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Abbreviations
A600

Optical density at a wavelenght of 600nm

Å

Ångstroem

ABC

ATP-binding cassette

ADP

Adenosine diphosphate

AMPPNP

5’-Adenylylimidodiphosphate

ATP

Adenosine triphosphate

CW

Continuous wave

C12E8

Octaethylene glycol monododecyl ether

CMC

Critical micellar concentration

C-terminus

Carboxy-terminus

DC

Duty cycle

DDM

N-dodecyl-β-D-maltopyranoside

DM

N-decyl-β-D-maltopyranoside

DNA

Deoxyribonucleic acid

DTT

Dithiothreitol

ECL

Extracellular loop

EDTA

Ethylenediaminetetraacetic acid

EPR

Electron Paramagnetic Resonance Spectroscopy

ICL

Intercellular loop

IPTG

Isopropyl-β-D-thiogalactopyranoside

kDa

Kilodalton

LB

Luria broth

LDAO

N-dodecyl-N,N-dimethylamine-N-oxide

MTS

Methanethiosulfonates

MTSL

(1-oxyl-2,2,5,5,-tetramethyl-d-3-pyrroline-3-methyl)
Methanethiosulfonate

NBD

Nucleotide-binding domain

NCCR

National Center of Competence in Research

Ni-NTA

Nickel-nitrilotriacetic acid

N-terminus

Amino-terminus

OD

Optical density
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PAGE

Polyacrylamide gel electrophoresis

PCR

Polymerase chain reaction

PEG

Polyethylene glycol

P-gp

P-glycoprotein (MDR1)

RBS

Ribososme binding site

SDS

Sodium dodecyl sulfate

TB

Terrific broth

TM

Transmembrane

TMD

Transmembrane domain

Tris

Tris(hydroxymethyl)-aminomethan
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Summary
ATP binding cassette (ABC) transporters comprise a large family of membrane proteins
that catalyze the active export or import of a variety of solutes across biological
membranes. Importers are only found in prokaryotes and work as nutrient uptake systems.
Exporters are also found in eukaryotes. They are involved in the extrusion of toxic
compounds, thus contributing to antibiotic resistance in pathogenic bacteria or multidrug
resistance of cancer cells. ABC transporters share a common architecture consisting of two
transmembrane domains (TMDs) and two cytoplasmic nucleotide binding domains
(NBDs). In addition to the four core components, ABC importers require a periplasmic
binding protein to capture the substrate. Importers can be divided into type I and type II
groups, depending on the architecture of their TMDs and their substrate. Recent structural
studies of ABC transporters have provided a basic two-state scheme of transport in
exporters and type I importers. This mechanism decribes the conformations of the TMDs
in a nucleotide bound and nucleotide free state. However, it was still unclear, whether
ABC exporters and type I importers can indeed switch between these two pronounced
conformations and moreover the mechanism of ABC type II importers still remained to be
elucidated.
In my thesis, I investigated the conformational changes of ABC transporters during their
transport cycle by biochemical, biophysical and structural methods. The tungstate
/molybdate ABC type I importer AfModBC (Archaeoglobus fulgidus) was studied by a
chemical cross-linking approach. The results identified significant conformational
rearrangments in the TMDs upon binding of nucleotides, which lend further evidence to
the postulated two-state scheme. Electron Paramagnetic Resonance Spectroscopy (EPR)
was used to probe movements in the TMDs of the vitamin B12 ABC type II importer
BtuCD of Escherichia coli. The findings suggest that this transporter may have a
mechanism that is distinct from exporters and type I importers. The conformations of the
TMDs in the nucleotide-bound and nucleotide-free state revealed remarkable differences to
the previously proposed mechanism. To clarify whether BtuCD is a representative for
ABC type II importers, structural studies of homologous heme importers were initiated.
Crystals were obtained for the heme transporter HmuYp_UV of Yersinia pestis, which
serve as a starting point to solve a high-resolution structure of a heme ABC importer.
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Zusammenfassung
ABC Transporter bilden eine große Familie der Membranproteine, die den aktiven
Transport einer großen Zahl unterschiedlicher Stoffe ermöglichen. Importer kommen in
Prokaryoten vor und sind dort für die Aufnahme von Nährstoffen verantwortlich. Exporter
sind zusätzlich auch in Eukaryoten vorzufinden. Dort sind sie für die Ausschleusung von
toxischen Substanzen verantwortlich, was zu Antibiotikaresistenz in pathogenen Bakterien
oder Resistenzen gegenüber Chemotherapeutika in Krebszellen führen kann. ABC
Transporter bestehen allgemein aus zwei Transmembran-Domänen (TMD) and zwei
zytoplasmatischen Nukleotid-bindende Domänen (NBD). Zusätzlich zu diesen vier
Domänen besitzen ABC Importer ein periplasmatisches Bindeprotein, welches für das
Einfangen und Binden der Substrate verantwortlich ist. Importer lassen sich, abhängig von
der Architektur ihrer Transmembrandomänen und ihrem Substrat, in einen Typ I und einen
Typ II einordnen. Kürzlich veröffentlichte Studien über die Struktur mehrerer ABC
Transporter beschreiben einen Zwei-Stadien Mechanismus in Exporter und Typ I Importer.
Dieser Mechanismus erklärt die Konformation der TMDs in einem ATP-gebundenen und
ATP-ungebundenen Zustand. Bisher konnte allerdings noch nicht bewiesen werden, ob
sich Exporter und Typ I Importer tatsächlich zwischen diesen zwei ausgeprägten
Konformationen bewegen. Zudem ist nach wie vor der Mechanismus der Typ II ABC
Importer aufzuklären.
In meiner Doktorarbeit habe ich konformationelle Veränderungen der ABC Transporter
während

ihres

Transportprozesses

mittels

biochemischer,

biophysikalischer

und

struktureller Methoden untersucht. Der für Wolframat/ Molybdat spezifische Type I
Importer

