated without Fab 2-4 only smeary bands for YvcC E504Q
could be observed (Fig. 5.14, right SDS-PAGE, lane 4-6, arrow). This made the fact that
YvcC E504Q was almost not visible on SDS-PAGE when presumably co-crystals were
loaded, but again (Fig. 5.6) it was not possible using SDS-PAGE to determine whether
the crystals were YvcC E504 – Fab2-4 co-crystals or not.
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Figure 5.14: SDS-PAGE
PAGE of crystals grown in MnCl2 | Left SDS-PAGE:
PAGE: Crystals grown in MnCl2 and
analyzed by SDS-PAGE
PAGE and silver staining. Only a blurry band could be observed for YvcC E504Q (lower
arrow). A high degree of protein did not enter the separation gel (upper arrow). Right SDS-PAGE:
SDS
Effect
of MnCl2 and PEG400 on samples in SDS-PAGE.
SDS
Lane 1-3)
3) All three lanes contain desalted YvcC E504Q
which was incubated with Fab 2-4.
2 4. After this incubation the sample was incubated with MnCl2 and
PEG400, lane 4-6)
6) All three lanes contain desalted YvcC E504Q which was incubated with MnCl2 and
PEG400, lanes 7-9) Fab2-4. Adding MnCl2 and PEG400 changed behavior of YvcC E504Q in SDS-PAGE.
SDS
Without Fab 2-4
4 smeary bands of YvcC E504Q were observed (lane 4, arrow) with Fab 2-4
2 no YvcC
E504Q could be observed (lane 2 arrow).

At this point it was mandatory to try
try to obtain phase information. For heavy atom
derivatization crystals were derivatized with 2’2’ I –ADP, Ta6Br14, EMP and HgCl2. No
fluorescence signals for mercury could be observed. The Ta6Br14 cluster [19] was hardly
soluble in the used crystallization conditions which made soaking into the crystal
impossible.

Selenomethionine-labeled
labeled Yvcc E504Q
An additional preparative SEC step was added to the purification protocol of YvcC
E504Q and Fab 2-4. This preparative SEC removed excess Fab 2-4
4 and impurities.
Crystallization of selenomethionine labeled YvcC E504Q and Fab 2-4
2 in MnCl2
crystallization conditions resulted in growth of crystals comparable to crystals obtained
from native crystallization trials (Fig. 5.15).
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A

B

Figure 5.15: Native and selenomethionine labeled YvcC E504Q-Fab2-4 crystals | a) YvcC E504Q-Fab 2-4
crystals grown with native YvcC E504Q. b) YvcC E504Q-Fab 2-4 crystals grown with selenomethionine
labeled YvcC E504Q. The optimized crystallization conditions with MnCl2 improved growth of
selenomethionine labeled crystals.

It was tried to collect data sets from crystals grown in crystallization setups with
selenomethionine – labeled YvcC E504Q, but the crystals showed no fluorescence
signal of selenium.

Figure 5.16: Schematic presentation of Fab 2-4 covered with precipitated, selenomethionine-labeled
YvcC E504Q| With the Micro focus beam of the of X06SA beamline it was possible to collect data at
different, distinct postions of one crystal. Selenium fluorescence could only be observed when the beam
was focused on parts of the crystal which were covered with precipitation.
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A fluorescence signal could only be observed when the beam was focused on parts of
crystals covered with precipitation (Fig. 5.16). With this outcome it was clear that the
crystals were in fact not YvcC E504Q – Fab 2-4 – complex crystals but only Fab 2-4
crystals.

Fab 2-4 crystals and conclusion
Of course it is really interesting to understand how these Fab 2-4 crystals could be
mistaken for YvcC E504Q–Fab 2-4 co-crystals. There were issues with the analysis of
these crystals by SDS-PAGE (Fig. 5.6, Fig. 5.14) which could be explained by the fact
that parts of the loaded protein did not enter the gels (Fig. 5.6) and especially with the
final conditions used for crystallization (Fig. 5.14). In addition no crystals were
obtained from setups were only concentrated Fab 2-4 was pipetted. Since the crystals
were in fact Fab 2-4 crystals it was a matter of an YvcC E504Q assisted Fab 2-4
crystallization. This explains why Fab 2-4 crystals contained small amounts of YvcC
E504Q (Fig. 5.6). Probably YvcC E504Q was needed only for initial crystal growth and
later growth consisted only of Fab 2-4. This could be explained by different solubilities
of the proteins. It was shown that YvcC E504Q is a very stable protein that stayed in
solution in crystallization setups for a very long time. On the other hand initial
crystallization screening with Fab 2-4 (Crystal screen 1 and 2, Hampton research)
showed that there were many conditions with precipitated protein after one or two
days (data not shown). So it could be that after initial nucleation the complex falls
apart since Fab 2-4 is profoundly supersaturated and started to nucleate quickly and
the final crystal growth is only made up of Fab 2-4.
The idea of co-crystals was also supported by the large unit cell dimension which is
what one would not expect from a small soluble protein like a Fab 2-4. A unit cell with
these dimensions and the calculated space group I 2 2 2 would have enough space for
one half transporter and one Fab and a solvent content of 55 %. Additionally molecular
replacement found one Fab per asymmetric unit but could find a half transporter or
another Fab. Another misleading fact was the overall shape and size of the crystals
(Fig. 5.3 A) when compared to Fab 2-4 (Fig. 5.7) crystals and crystals of this shape and
size have been reported for Fab 2-4 co-crystals [20].
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A further deceptive observation was that the quality of the assumed co-crystals could
be influenced by YvcC E504Q. In initial setup with selenomethionine-labeled YvcC
E504Q which is less stable and is considerably more aggregated than the non-labeled
protein the resulting crystals were either tiny needles or no crystal growth could be
observed (Fig. 5.12).
Summing up it was very hard or impossible to determine if the crystals really contained
an