AfModBC

(Archaeoglobus

fulgidus)

wurde

mittels

einem

Quervernetzungsversuch untersucht. Die Ergebnisse zeigten signifikante konformationelle
Umordnungen der TMDs, welche mit dem unlängst beschriebenen Zwei-Stadien
Mechanismus übereinstimmen. Mittels Elektronen Resonanz Spektroskopie (EPR) wurden
die Bewegungen der TMDs des für Vitamin B12 spezifischen Typ II Importers BtuCD aus
Escherichia coli untersucht. Die Resultate lassen vermuten, dass dieser Transporter einen
anderen Mechanismus als Exporter und Typ I Importer hat. Die Konformation in den
TMDs zeigt deutliche Unterschiede zu dem kürzlich publizierten Zwei-Stadien
Mechanismus. Um aufzuklären, ob BtuCD als ein allgemeiner Vertreter der Typ II
Importer gilt, wurden strukturelle Untersuchungen homologer Häm Importer durchgeführt.
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Erste Kristalle des Häm Transporters HmuYp_UV aus Yersinia pestis konnten erzeugt
werden. Sie können als Ausgangspunkt zur Ermittlung einer hochauflösenden Struktur
eines Häm Importers dienen.
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Chapter 1: Introduction
Transport across biological membranes
Biological membranes are found in all cells and act as selective barriers within or around a
cell. This barrier is composed of a double-layer with many different kinds of lipids that
create this hydrophobic barrier. Furthermore they are packed with an enormous amount
and variety of proteins (1), which are involved in several cellular processes, such as energy
metabolism, specific recognition or transport.
Specific proteins, specialized to transport a certain molecule or a restricted class of
compound, mediate transmembrane transport. These membrane transporters can be
classified into passive and active transporters (2). Passive transport involves carriers,
channels, or direct diffusion through a membrane, which use electrochemical gradients to
translocate a solute down its concentration gradient. Many ions or molecules have to be
transported against their electrochemical gradient. Those active transport processes must
be coupled to cellular energy. Transport proteins associated with active transport, are
subdivided into two categories: primary and secondary active. In primary active transport
there is direct coupling to the hydrolysis of ATP, whereas in secondary active transport the
energy of an electrochemical gradient of a second solute is utilized.

ABC transporter family
ATP binding cassette (ABC) transporters represent the largest family of membrane
transporters. They are located in the cytoplasmic membrane of bacteria, archea, and
eukaryotes and can also be found in the organellar membrane of the higher organisms, like
the inner mitochondrial membrane, endoplasmic reticulum, and peroxisomal or vacuolar
membranes. ABC transporters use the hydrolysis of ATP to catalyze the primary active
transport of a variety of solutes like ions, polysaccharides, peptides, amino acids (3). The
importance of this class of transporter becomes obvious by looking at the genome
sequence of E.coli where 5 % of all genes encode for ABC transporters corresponding to
80 different transport systems (4).
ABC transporters fulfill a lot of cellular functions. They comprise not only transmembrane
transport, for which they are best known, but also several non-transport-related processes,
such as recombination, DNA repair, chromosome condensation and segregation, and
translation elongation (5).
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ABC transporters can function as importers or exporters. In bacteria, ABC transporters
often work as nutrient uptake systems like the maltose importer MalFGK (6) or the vitamin
B12 importer BtuCDF (7) of Escherichia coli. ABC exporters, such as LmrA of
Lactococcus lactis (8) or Sav1866 of Staphylococcus aureus (9) confer resistance to
antibiotics and toxins by exporting them out of the cell.
The dysfunction of ABC transporters has been reported to be responsible for various
human diseases, such as cystic fibrosis (CFTR), adenoleukodystrophy (ALD) and
Stargardt`s disease (hABCR). A separate class of ABC transporter is implicated in
multidrug resistance (MDR) as P-glycoprotein (P-gp) whose over-expression in tumor cells
causes resistance to various cytotoxic agents used in chemotherapy (10). Another clinically
relevant human ABC transporter is TAP (transporter associated with antigen processing),
which translocates peptides from the cytosol to the ER and plays a key function in the
presentation of antigenic peptides at the cell surface (11).

Structural organization of ABC transporters
Despite their large number and enormous substrate diversity, the ABC transport family
shares a common architecture consisting of two transmembrane domains (TMD) and two
nucleotide-binding domains (NBD) (Fig. 1.1). The two TMDs form the translocation
pathway through the membrane, while the NBDs energize the transport reaction through
binding and hydrolysis of ATP (12). These four domains can be arranged in many different
ways (3). Importers, which are only found in the cytoplasmic membrane of prokaryotic
species, are mainly organized in four functional subunits. TMD and NBD are encoded
separately and form a multimeric complex (e.g. BtuCDF of Escherichia coli) (7). By
contrast, exporters are either expressed as “half-transporter”, in which a single TMD is
fused to a NBD (e.g. Sav1866 of Staphylococcus aureus) (9), or all four domains are fused
to one long polypeptide (“full-transporter”). Many eukaryotic exporters like the ABC type
chloride channel CFTR or the multidrug transporter P-gp are expressed as so called “fulltransporters”.
In addition to these four components, prokaryotic ABC transporters involved in solute
uptake use specific binding proteins. These substrate-binding proteins (SBP) dock to the
periplasmic or extracellular part of the TMDs and are the main determinants of the
specificity of SBP-dependent ABC importers (13).
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Figure 1.1: Domain organization of ABC transporters. TMD stands for transmembrane domains and
NBDs for nucleotide-binding domains, which bind and hydrolyze ATP to energize the transport reaction.
ABC importers (left) consist of four non-covalently associated domains and require a substrate-binding
protein (SBP) for substrate delivery. ABC exporters (right) feature fusion of one NBD to a TMD (halftransporter arrangement) and recruit their substrates (black sphere) from the cytoplasm. Note that exporters
can also be expressed as full-transporters.