YvcC

E504Q–Fab

2-4–complex

till

good

crystallization

conditions

for

selenomethionine labeled protein were found. Certainly there is always the risk of Fab
crystals when one tries to co-crystallize a membrane protein with a Fab fragment, nut
in this case it was so hard to identify these Fab crystals, because it was a YvcC E504Q
assisted Fab 2-4 crystallization.
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Chapter VI:
Functional studies of Bacillus subtilis YvcC

Abstract
In ABC transporters ATP binding and hydrolysis is coupled to substrate translocation
across the membrane. ABC exporters are clinically relevant since they are responsible
for multidrug resistance in human cancer cells as well as contributing to drug
resistance in human pathogens. In this chapter the ATPase rate of the bacterial
multidrug exporter YvcC E504Q in detergent solubilized state was measured. Despite
the E504Q mutation in the Walker B motif the transporter showed detectable
hydrolysis of ATP and AMP-PNP, which made these nucleotides unsuitable for
crystallization setups. Reconstituted YvcC showed an ATPase rate of 150nmol/mg
protein/min, which was inhibited by VO4. ATPase rate in proteoliposomes was
decreased to 85nmol/mg protein/min by adding doxorubicin, an anti-cancer drug,
suggesting that doxorubicin is a substrate of YvcC.
The dissociation constant of doxorubicin was determined by fluorescence anisotropy.

Introduction
Eukaryotic ABC exporters play an important role in multidrug export and hence in
cancer therapy [1-4] and antifungal resistance [5-7]. Additionally, ABC exporters are
involved in drug resistance of human pathogens [8, 9] and can in some cases also
substitute for eukaryotic ABC exporter in vivo [10]. Multidrug exporters translocate
various substrates [11] and couple this to binding and hydrolysis of ATP. A major
challenge in the field is to overcome problems associated with ABC exporter mediated
efflux of anti-cancer drugs, which tremendously reduces the efficacy of various
chemotherapeutic cancer treatments. In order to substantiate a possible structure of
YvcC different ATPase assays were carried out. The ATPase rate of YvcC was
determined in liposomes and the effect of doxorubicin, an anthracycline antibiotic and
anti-cancer drug [12], was observed. In addition the ATPase rate of the E504Q mutant
[13] in detergent solubilized state was monitored. Finally the KD of doxorubicin was
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determined using fluorescence anisotropy and KD values of binding YvcC, YvcC E504Q,
Sav1866 and Sav1866 E503Q were compared.

Experimental procedures
Expression and purification
YvcC and YvcC E504Q were expressed and purified as described in Chapter V. For
fluorescence polarization experiments and functional reconstitution into liposomes
YvcC with a C-terminal HIS10-tag was used which is more stable than N-terminally
tagged protein. YvcC was desalted into 25mM HEPES/NaOH pH 7.5, 150mM NaCl,
0.5mM EDTA and 0.01% (w/v) DDM. Sav1866 E503Q was generated using the
QuikChange® II Site-Directed Mutagenesis Kit (Invitrogen). Sav1866 and Sav1866
E503Q were expressed and purified as described previously [8].

Functional reconstitution of YvcC into liposomes
Preparation of liposomes was done as described earlier [14, 15]. Liposomes prepared
of E.coli polar lipid and chicken egg L-α-phosphatidyl-choline in a ration of 3:1 (w/w)
were diluted to 4mg/ml and destabilized with 0.3% (v/v) Triton X-100 and incubated
for 30min at room temperature. YvcC was concentrated to 1mg/ml, supplemented
with 0.3% (v/v) Triton X-100 and 100µl were mixed with 1250µl of destabilized
liposomes to obtain a molar ratio of 1:50 protein to lipids. The mixture was incubated
for 2h at room temperature under gentle agitation. DDM was removed by adding
60mg (wet weight) BioBeads SM2 and gentle agitation for 15min. Four additional
aliquots of Biobeads were used and DDM was removed by incubation at 4°C for 30min,
60min, over night and 1h on the next day [14]. After the final step of incubation
proteoliposomes were pelleted with 184000 x g for 30min, washed with buffer (25mM
HEPES/NaOH pH 7.5, 150mM NaCl, 0.5mM EDTA and 0.01% (w/v) DDM), pelleted
again and were finally resuspended in the same buffer and flash frozen in liquid
nitrogen. Loss of protein was judged by SDS-PAGE and densitometry.
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ATPase activity assays in detergent
Measurement of ATPase activity of detergent-solubilized YvcC E504Q was performed
as described previously [14]. Inorganic phosphate was assayed colorimetrically by a
modified molybdate method [16].The assay was performed at room temperature
(22°C) and the reactions contained desalted 0.1mg/ml protein (10mM Tris/HCl pH 8.2,
200mM NaCl, 0.5mM EDTA/NaOH pH 8.0, 0.01% (w/v) DDM and 5mM β–
mercaptoethanol). Reactions were started by adding 2mM ATP and 10mM MgCl2. At
different time points 50µl of the initial reaction mix were removed and ATP hydrolysis
was stopped by adding 12% (w/v) SDS.

ATPase assays in proteoliposomes
ATPase assays in proteoliposomes were done using an assay which couples
regeneration of hydrolyzed ATP with oxidation of NADH. For regeneration of ADP by
pyruvate kinase one molecule of phosphoenolpyruvate is converted to pyruvate. L –
lactatedehydrogenase converts pyruvate to lactate which results in oxidation of NADH.
Oxidation of NADH results in decrease of the absorbance at 340nm which can be
determined in a microtiter-plate reader. The assay was performed as described earlier
[17]. The assay contained pyruvate kinase and lactate dehydrogenase at a final
concentration of 0.1 mg/ml, phosphoenolpyruvate and NADH at 0.5mM in a buffer
containing 30mM Tris/HCl pH 7.8, 100mM NaCl, 10mM KCl, 2mM MgCl2, 2mM ATP
and 1mM DTT and a total volume of 200µl. The assay was performed at 25°C.

Figure 6.1: Coupled ATPase assay| In the coupled ATPase assay regeneration of ATP is coupled to
oxidation of NADH. Pyruvate kinase converts phosphoenolpyruvate to pyruvate when converting ADP to
+

ATP. Pyruvate is converted to lactate by lactatedehydrogenase resulting in oxidation of NADH to NAD .
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The data was fitted to a four parameter logistic curve using the software SigmaPlot:
 = min +

(

− min)


1 + ( ⁄50)

Where IC50 is the half maximal inhibitory concentration, min the bottom of the curve,
max the top of the curve and Hillslope characterizes the slope of the curve at the
midpoint.

Fluorescence anisotropy
Fluorescence anisotropy is used to measure the rotational diffusion of molecules
through changes of fluorescence polarization. Fluorescence polarization was measured
using a (Quanta Master, PTI) at 25°C at an emission wavelength of 585nm (excitation
470nm) and 4nm slits. For measurement desalt buffer was supplemented with 5µM
doxorubicin and increasing amounts of YvcC, YvcC E504Q, Sav1866 or Sav1866 E503Q,
supplemented with 5µM doxorubicin and concentrated to 5mg/ml, were added. Upon
binding of doxorubicin tumbling of the molecules slows down and changes in
fluorescence were measured at 25°C (Fig. 6.2).

Figure 6.2: Monitoring substrate binding fluorescence polarization. | Excitation of a fluorophore

(red) by linear polarized light. The fluorophore tumbles while being in the excited state, which
results in a shift of the emitted polarized light. Upon binding of the fluorophore to a protein
(green) tumbling is slowed down which can be detected by an increase of fluorescence
polarization
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The Data was fitted to an exponential raise to a maximum using the software
Kaleidograph and a model of one substrate molecule binding YvcC:
 =  − ( −  )

(

!

+ " + # ) − $(

+ " + # )& – 4 ∙ # ∙ "
2 ∙ #
%

Where S0 is the spectroscopic signal in the absence of ligand and S is the signal when
the protein is fully saturated with the ligand. L0 and P0 are the concentration of ligand
and protein and fitting the data will determine the KD of the binding reaction.
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Results and discussion
ATPase activity of B.subtilis YvcC E504Q in detergent
Nearly all ABC transporters show a strong basal ATPase activity and it was reported
previously that the E to Q mutation in the Walker B motif of YvcC would stop ATP
hydrolysis [13]. Since YvcC E504Q was tried to be crystallized in an outward-facing and
nucleotide-bound conformation, lack of ATP hydrolysis was a prerequisite. In the worst
case slow ATP hydrolysis would result in conformational changes and hence in bad or
no crystal growth. To examine if ATP hydrolysis was indeed completely abolished an
inorganic phosphate based ATPase assay was applied [16]. ATPase activity (Table 6.1)
was determined in the presence of 5mM Mg2+ and 2mM ATP and a protein
concentration of 0.745µM. YvcC E504Q hydrolyzed ATP with a rate of 1.6 ± 0.01 nmol
ATP/(mg protein*min). Compared to the ATPase activity of Sav1866 of 341 ± 6nm
ATP/(mg protein*min) in detergent or 63 ± 5 nmol ATP/(mg protein*min)
reconstituted [8, 18], or LmrA [19] with 200 ± 20 nmol ATP/(mg protein*min), or P-gp
[20, 21] with an ATPase activity of 62 ± 9 nmol ATP/(mg protein*min) and 104 ± 37
nmol ATP/(mg protein*min), this seems to be very low. But as stated before even low
ATPase activity could interfere with or abolish crystal growth. Because of this finding
two non-hydrolyzable ATP homologues were tested as well. ATPase activity of YvcC
E504Q in the presence of AMP-PNP was 0.017 ± 0.005 nmol AMP-PNP/(mg
protein*min) and that AMP-PCP was 0.0014 ± 0.00001 nmol AMP-PCP/(mg
protein*min).