Transmembrane domains
The TMDs are two hydrophobic domains that form the channel through which the
substrates are translocated. Each TMD consists of α-helices, which cross the lipid bilayer
multiple times (Fig. 1.2). Importers are built of 10-20 helices (e.g. AfModBC of
Archaeoglobus fulgidus, MaModBC of Methanosarcina acetivorans and BtuCD of
Escherichia coli) (14, 15, 16). ABC exporters feature a conserved core of 12
transmembrane helices as visible in the structure of Sav1866 (9).
In addition to the SBP, the substrate specificity of ABC transporter is also determined by
the TMDs. Thus, the TMDs are generally poorly conserved and vary considerable in the
number of predicted α-helices (17).
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Figure 1.2: Transmembrane topology of ABC
transporters. A) Topology of a single TMD in
the ABC exporter Sav1866, with a pseudo 2-fold
symmetry between the sets of TM helices 1-3 and
4-6. B) Topology of a single TMD subunit of the
ABC tyoe I importer AfModBC. TM helices are
numbered. C) Topology of a single TMD subunit
in the ABC type II importer BtuCD. TM helices
are numbered. Adapted from (29).

Nucleotide binding domains
The NBDs of ABC transporters are their most characteristics feature. They act as motors,
which drive the transport process by hydrolysis of ATP and are located on the cytoplasmic
side of the membrane. The amino acid identity of NBDs is over 25 %, suggesting that even
in transporters of unrelated function the structure and function of NBDs is highly
conserved (18).
Many crystal structures of isolated NBDs are available, yielding detailed information about
the overall fold and the nucleotide-binding sites (19). A NBD consists of two sub-domains,
the RecA-like domain, and a α-helical domain (20) (Fig. 1.3). The RecA-like domain
harbors the conserved Walker A motif or “P-loop”, which binds to the phosphates of ATP
or ADP and the Walker B motif, which provides two catalytically relevant residues that
position the Mg2+ cofactor and the attacking water. This sub-domain consists of two βsheets and six α-helices. The smaller helical sub-domain is formed by three to four αhelices and contains the ABC signature motif (LSGGQ) that binds to the nucleotide.
Unlike the Walker A and Walker B motifs, which are found in other proteins that
hydrolyse ATP, the signature motif is unique to ABC transporters. The Q-loop, which is
located between the Walker A and Walker B motif, also binds to the Mg2+ and the H2O and
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is believed to sense the γ-phosphate of the ATP. Furthermore the Q-loop connects the two
sub-domains of a NBD and is involved in the structural contacts between the NBDs and
the TMDs. The switch region, with a conserved histidine residue, is located downstream of
the Walker B motif. Its suggesting role is coupling the ATP hydrolysis to transport (17).

Figure 1.3: Schematic presentation of open (left)
and closed (right) NBDs (view from the top).
Adapted from (29).

Like that of other RecA-like ATPases, hydrolysis requires oligomerization. All ABC
transporters have two NBDs, and ATP must bind to both sites to obtain the dimeric state
(positive cooperativity) (21). In each case, two ATP molecules are bound at the interface of
the dimer between the P-loop of one NBD and the ABC signature motif of the other NBD.
This “head-to-tail” arrangement is highly conserved in ABC transporters and was first
observed in the structure of Rad50 (a DNA repair enzyme) (22). This conformation has
also observed in the structures of Sav1866 and MalFGK of Escherichia coli. In the ATPfree state, the NBDs present an ‘open’ conformation leaving a substantial gap between the
conserved sequence motifs (e.g. AfModBC of Archaeoglobus fulgidus and MaModBC of
Methanosarcina acetivorans).

Transmission interface
All ABC transporters reveal architecturally similar short α-helices located in the
cytoplasmic loops between the transmembrane segments. These helices are in close contact
via non-covalent interactions to the NBDs, predominantly to residues around the Q-loop.
Amino acid substitutions in this TMD-NBD interface interfere with the stability and
functionality of the transporters and e.g. induce uncoupling between ATP hydrolysis and
substrate translocation in the human antigenic peptide exporter Tap1/Tap2 (23).
Consequently, this interface serves as a “transmission interface”, which transmits
conformational changes in the NBDs to conformational rearrangements in the TMDs. The
participating helices of the TMDs are labeled as “coupling helices” and are conserved
motifs in ABC transporters (24, 25).
12

Import into the cytoplasm
For the efficient transport into the cytoplasm in Gram-negative bacteria, substrates first
pass through the outer membrane (26). Most small substrates with molecular masses below
650 Da, cross the membrane through nonspecific porins (e.g. OmpF or OmpC of
Enterobacteriaceae) (27). Nutrients, such as vitamin B12, and iron-siderophore complexes
exceed the size limit of porins and need to be transported actively by high-affinity
transporters. These outer membrane receptors (OMRs) move the substrates into the
periplasm by using a cytoplasmic membrane electrochemical gradient, the proton motive
force (pmf) (28). The transduction of energy from the cytoplasmic membrane to the OMR
is carried out by a complex of three cytoplasmic membrane proteins: ExbB, ExbD and
TonB.
ABC importers have an additional component, a high-affinity substrate-binding protein.
These soluble proteins capture the substrates and deliver them to the external gate of the
TMDs. In Gram-negative bacteria, binding proteins are located in the periplasmic space,
while in Gram-positive bacteria they are often membrane anchored to the external face of
the cytoplasmic membrane (13).
ABC importers can be divided into type I and type II groups, depending on the architecture
of their TMDs and the type of substrates (29). Type I importers reveal a total of 10-12
transmembrane segments (e.g. AfModBC and MaModBC), while the TMD subunits of
type II importers crosses the membrane 20 times (e.g. BtuCDF and HiF of Haemophilus
influenzae) (30). Based on several high-resolution structures of type I importers (Fig. 1.4
A), a general mechanism for transport into the cytoplasm evolved (Fig. 1.4 B). The
substrate-bound (closed) SBP interacts with the transporter to initiate translocation. In this
nucleotide-free state, the TMDs are closed to the periplasm and open the cytoplasm
(“inward-facing”). Consistent with this view is the structure of AfModBC (14). The
binding of SBP stimulates ATP-hydrolysis and therefore the closure of the NBDs. In the
vitamin B12 transporter BtuCDF, rates of hydrolysis are 2-fold higher upon binding of the
SBP BtuF (31). In the maltose as well as in the histidine transporter HisPQM from
Escherichia coli these rates are even between 6- and 10-fold (32, 33). Both the SBP and
the transporter open at the periplasmic surface of the membrane (“outward-facing”) as
observed in MalFGK (6). Following ATP hydrolysis, which destabilizes the NBD dimer,
the transporter returns to the inward-facing state, the substrate completes its translocation
across the membrane into the cytoplasm and the SBP is released into the periplasm.
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Figure 1.4: Crystal structures of ABC transporters and a general mechanism for ABC type I
importers. A) Crystal structures of the ABC type I importers AfModBC, MalFGK and MaModBC. B)
General mechanism of ABC type I importers; (I) in the resting state, the TMDs are open to the cytoplasm and
shielded to the periplasm (inward-facing); (II, III) the binding protein associates with the transporter at the
periplasmic surface of the TMDs and ATP hydrolysis induces an opening of the transporter to the periplasm
(outward-facing) and the binding protein delivers its substrate to the translocation pathway; (IV) dissociation
of ADP provokes an opening of the NBDs and a switch from an outward- to an inward-facing conformation,
which releases the substrate into the cytoplasm; (V) the binding protein dissociates from the transporter. C)
Crystal structures of the ABC exporters Sav1866 (outward-facing) and P-gp (inward-facing).
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An inward-facing state in the absence of the binding protein is given in the high-resolution
structure of MaModBC or MetNI (15, 34). Since in the transport cycle mainly two
pronounced conformations (inward- and outward-facing) occur, this common mechanism
is referred to as a “two-state” scheme, reminiscent of Jardetzky´s “alternating access and
release mechanism” (35, 24, 25).