Table 6.1: ATPase activity and turnover numbers of YvcC E504Q with different nucleotides
YvcC E504Q + nucleotide

ATPase activity [nmol/mg*min]

Turnover number [molecules
nucleotide / YvcC EQ * s]

ATP

1.6 ± 0.01

2.65 * 10-2

AMP-PNP

0.017 ± 0.005

3.73 * 10-5

AMP-PCP

0.0014 ± 0.00001

3.12 * 10-6

110

Given that the ATPase activity of YvcC E504Q in the presence of AMP-PCP was almost
not detectable, it was decided to perform all crystallization setups with this nucleotide.
This result is contrary to that stated by Orelle and colleagues for YvcC [13] and for
findings in human P-gp [22]. But it is in agreement for the effect of the E to Q mutation
in other ABC transporters like murine P-gp [23-25], LmrA [26] and HlyB [27]. The
reasons for the differences of the ATPase activity of YvcC E504Q could be a minor
contamination with another ATPase in this experiment or general differences in the
experimental setups.

ATPase activity of reconstituted B.subtilis YvcC
For further ATPase assay in the presence of the anti-cancer drug doxorubicin, YvcC was
reconstituted into liposomes. ABC transporters can be reconstituted into liposomes in
two different orientations, right-side-in and inside-out. Assays with the ABC vitamin B12
importer BtuCD from E.coli showed, that 93% of the transporters are oriented insideout, meaning that the TMDs are inserted into the liposomes and the NBDs are
accessible from the outside [14]. Since the overall domain architecture of ABC
importers and exporters is the same it was assumed that B.subtilis YvcC would
integrate with a similar ratio and the right orientation into the liposomes. For
reconstitution lipids and YvcC were incubated with Triton X-100 since it was shown to
increase reconstitution efficiency compared to other detergents [28]. After
reconstitution proteoliposomes were analyzed by SDS-PAGE and densitometry was
used to determine loss of protein. A loss of 27-30% of YvcC was observed (Fig. 6.1). No
loss of lipids was assumed even though Biobeads could have absorbed lipids.
1

2

3

Figure 6.2: SDS-PAGE of reconstituted YvcC wt| lane 1 and 2: reconstituted YvcC wt, lane 3: YvcC wt. To
determine the loss while reconstitution equal amounts of reconstituted and desalted YvcC wt were
loaded. The loss was calculated to be 27-30% by densitometry.

For measurement of ATPase activity a coupled enzymatic system was used with
spectrophotometric detection in 96 well microplates [17]. For initial assays YvcC
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concentrations between 0.011 and 0.11 µM were tested and 0.09 µM were chosen for
all further assays. After gentle but thorough mixing the 96well microplate was
incubated for 20min at 25°C before the reaction was started by adding Mg2+ and ATP
at a final concentration of 1mM. The absorption decrease was measured for 1h at 25°C
and individual time points were taken every minute. After plotting the decrease in
absorption versus time ΔmAU/min was determined from a linear slope (normally 5min
to 60min) and used for calculation of the ATPase activity (Activity(nmol/mg/min) =
Abs(mAU/min) × 0.26 × protein concentration–1). A basal activity of YvcC in liposomes
of 150 nmol / mg protein*min could be observed, which was inhibited by 1mM VO4.
The effect of doxorubicin on the basal ATPase activity of YvcC was determined by
adding different concentrations of doxorubicin (from 0.5µM to 500mM) to the ATPase
assay setups. All measurements were performed as triplicates. Doxorubicin reduced
the basal activity to 60% (Fig 6.2 A). The data was fitted to a four parameter logistic
curve (SigmaPlot).The half maximal inhibitory concentration (IC50) is 16.1 ± 2.3µM (Fig.
6.2 B) and the ATPase rate is reduced to 55 ± 2 %. This result is in contrast to the
doxorubicin induced 1.3 fold stimulation of the ATPase activity of Sav1866 in
liposomes [18]. But this stimulation of the ATPase activity of Sav1866 was only
observed at high concentrations of doxorubicin (200 µM – 1mM doxorubicin) which
indicates a low affinity of Sav1866 for doxorubicin. It was shown previously that YvcC
transports doxorubicin [29]. This means that doxorubicin is a substrate of YvcC that is
translocated but at the same time slows down the ATPase rate. So far neither
substrate binding sites nor the mechanism of substrate translocation are known and
hence the molecular mechanism of stimulation or inhibition is not known either.
Though it was reported that some substrates do not contribute to stimulation of the
ATPase rate [30, 31]. It seems that the observation of stimulation or inhibition of the
ATPase is strongly depended on the concentration of ABC exporter and substrate and
especially on the affinity of the ABC exporter for the substrate.
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Figure 6.2: Inhibition of relative ATPase rate | A) Doxorubicin inhibits ATPase rate of YvcC wt in
liposomes. Error bars indicate triplicate measurements B) Initial data was fitted to a four Parameter
Logistic Curve (SigmaPlot). The relative basal ATPase rate of YvcC wt is reduced to 55 ± 2 % by increasing
concentration of doxorubicin. However it has to be noted that doxorubicin is an actual substrate of YvcC
wt [29] whose active transport slows down the basal ATPase rate. The half maximal inhibitory
concentration (IC50) is 16.1 ± 2.3 µM.
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Determination of the KD for doxorubicin by fluorescence anisotropy
Fluorescence polarization and anisotropy are often used to study protein-ligand
interactions [32-34]. Florescence anisotropy was used to determine the KD of the
fluorescent anti-cancer drug doxorubicin. For this purpose the fluorescence
polarization of doxorubicin was measured and increasing amounts of YvcC were
added. When excited with linear polarized light only the doxorubicin molecules are
excited whose absorption dipole is aligned with direction of the incident light. In a
doxorubicin solution the linear polarized light that is emitted by doxorubicin has a
different direction than that of the incident light because of rotational diffusion of the
molecules. Upon binding of doxorubicin to YvcC the rotational diffusion is reduced
which can be measured as an increase of fluorescence polarization. To compare the
interactions between YvcC and doxorubicin with an ABC exporter with known function,
Sav1866 was used. Polarization measurements were performed with the wild type and
the E to Q mutants of YvcC and Sav1866. Fluorescence polarization of the E to Q
mutants was measured in the presence of AMP-PNP. The non-hydrolyzable ATP
analogue AMP-PNP is thought to ensure an outward–facing conformation of YvcC
E504Q and SavE503Q. Fluorescence polarization of YvcC wt and Sav1866 wt was
measured without nucleotide which results in a nucleotide–free and probably inward–
facing conformation. The inward–facing, nucleotide–free conformation is supposed to
have a high affinity for the substrate, since it is acquired in this conformation. And in
the outward–facing conformation, where the substrate is released, the affinity for the
substrate is supposed to be lower. Given that the E504Q mutant of YvcC still
hydrolyzes ATP slowly, fluorescent polarization was measured in the presence of ATP,
too. Binding and hydrolysis of ATP and the release of ADP and inorganic phosphate are
coupled to the transition of the inward to the outward–facing conformation and
backwards. It is likely that this change in conformation has an effect on the affinity of
YvcC E504Q for doxorubicin.
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A