Export out of the cytoplasm
ABC exporters are less complex compared to ABC uptake systems, since they do not
require a SBP. They recruit their substrates directly from the cytoplasm or from the inner
leaflet of the lipid bilayer (36). ABC export systems secrete polypeptides and lipids, and
small hydrophobic compounds, like cytotoxic drugs and agents used in chemotherapy. The
latter feature makes the ABC exporters associated with multidrug resistance (37).
In Gram-positive bacteria all substrates are directly released from the ABC exporter into
the surrounding environment. In Gram-negative bacteria the substrates are transported
across two membranes. In a type I secretion process, a multiprotein complex spans the
periplasmic space and both, the inner and outer membrane (38). This multiprotein complex
consists of an outer membrane protein and two cytoplasmic membrane proteins: an ABC
exporter and a membrane fusion or adaptor protein. The paradigm for the outer membrane
efflux pump component is the TolC protein (39, 40). Well-known examples of membrane
fusion proteins are HylD or AcrA of Escherichia coli (41, 42).
ABC importers and exporters reveal common architecturally conserved features, like the
NBDs and the coupling helices at the transmission interface. Thus, the above-mentioned
two-state scheme of ABC importers is also used to formulate a mechanism of ABC
exporters. The first high-resolution structure of an ABC exporter (Sav1866) revealed an
outward-facing conformation in an ATP-bound state (Fig. 1.4 C). A large cavity is shielded
to the cytoplasm and open to the extracellular space. In this nucleotide-bound state,
exporters may extrude bound drugs to the outer environment respectively the periplasm.
This is in agreement with the hydrophilic character of the cavity, indicative for a low
affinity binding site. A recently published high-resolution structure of mouse P-gp was
solved ATP-free and evidenced an inward-facing state in ABC exporters (43) (Fig. 1.4 C).
The cavity presents mostly hydrophobic amino acids, which indicates a substrate-binding
pocket. In this state, exporters might recruit their substrates from the cytoplasm and upon
ATP hydrolysis, the transporter may flip into an outward-facing conformation that reveals
a decreased substrate affinity. The substrate is released into the periplasm or extracellular
15

space and upon the dissociation of ADP the TMDs might return to its inward-facing
conformation.
Structures of another ABC exporter, MsbA of Escherichia coli, Salmonella typhimurium
and Vibrio cholera came under criticism for a significant error in the structure
determination and were thus retracted. The revised structures are reported in (44).

Open questions
Several crystal structures of ABC transporters have been described and a common twostate mechanism was postulated for exporters and type I importers (24, 25). This scheme
suggests a coupling between dissociation and association of the NBDs and conformational
changes in the TMDs. In a resting state, the cavity of the translocation pathway is facing to
the cytoplasm (inward-facing) and upon binding of ATP, the TMDs switch to a
conformation facing to the extracellular medium or periplasm (outward-facing). This
scheme is in agreement with multiple high-resolution structures of ABC transporters (e.g.
Sav1866, AfModBC, MaModBC) (9, 14, 15). However, the two crystal-structures of the
type II importer BtuCD did not match this mechanism. Both structures were solved ATPfree but revealed an outward-facing (BtuCD) and an occluded (BtuCDF) conformation (7,
16). Since a crystal structure of another ABC type II importer, HiF, matched the abovedescribed mechanism (30), many questions arose: are the conformations in the crystal
structures of BtuCD and BtuCDF relevant in biological membranes? Does BtuCD have a
mechanism that is distinct to other ABC transporters? And finally is BtuCD a
representative for ABC type II importers?
The postulated two-state scheme of exporters and type I importers assumes that ATP
binding is sufficient to switch the transporter into an outward-facing conformation. The
maltose transporter MalFGK was solved in complex with its binding protein MalE and
with bound ATP and indeed observed an outward-facing state (6). However, EPR studies
with MalFGK revealed that the transporter only opens the periplasmic gate upon binding
of both, ATP and its binding protein MalE (45). These findings indicated that structural
studies only provide snapshot pictures of selected conformational states but not the exact
mechanistic background of a transport cycle. Thus, several questions need to be answered:
do ABC exporters and type I importers indeed switch between two pronounced
conformations in a transport cycle? And is ATP binding sufficient to drive the
conformational changes in the TMDs?
The uptake of heme is essential for survival and virulence of pathogenic bacteria in
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humans. Several structural and mechanistic studies of proteins involved in the heme
translocation have provided important insights into the import of heme in bacteria.
However, several questions about the transport through the cytoplasmic membrane by
ABC type II importers are still unanswered. For instance, what is the architecture of a
heme transporter? How does a heme transporter work? What are the similarities to the
homologs BtuCD and HiF?

Aims of the thesis
The goal of my work was to study the conformational motions of ABC transporters during
their transport cycle. I investigated several bacterial ABC exporters and importers by
biochemical and biophysical methods. The availability of high-resolution crystal structures
provided me an optimal starting point to examine structural rearrangements at defined
positions in the transporters. Moreover, I was interested to solve the high-resolution
structure of an ABC transporter by X-ray crystallography. The aim was to compare this
structure with known structures of ABC transporters to get further insights into the
structural basis of their transport mechanism.
In Chapter II, I present cysteine-directed cross-linking studies with the ABC exporter
Sav1866 and type I importer AfModBC. The goal of this work was to probe
conformational changes during the catalytic cycle of an ABC transporter. Cysteines were
generated at strategically placed positions and mutants were analyzed for their expression
yield in Escherichia coli and integrity in a detergent-solubilized state. The results of the
cross-linking approach indicated a rigid conformational state of Sav1866 in detergent. The
TMDs of AfModBC revealed significant motions of their TMDs during the transport cycle,
which match the above outlined two-state scheme.
In chapter III, I describe chemical cross-linking and Electron Paramagentic Resonance
Spectroscopy (EPR) studies with the type II importer BtuCD. Cysteine-directed crosslinking was used to shift the transporter in a conformation that is different to the previous
high-resolution structures. Crystallization of cross-linked transporters did not succeed.
However, the locked transporters were applied in an ATPase assay and indicated a
coupling between conformational changes in the NBDs and TMDs in the catalytic cycle of
BtuCD.
The cysteines were spin-labeled and the transporter was reconstituted into liposomes. The
17

motion of the spin-labels was monitored in all states of the transport cycle by continuous
wave (CW) EPR. The EPR spectra gave significant insights into the motions of the TMDs
and suggest a mechanism that is distinct to other ABC transporters. Furthermore, the
spectra suggest that the two previous crystal structures of the transporter (BtuCD, BtuCDF)
reflect conformations that are also present in the native environment of the protein, the
lipid bilayer.
In chapter IV, I present a homology screening approach of several heme ABC type II
importers of pathogenic bacteria. The goal of this work was to find stable and active
transporters and their cognate binding proteins for crystallographic studies. The heme
transporter HmuYP_UV of Yersinia pestis was identified as the most promising target and
initial crystals were obtained for the transporter alone.
The results of my thesis paved the way for a detailed understanding of conformational
rearrangements in the transport cycle of ABC transporters. Moreover, my work yielded a
promising starting point to clarify heme transport in pathogenic bacteria.
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Chapter 2: Probing Intermediate States of the Transport Cycle in ABC
exporters and type I importers

Abstract
Crystal structures of several ABC importers and exporters indicated architecturally
conserved elements, like the NBDs and the coupling helices. Thus, a common mechanism
for converting ATP hydrolysis to substrate translocation was proposed on the basis of the
high-resolution structure of the exporter Sav1866 (Staphylococcus aureus) and the type I
importer AfModBC (Archaeoglobus fulgidus). It suggests a flipping between two
pronounced conformations of the TMDs depending on whether ATP is bound or not. To
prove that AfModBC and Sav1866 indeed switch between these two states, a cysteinedirected cross-linking approach was performed. The following chapter describes the
screening for several cysteine residues generated at strategically placed positions in
Sav1866 and AfModBC. The cross-linking studies were performed with various crosslinking reagents (CuCl2 and methanethiosulfonates) and in an ATP-bound and ATP-free
state of the transporters. The findings indicated a rigid conformational state of detergentsolubilized Sav1866. In AfModBC, remarkable conformational changes in the TMDs were
observed, which match the postulated two-state mechanism.

Introduction
Structure of the ABC exporter Sav1866
Sav1866 of Staphylococcus aureus belongs to the multidrug ABC transporter family and is
consistent with the predicted, canonical ABC exporter architecture (1). It is a homo-dimer
of two subunits, each consisting of a N-terminal TMD and a C-terminal NBD (Fig. 2.1,
2.4). Each TMD traverses the lipid bilayer six times to yield 12 transmembrane helices.
Recently, a high-resolution structure of Sav1866 was solved by X-ray crystallography with
a conformation consistent with studies of other exporters (2,3). Sav1866 exhibits a
pronounced outward-facing conformation in its ATP-bound state. The transmembrane
helices form two “wings”, which are strongly intertwined and built up from both TMD
subunits. These transmembrane segments are connected by long intracellular and short
extracellular loops (ICLs and ECLs). Sav1866 was crystallized both with ADP or
AMPPNP bound (4) and showed tightly interacting NBDs as observed in several ATPtrapped structures of isolated NBDs (5). The NBDs are aligned in a head-to-tail
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arrangement, with two ATP molecules sandwiched between the nucleotide-binding Walker
A motif of one NBD and the family signature motif of the second NBD (6).

Figure 2.1: Two-state scheme of ABC exporters and ABC type I importers. A) The crystal structures of
the exporter Sav1866 and the type I importer AfModBC are shown in ribbon representation. The grey box
depicts the approximate position of the membrane. The arrows indicate the direction of the ATP driven
transport. AfModBC was visualized in complex with its periplasmic binding protein ModA (red) in an
inward-facing state with open and nucleotide free NBDs. The transporter contains 4 separate units, two
NBDs (green and pink) and two TMDs (blue and yellow). Sav1866 is built of 2 individual subunits (yellow
and green), each consisting of a transmembrane domain (TMD) fused to a nucleotide-binding domain (NBD)
(half-transporter arrangement) and was solved in an ATP-bound state with an outward-facing conformation
and closed NBDs. B) Schematic presentation of an inward-facing (NBDs open) state and an outward-facing
(NBDs closed) state. Taken from (7).
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The TMDs and NBDs are coupled via non-covalent interactions of the ICLs (coupling
helices) and the Q-loop as well as a short sequence motif (TEVGERV), which appears
conserved in ABC exporters only. This TMD-NBD interface serves as a “transmission
interface” that couples the changes at the NBDs to conformational changes in the TMDs.
The central cavity of Sav1866 is closed to the cytoplasm and open to the extracellular
space and to the outer leaflet of the lipid bilayer. The predominance of polar and charged
amino acids suggests that the observed cavity may reflect an extrusion pathway with little
or no affinity for hydrophobic drugs. This finding is in agreement with several functional
data of other ABC exporters (LmrA and Mdr1), which evidenced a switch from a high
affinity drug binding site at the cytoplasmic side of the membrane, to a low affinity site at
the external side of the membrane upon addition of ATP (8,9).