B

Figure 6.3: Experimental setup for steady state measurement of anisotropy| A) Measurement of
emission ratio Rv, with Rv=GII*III / G ⊥*I ⊥=G*III / G ⊥. The measured intensity ratio differs from the
theoretical ratio by the G factor. The G factor depends on the wavelength and the used width of the
slits. B) The G factor is determined by using horizontally polarized excitation. The emission polarizers are
then both perpendicular to the excitation and should be identical and the differences should reflect the
G factor. RH = GII*I ⊥ /G ⊥*I ⊥ = G.
With the G factor the anisotropy r can be calculated: r=(( III/ I ⊥)-1)/(( III/ I ⊥)+2) =((Rv/G)-1)/( (Rv/G)+2)
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All fluorescence measurements (Fig. 6.3 and Fig 6.4) were done in duplicate or
triplicate. A KD of 9.5 ± 5.9 µM was determined for YvcC wild type (Table 6.2, Fig. 6.3)
which is in the range of the KD determined by Steinfels [29] and colleagues of YvcC in
inside–out – vesicles (22.1 ± 4.5 µM). The KD of YvcC E504Q is 9.1 ± 2.1 µM (Table 6.2,
Fig 6.3). If the outward – facing conformation has a lower affinity for doxorubicin the
KD should be higher, which could not be affirmed. However the KD of YvcC wt has quite
a high error which is due to aggregation of wild type YvcC. The wild type is less stable
than the E504Q mutant (see chapter III) which results in a higher amount of
aggregated

protein.

Since

the

protein

concentration

is

determined

spectrophotometrically the aggregated protein has an effect on the calculated
concentration. This results in the high error of the KD value of YvcC wt (Table 6.2).

Table 6.2: KD values of YvcC or Sav1866 and doxorubicin
Protein and nucleotide

KD [µM]

YvcC wt

9.5 ± 5.9

YvcC E504Q + AMP-PNP

9.1 ± 2.1

YvcC E504Q + ATP

11.5 ± 2.1

Sav1866 wt

(70) *

Sav1866 E503Q + AMP-PNP

(25.6 ± 5)*

* KD values are not significant

The small difference between the KD of outward and inward – facing conformation
could explain the effect of doxorubicin in the ATPase activity assays. Given that
doxorubicin is transported but slows down the ATPase rate of YvcC wt could be due to
a high affinity of the outward – facing conformation for doxorubicin. This would result
in a slow release of doxorubicin. In the time the transporter is stuck in this
conformation ATP cannot be hydrolyzed, resulting in a lower ATPase rate.
The KD of YvcC E504Q in the presence of ATP is higher (11.5 ± 2.1 µM, Table 6.2 Fig.
6.3) than that of YvcC E504Q in the presence of AMP-PNP or of YvcC wt. It is not clear if
that is because of the error of the measurement or because of a change of affinity due
to the change in conformation.
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Figure 6.3: Determination of KD for YvcC wt or EQ and doxorubicin | Fluorescence anisotropy was used
to determine KD of wild type and E to Q mutants of YvcC. a) After measurement of anisotropy a KD of 5.3
µM and 13.6µM was determined for YvcC wt and doxorubicin b) The KD of doxorubicin and YvcC EQ in
the presence of AMP-PNP was 11.4µM, 7.5µM and 8.2µM c) The KD of doxorubicin and YvcC EQ in the
presence of ATP was 10µM and 13µM.

a

b

Figure 6.4: Determination of KD for Sav1866 wt or EQ and doxorubicin | Fluorescence anisotropy was
used to determine KD of wild type and E to Q mutants of Sav1866. a) The KD of doxorubicin and Sav1866
wt was 100µM and 45.6µM b) The KD of doxorubicin and Sav1866 EQ in the presence of AMP-PNP was
22.1µM and 29.1µM.
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However it is necessary to point out that for a significant measurement of the KD
values the concentration of protein should be much higher than the KD so that all
binding sites would be occupied with doxorubicin. This is not possible in this
experimental setup since the YvcC and Sav1866 and even their stabilizing E to Q
mutants start to form aggregates which have a direct influence on the measured
protein concentration and hence influence the significance of the determined KD
values, especially for the KD values of Sav1866 wild type and E503Q.
The KD of Sav1866 E503Q and doxorubicin was determined to be 25.6 ± 5 µM and that
of the wild type and doxorubicin to be approximately 70µM (Fig. 6.4). As stated above
these exact KD values are not significant. However a high KD of the inward – facing
conformation of Sav1866 wild type is in agreement with the high concentration of
doxorubicin needed for stimulation of the ATPase activity of Sav1866 [18]. This finding
could be related to the observed conformational flexibility and dynamics observed in
nucleotide-free crystals of Sav1866 (chapter II).
The functional assays in this chapter have shown that even though YvcC and
Sav1866 are probably both multidrug exporters, they do have different affinities for
doxorubicin and probably different nucleotide–free states. It is likely that this is due to
the variability of the TMDs and different physiological substrates. They can transport
different, non-physiological substrates like doxorubicin because they are chemically
similar to their real substrates but transport rate and inhibition or stimulation can be
different.
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Chapter VI:
Conclusion and outlook
X-ray crystallography is a powerful tool for high resolution structure determination of
proteins. These structures are needed, together with biochemical data, for elucidation
of the molecular mechanisms underlying protein function. Crystallography of
membrane proteins is especially challenging owing to their generally unstable and
dynamic nature and the need for detergents for extraction out of the membrane. ABC
exporters in particular have proven exceedingly difficult to characterize owing to the
large conformation changes they undergo during the transport cycle for extrusion of a
structurally diverse array of substrates.
At the beginning of this study only one crystal structure of one ABC exporter was
available. S.aureus Sav1866 was crystallized in an outward-facing, nucleotide bound
conformation. With this structure an `alternating access and release´ [1] mechanism
was proposed, where the binding and hydrolysis of ATP is coupled to conformational
changes that expose a central substrate binding cavity to opposite faces of the
membrane bilayer.
This structures showed that binding of ATP is responsible for a structural
rearrangement of the TMDs to an outward – facing conformation and hence
translocation and extrusion of the substrate. Hydrolysis of ATP and release of ADP and
inorganic phosphate is thought to convert the ABC exporter back to an inward–facing
conformation. This inward–facing conformation is thought to have one or two high
affinity binding sites for substrates. Binding of substrates can influence the ATPase
rate, but the mechanisms of stimulation or inhibition are not known yet.
As described in chapter II, we tried to crystallize Sav1866 in an inward–facing,
nucleotide-free conformation to gain more information about the transport cycle of
ABC exporters. Due to the highly dynamic nucleotide – free conformation of Sav1866 it
was not possible to produce crystals with a single lattice, i.e.: Sav1866 in a defined
inward–facing conformation.
With the structure of the ABC importer AfModBC [2] in an inward – facing, nucleotide
free conformation the conserved coupling mechanism for ABC transporters was
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confirmed. A second structure of an ABC exporter in the outward–facing conformation
at high resolution or a structure of an ABC exporter in an inward-facing conformation
could serve to further validate proposals based on the Sav1866 structure and highlight
conserved protein architecture underlying ABC exporter function. Even though two
structures of MsbA from V.cholerae and E.coli in two distinct inward – facing
conformations were published later[3]. However the two structures were solved at low
resolution and showed significant differences like a 50 Å gap between the NBDs and
could not provide further insight in the transport cycle of ABC exporters. Only high
resolution structures can offer this information, but should be supported with
functional studies like cross-linking and EPR [4].
The structure of Sav1866 shows some interesting features, like the domain swapping
of the `coupling helices´ at the level of the transmission interface between TMDs and
NBDs. This interface transmits the conformational rearrangements of the NBDs upon
binding of ATP to the TMDs. In the resulting outward – facing conformation the TMDs
form `wings´ in the membrane, which create the opening to the outer leaflet of the
membrane. Since Sav1866 shares the canonical architecture of ABC exporters with 12
transmembrane helices and the coupling – helices a homology screening approach was
applied. Homology screening has proven many times that it is a powerful tool to find
suitable homologues fur structural studies like Kendrews screening for myoglobin
homologues [5] or the screening for ABC importer homologues [6]. The aim of this
homology screening was to find an ABC exporter which is expressed at high levels
stable and active in detergent solubilized state. The yield of the expression was
influenced by different factors like media, temperature, induction and the way of
fermentation. The screening for suitable detergents showed once more that ABC
transporters are not stable in zwitterionic detergents like LDAO or in detergents with
hydrophobic side chains shorter than C12 even though they are primarily used for
crystallization [7] because of the smaller micelle. Chapter III describes this homology