Structure of the ABC type I importer AfModBC
The ABC type I importer ModBC of Archaeoglobus fulgidus was solved by X-ray
crystallography in complex with its binding protein ModA (10). Like other ABC type I
importers (MalFGK, MaModBC) (11,12) the ModB subunit traverses the membrane 6
times for a total of 12 transmembrane segments in the transporter (Fig. 2.1, 2.5). These
transmembrane helices form a large cavity that is shielded from the lipid bilayer and only
accessible from the cytoplasm, reflecting an inward-facing conformation. The binding
protein ModA with its substrate tungstate is bound to the periplasmic surface of the ModB
subunits. ModA belongs to class II of periplasmic binding proteins with two similar
globular domains (N- and C-lobe) that are linked by two polypeptide stretches (13). The
two ModC subunits reveal a conserved NBD fold with the P-loop of one subunit
juxtaposed to the LSGGQ motif of the other (“head-to-tail arrangement”). AfModBC was
crystallized in a nucleotide-free state with a large gap between the NBDs and is consistent
with other structures of ABC transporters (e.g. HiF, MaModBC) (14,12). The
“transmission interface”, which couples the changes of the NBDs to different
conformations in the TMDs, is formed by the Q-loop in ModD and small cytoplasmic
helices of ModC.
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A common mechanism for exporters and type I importers
Recently, on the basis of the two ABC transporter structures described above, a common
two-state scheme was postulated for exporters and type I importers (Fig. 2.1) (15,16).
Despite their distinct functions, exporters and importers share common architectural
features, like the transmission interface and the ATPase domains. Therefore, it is believed
that export and import proceed in a similar mechanism, which converts ATP hydrolysis to
pronounced conformational changes in the TMDs. A closure of the ATP-bound NBDs
causes an opening of the TMDs to the periplasm or extracellular medium. In this outwardfacing state, the cytoplasmic gate is closed and importers may accept substrates from their
cognate binding protein. In contrast, exporters may extrude bound drugs to the
environment. Upon ATP hydrolysis, ADP and inorganic phosphate are released, and the
transporter may flip into an inward-facing conformation. The gate at the outer membrane
side closes and the gate to cytoplasm opens. Importers may now release their substrates
and exporters may recruit new substrates into their high-affinity binding sites.
Several crystal structures of exporters (Sav1866, P-gp) and ABC type I importers
(AfModBC, MaModBC, MalFGK) are in agreement with the scheme outlined above. In
MalFKG conformational changes upon binding of ATP were anaylzed by cross-linking
studies (17). The data identified a closure of the NBDs in an ATP-bound state and
movements of the coupling helices of the TMDs, which might reflect a closure of the
cytoplasmic gate.

Goals
The goal of this work was to confirm the previously postulated two-state scheme for ABC
exporters and type I importers. Therefore, the ABC exporter Sav1866 of Staphylococcus
aureus and type I importer AfModBC of Archaeoglobus fulgidus were studied for
conformational rearrangements during their transport cycle. The aim was to demonstrate a
flipping between an outward- and inward-facing state of the transporter by a cysteinedirected cross-linking approach.
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ultracentrifugation at 140.000 x g for 30 minutes (Optima L90K centrifuge, Ti45 rotor).
Membranes were washed with 50 mM Tris-HCl (pH 7.5), 500 mM NaCl and 5 mM ßmercaptoethanol and finally resuspended in 100 mM sodium phosphate (pH 8.0) ((0.2 M
stock solution: 94.7 ml of 0.2 M Na2HPO4 (53.65 g Na2HPO4 x 7H2O in 1 l) + 5.3 ml of
0.2 M NaH2PO4 (27.8 g in 1 l)), 200 mM NaCl, 15 % (w/v) glycerol, 20 mM imidazoleHCl (pH 8.0) and 5 mM ß-mercaptoethanol in a ratio of 1 : 2 (g cells / ml buffer). All steps
were done at 4 °C unless stated differently. Membranes were snap-frozen in liquid nitrogen
and stored at -80 °C.

Purification
Sav1866 was purified as described previously (2). All following steps were carried out at 4
°C unless states differently. Solubilization was done by adding 1 % (v/v) polyoxyethylene8-dodecylether (Anapoe-C12E8, Anatrace) and 0.1 % (w/v) n-dodecyl-ß-D-maltopyranoside
(DDM, Anatrace) to the membranes and stirring for 1.5 hours (25 g membranes in 50 ml
volume). Insoluble material was removed by centrifugation at 40.000 x g for 30 minutes
(Sorvall RC5C + centrifuge, SA600 rotor). The supernatant was loaded on a XK26 column
(GE Healthcare) containing 10 ml NiNTA superflow resin (Qiagen). All buffers contained
100 mM sodium phosphate (pH 8.0; this pH might be not optimized!) ((0.2 M stock
solution: 94.7 ml of 0.2 M Na2HPO4 (53.65 g Na2HPO4 x 7H2O in 1 l) + 5.3 ml of 0.2 M
NaH2PO4 (27.8 g in 1 l)), 200 mM NaCl, 15 % (w/v) glycerol, 0.01 % (v/v) octaethylene
glycol monododecylether (C12E8, Anatrace) and 5 mM ß-mercaptoethanol. The protein
was loaded in 20 mM imidazole-HCl (pH 8.0), washed with 50 mM imidazole-HCl (pH
8.0) and eluted with 200 mM imidazole-HCl (pH 8.0). Subsequently, the protein was
transferred into the appropriate buffer (reconstitution buffer, ATPase assay buffer, crosslinking buffer, or Ellman assay buffer) using a HiPrep 10/60 desalt column (GE
Healthcare). The protein concentration was determined with an estimated extinction
coefficient of ε280 = 0.68 (mg / ml)-1 cm-1 (http://www.expasy.ch/tools/protparam.html) and
the purity of the sample was analyzed by 12.5 % SDS -PAGE. The yield of purified protein
was approx. 0.25 mg / g cells.