screening that yielded two potential targets for crystallization, the unknown ABC
exporter HI0060 from H.influenzae and YvcC (or BmrA) from B.subtilis.
The better characterized YvcC was chosen for this structural study [8-12]. Given that
no crystals were obtained from initial crystal screening of YvcC, we analyzed any
potential differences between YvcC and Sav1866 and determined that the likely cause
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was a smaller hydrophilic surface of the extracellular loops of YvcC compared to
Sav1866 that limited the available surface for adequate crystal contacts. Sufficient and
tight crystal contacts are essential for crystal growth [13].
Because of that it was decided to screen for crystallization chaperones that bind the
E504Q mutation of YvcC with high affinity as described in chapter IV. First a library of
designed ankyrin repeat proteins was screened, but no high affinity binders were
obtained. It could be that the used library for designed ankyrin repeat proteins did not
could contain enough or even no high affinity binders for YvcC E504Q. So far only one
structure of a membrane protein was solved using DARPin crystallization chaperones
[14]. This could indicate that the used libraries do not contain enough high affinity
binders for membrane proteins at all.
As an alternative we screened for high affinity monoclonal antibodies to aid in
crystallization, a method that has successfully been used for the crystallization of
various challenging membrane proteins [15-23].
The screening for monoclonal antibodies is so far the best method to raise high affinity
binders against a certain protein, even though in many cases these antibodies bind a
linear epitope. But with increasing numbers of clones tested and especially with a well
designed antigen the chance to find a conformational antibody is very good. For this
reason a specially designed Epitope was used. YvcC E504Q was cross-linked with
glutaraldehyde and reconstituted into liposomes. With this preparation of the antigen
manly the ECLs of YvcC E504Q should be presented to the immune system of the mice
used for generation of mAb. This protocol could serve as starting point for the
generation of mAb against the ECLs of other ABC transporters.
Two potential monoclonal antibodies were found which bound an actual conformation
of YvcC E504Q. One of the antibodies which seemed to bind the extracellular loops of
YvcC E504Q was used for co crystallization setups. Chapter V describes the cocrystallization screening. In the beginning of the screening our results indicated that
the obtained crystals were very likely that of a transporter-antibody complex. In
addition Rassmussen and colleagues reported [20] that their co-crystals of the human
β2 adrenergic G-protein-coupled receptor and a Fab were of almost identical shape as
our presumed co-crystals.
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selenomethionine labeled YvcC E504Q revealed that the crystals were of antibody
alone. These crystals needed YvcC E504Q probably for initial crystal growth only. The
crystallization of the helper protein used for co-crystallization is one of the major risks
of this approach and in this case could not be revealed any earlier from the
biochemical tests performed as well as an analysis of unit cell parameters, since it was
an YvcC E504Q assisted Fab2-4 crystallization. For future co-crystallization attempts of
ABC transporter with Fab one should consider also the solubilities of the proteins in
crystallization setups. In this work the different solubility of the two proteins was
probably a major issue. YvcC E504Q alone was very stable in crystallization setups
while Fab 2-4 alone was significantly less stable and showed precipitation or crystal
growth very fast. This low solubility could have caused to stable YvcC E504Q – Fab 2-4
– complex to fall apart and hence promote growth of Fab 2-4 crystals.
However it needs to be clearly stated that co-crystals of the target protein and an
antibody fragment don not necessarily result in good data that can be processed and
used to build a structure. There are instances of co-crystals were regions of the target
protein that are not in contact with the Fab show weak electron density [20] which
results in high anisotropy.
In chapter VI functional studies of YvcC and Sav1866 are described. It could be shown
that the E504Q mutation in the Walker B motif, which was believed to abolish ATP
hydrolysis completely, is in fact still active and shows a very low ATPase activity. It was
also shown that YvcC and Sav1866 bind and translocate the anti-cancer drug
doxorubicin differently. While doxorubicin stimulates ATPase activity in Sav1866 it
inhibits ATPase activity in YvcC. This could be due to differences in TMDs, drug binding
sites or translocation.
For further co-crystallization trials with antibody fragments more antibody fragments
and especially presumed co-crystals have to be screened. This screening of presumed
co-crystals of more than one Fab is the only way to find real co-crystals. It can be
assumed that in a lot of cases where structures of membrane proteins were solved as
co-crystals with antibody fragments more than one fragment was tested and that
many tested fragments did not co-crystallize with the target protein. With this
approach successful co-crystallization of ABC exporters and Fab could be achieved and
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a high resolution structure of an outward - facing, nucleotide – bound conformation
could be obtained. A high affinity binder of the outward – facing conformation could
also bind to the nucleotide – free conformation as shown for YvcC and Fab 2-4 and be
used for co-crystallization trials. For this purpose the nucleotide – free state could be
stabilized by specific mutations or cross-linking. Maybe it would be even possible to
obtain high resolution structures of transition states when an ABC exporter specific
inhibitor is used. If these trials would be successful an inward – and outward – facing
conformation of the same ABC exporter could be obtained which would greatly
improve our understanding of the ABC exporter transport cycle, which hopefully could
be used for design of drugs in cancer treatment. However it has to be assured that a
presumed inward - facing, nucleotide – free state is also a physiological state which has
to be affirmed with functional studies like EPR.

127

References

1.

Dawson, R.J. and K.P. Locher, Structure of a bacterial multidrug ABC
transporter. Nature, 2006. 443(7108): p. 180-5.

2.

Hollenstein, K., D.C. Frei, and K.P. Locher, Structure of an ABC transporter in
complex with its binding protein. Nature, 2007. 446(7132): p. 213-6.

3.

Ward, A., et al., Flexibility in the ABC transporter MsbA: Alternating access with
a twist. Proc Natl Acad Sci U S A, 2007. 104(48): p. 19005-10.

4.

Goetz, B.A., E. Perozo, and K.P. Locher, Distinct gate conformations of the ABC
transporter BtuCD revealed by electron spin resonance spectroscopy and
chemical cross-linking. FEBS Lett, 2009. 583(2): p. 266-70.

5.

Kendrew, J.C., et al., The species specificity of myoglobin. Nature, 1954.
174(4438): p. 946-9.

6.

Locher, K.P., A.T. Lee, and D.C. Rees, The E. coli BtuCD structure: a framework
for ABC transporter architecture and mechanism. Science, 2002. 296(5570): p.
1091-8.

7.

Newstead, S., S. Ferrandon, and S. Iwata, Rationalizing alpha-helical membrane
protein crystallization. Protein Sci, 2008. 17(3): p. 466-72.

8.

Chami, M., et al., Three-dimensional structure by cryo-electron microscopy of
YvcC, an homodimeric ATP-binding cassette transporter from Bacillus subtilis. J
Mol Biol, 2002. 315(5): p. 1075-85.

9.

Orelle, C., et al., The conserved glutamate residue adjacent to the Walker-B
motif is the catalytic base for ATP hydrolysis in the ATP-binding cassette
transporter BmrA. J Biol Chem, 2003. 278(47): p. 47002-8.

10.

Ravaud, S., et al., The ABC transporter BmrA from Bacillus subtilis is a functional
dimer when in a detergent-solubilized state. Biochem J, 2006. 395(2): p. 345-53.

11.

Steinfels, E., et al., Highly efficient over-production in E. coli of YvcC, a
multidrug-like ATP-binding cassette transporter from Bacillus subtilis. Biochim
Biophys Acta, 2002. 1565(1): p. 1-5.

12.

Steinfels, E., et al., Characterization of YvcC (BmrA), a multidrug ABC
transporter constitutively expressed in Bacillus subtilis. Biochemistry, 2004.
43(23): p. 7491-502.

13.

Ostermeier, C. and H. Michel, Crystallization of membrane proteins. Curr Opin
Struct Biol, 1997. 7(5): p. 697-701.

14.

Sennhauser, G., et al., Drug export pathway of multidrug exporter AcrB
revealed by DARPin inhibitors. PLoS Biol, 2007. 5(1): p. e7.
128

15.

Braden, B.C., et al., Three-dimensional structures of the free and the antigencomplexed Fab from monoclonal anti-lysozyme antibody D44.1. J Mol Biol,
1994. 243(4): p. 767-81.

16.

Fang, Y., et al., Structure of a prokaryotic virtual proton pump at 3.2 A
resolution. Nature, 2009.

17.

Iwata, S., et al., Structure at 2.8 A resolution of cytochrome c oxidase from
Paracoccus denitrificans. Nature, 1995. 376(6542): p. 660-9.

18.

Kleymann, G., et al., Engineered Fv fragments as a tool for the one-step
purification of integral multisubunit membrane protein complexes.
Biotechnology (N Y), 1995. 13(2): p. 155-60.

19.

Ostermeier, C., et al., Structure at 2.7 A resolution of the Paracoccus
denitrificans two-subunit cytochrome c oxidase complexed with an antibody FV
fragment. Proc Natl Acad Sci U S A, 1997. 94(20): p. 10547-53.

20.

Rasmussen, S.G., et al., Crystal structure of the human beta2 adrenergic Gprotein-coupled receptor. Nature, 2007. 450(7168): p. 383-7.

21.

Uysal, S., et al., Crystal structure of full-length KcsA in its closed conformation.
Proc Natl Acad Sci U S A, 2009. 106(16): p. 6644-9.

22.

Zhou, Y., et al., Chemistry of ion coordination and hydration revealed by a K+
channel-Fab complex at 2.0 A resolution. Nature, 2001. 414(6859): p. 43-8.

23.

Dutzler, R., E.B. Campbell, and R. MacKinnon, Gating the selectivity filter in ClC
chloride channels. Science, 2003. 300(5616): p. 108-12.

129