Reconstitution
Sav1866 was purified as described above and exchanged into 10 mM sodium phosphate
(pH 8.0) ((0.2 M stock solution: 94.7 ml of 0.2 M Na2HPO4 (53.65 g Na2HPO4 x 7H2O in
1 l) + 5.3 ml of 0.2 M NaH2PO4 (27.8 g in 1 l)), 600 mM NaCl and 0.01 % (v/v)
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octaethylene glycol monododecylether (C12E8, Anatrace). Subsequently, the protein was
concentrated using an Amicon Ultra-15 concentrator unit (Millipore) with a molecular
cutoff of 100 kDa to a final volume of 2 ml (3-4 mg / ml). Aggregated protein was
removed by analytical size exclusion chromatography using a Superdex 200 10/300 GL
(GE Healthcare). Freshly gel filtrated protein was again concentrated as described above to
750 µl. The final concentration of the protein was between 3-4 mg / ml.
Sav1866 was reconstituted into liposomes consisting of an E.coli polar lipid extract and
Egg L-α-phosphatidylcholine (Avanti Polar Lipids) at a 3 : 1 ratio (w / w) according to a
protocol previously described (18, 19). After a pre-incubation of 250 µl lipids (20 mg / ml)
with 0.14 % (v/v) Triton X-100 for 30 minutes at room temperature 750 µl of protein (3-4
mg/ ml) was supplemented with 0.14 % (v/v) Triton X-100 and added to the lipids (final
volume of 1 ml). The protein/lipid suspension was gently agigated for 2 hours at room
temperature. 20 mg (wet weight) Bio-beads SM-2 (Biorad) were added and the mixture
was agitated at room temperature for 15 minutes. Similar aliquots of Bio-beads were added
four times for 15 minutes, 30 minutes, overnight, 60 minutes at 4 °C. Previously added
Bio-beads were removed after every step by gentle centrifugation. The final turbid
suspension was centrifuged at 184.000 x g for 20 minutes (Optima MAX Ultracentrifuge,
Beckman, TLA55 rotor) and the proteoliposome pellet was washed by gentle resuspension
and recentrifugation. The final mixture contained 25 mM Hepes-NaOH (pH 7.5), 150 mM
NaCl and 12.5 mg / ml lipids.

ATPase assays
Sav1866 was analyzed in proteoliposomes at room temperature according to a protocol
previously described (2). Reactions contained approximately 5 µg of Sav1866 (estimated
by SDS-PAGE), 10 mM MgCl2, 150 mM NaCl, 25 mM Hepes-NaOH (pH 7.5) and 2 mM
DTT to prevent disulfide bridge formation between the cysteines. The reaction was started
with 2 mM ATP (Sigma). At various time points 50 µl were removed and mixed with 50 µl
12 % (w/v) SDS to stop the reaction. Inorganic phosphate was colorimetrically determined
using a modified molybdate method (20). The stimulation of the ATPase activity was
investigated by 75 µM Hoechst 33342.

Cross-linking
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Sav1866 was purified as described above. The protein was transferred to 25 mM sodium
phosphate (pH 8.0) ((0.2 M stock solution: 94.7 ml of 0.2 M Na2HPO4 (53.65 g Na2HPO4
x 7H2O in 1 l) + 5.3 ml of 0.2 M NaH2PO4 (27.8 g in 1 l)), 200 mM NaCl and 0.01 % (v/v)
C12E8 and a concentration between 0.3-0.5 mg / ml were used for the reaction. To a total
volume of 20 µl either CuCl2 or sulfhydryl reagents such as methanethiosulfonates (MTS)
(Toronto Research Chemicals) were added in a 1 : 1 ratio of crosslinker to free cysteines.
After 20 minutes incubation at room temperature, the reaction was quenched with 1 mM
N-ethylmaleimide (20 mM stock solution in DMSO) for 30 minutes at 4 °C. Crosslinked
proteins were identified by altered mobility in SDS-PAGE.

Ellman assays
The number of free sulfhydryl groups was determined using a modified Ellman assay (21).
The protein was exchanged into 25 mM sodium phosphate (pH 8.0) ((0.2 M stock solution:
94.7 ml of 0.2 M Na2HPO4 (53.65 g Na2HPO4 x 7H2O in 1 l) + 5.3 ml of 0.2 M NaH2PO4
(27.8 g in 1 l)), 200 mM NaCl, 0.01 % (v/v) C12E8, 0.5 mM EDTA-NAOH and 5 mM
Dithiothreitol (DTT). After a concentration step to approx. 10 mg / ml, aggregated protein
and reducing agents were removed by analytical size exclusion chromatography. 400 μl
protein were mixed with 16 μl 20 mM DTNB previously dissolved in 0.3 M Tris-HCl
pH 8.0. The final DTNB concentration in the sample was 0.8 mM, corresponding to a 40fold molar excess over free sulfhydryl groups in the protein. Absorbance at 412 nm was
measured every 5 - 10 minutes until the signal stayed constant. The absorbance of 400 µl
buffer, containing the same amount of DTNB as well as of a protein sample without
DTNB, were measured and subtracted from that of the protein DTNB reaction. To
calculate the concentration of free thiol groups, the molar extinction coefficient of TNB at
412 nm (ε412 = 14.150 M-1 cm-1) was used.

AfModBC
Introduction of point mutations and recombinant expression
The expression plasmid, as described previously (10) (Fig. 2.3), was used for site directed
mutagenesis (QickChange mutagenesis kit (Stratagene)) of AfmodBC of Archaeoglobus
fulgidus. All mutations were verified by DNA sequencing (Microsynth).
Mutants were over-expressed in E.coli BL21-codon plus (DE3)-RIPL expression strains
(Stratagene). 50 ml of an overnight pre-culture with an optical density (A600) of 0.5 were
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cells : ml buffer). The mixture was stirred for 1 hour at 4 °C and sonicated (Bramson
Sonifier 250, big tip, duty cycle 50 %, output control 5) every 20 minutes for 1 minute.
Subsequently, 25 mM imidazole-HCl (pH 8.0) was added and insoluble material was
removed by centrifugation at 40.000 x g for 30 minutes (Sorval RC5C+ centrifuge, SA600
rotor). The supernatant was loaded on a 19 ml NiNTA superflow resin (Qiagen) containing
XK26 column (GE Healthcare), equilibrated with 50 mM Tris-HCl (pH 7.5), 500 mM
NaCl, 25 mM imidazole-HCl (pH 8.0), 5 mM ß-mercaptoethanol and 0.01 % (v/v)
octaethylene glycol monododecylether (C12E8, Anatrace). The column was washed with
60 mM imidazol-HCl (pH 8.0), with an increased the C12E8 concentration (0.1 % (v/v) for
the first 5 CV and 0.01 % (v/v) for the following 13 CV. Subsequently, ModBC was eluted
with 160 mM imidazole-HCl (pH 8.0) and desalted using a HiPrep 10/60 desalting column
(GE Healthcare) into the appropriate buffer (ATPase assay buffer, cross-linking buffer, or
Ellmann assay buffer). The purity of the protein sample was analyzed by 12.5 % SDSPAGE and the protein concentration was determined by measuring the OD280 using an
estimated

extinction

coefficient

of

ε280

=

0.486

(mg

/

ml)-1

cm-1

(http://www.expasy.ch/tools/protparam.html). The yield of purified protein was approx. 0.5
mg /g cells.

ATPase assays
The protein was purified as described above and the buffer was exchanged to 20 mM TrisHCl (pH 8.0), 100 mM NaCl, 1 mM Na2SO4, 0.01 % (v/v) C12E8 and 1 mM DTT. The
ATPase assay was carried out at room temperature and the reaction sample contained 0.23
mg / ml of freshly desalted protein. 10 mM MgCl2 were added and the reactions were
started by addition of 2 mM ATP (Sigma) and at various time points, 50 µl sample were
mixed with an equal volume of 12 % (w/v) SDS to stop the reaction. Inorganic phosphate
was colorimetrically determined using a modified molybdate method (20).

Cross-linking
ModBC was purified as described above. The protein was desalted into a buffer containing
10 mM Tris-HCl (pH 7.5), 10 mM Na2SO4, 0.01 % (v/v) C12E8 (Anatrace) and 2 mM DTT
as a reducing agent and concentrated using an Amicon Ultra-15 concentrator unit
(Millipore) with a molecular cutoff of 100 kDa to ~8 mg / ml. Aggregated protein and DTT
were removed by analytical size exclusion chromatography using a Superdex 200 10/300
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GL (GE Healthcare). Cross-linking studies were performed with 0.3 mg / ml protein in a
total volume of 100 µl. The protein was pre-incubated for 20 minutes at room temperature
with 2 mM ATP and 10 mM MgCl2. Vanadate trapping was achieved by adding 2 mM
freshly boiled sodium ortho-vanadate (VO42-) (Sigma). Samples with VO42- contained 1
mM CoCl2 instead of MgCl2. Disulfide bridge formation was promoted by the addition of
CuCl2 in a molar ratio of 3 : 1 (CuCl2 : cysteines). Sulhydryl cross-linkers such as
methanethiosulfonates (MTS) (Toronto Research; 10mM stock solution in DMSO) were
used in a molar ratio of 1 : 1 (cross-linker : cysteines). After 20 minutes incubation at room
temperature, the reaction was quenched with 1 mM N-ethylmaleimide (20 mM stock in
DMSO) for 30 minutes at 4° C. Samples were assessed by SDS-PAGE in the absence of
reducing reagents.

Ellman assays
The number of free sulfhydryl groups was determined using a modified Ellman assay (21).
The protein was purified as described above and transferred into 10 mM Tris-HCl (pH
7.5), 10 mM Na2SO4, 0.01 % (v/v) C12E8, 0.5 mM EDTA-NaOH (pH 8.0). After a
concentration step, aggregates and reducing agents were removed by size exclusion
chromatography. The number of free cysteines was determined as described above for
Sav1866.
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Results and Discussions
Screening of cysteine mutants of Sav1866
The switch from an outward- to an inward-facing conformation is coupled to large
conformational changes at the NBDs and the TMDs of ABC transporters. To monitor these
rearrangements by cross-linking, cysteines were generated by site-directed mutagenesis in
Sav1866 (Fig. 2.4). Since Sav1866 is a homodimer, each mutation generated two cysteines
per assembled transporter. The cysteines were engineered in regions, which are supposed
to change significantly the distance between two cysteines during the transport cycle of
Sav1866: ECLs, ICLs, and the NBDs. The distances between certain positions were
calculated from the high-resolution structure (PDB file: 2HYD) with the program PyMOL.
Only distances in the range of the spacer arm length of commercial sulfhydryl cross-linkers
(5 – 20 Å) were selected. In addition, cysteines were only generated at exposed (not core
facing) positions, which ensure the accessibility for the cross-linking reagent (interface of
the TMDs and NBDs).
Eight mutants (Q119C, A281C, T276C, Q116C, S537C, S574C, S506C, N115C) were
expressed and purified. The expression yields were equal to wild type Sav1866 (0.4 mg
protein/ g cells). Size exclusion chromatography was used to monitor aggregate formation
of each mutant. Freshly desalted mutants were stable at concentrations between 0.2-0.3 mg
/ ml but started to aggregate immediately after a concentration step to 5-10 mg / ml.
Previous studies revealed an extreme sensitivity of wild type Sav1866 to concentration
steps, but could be controlled by the addition of nucleotides. Since the Sav1866 mutants
were concentrated nucleotide-free, more aggregation occurred. However, the amount of
stable and non-aggregated protein was still sufficient for further analysis. An important
prerequisite for an efficient cross-linking reaction is the accessibility of the reactive groups
within the protein. Therefore, the generated cysteines were tested by an Ellman assay.
Several mutants revealed reasonable accessibilities between 70-94 %, while two mutants
did not react. However, molecules such as CuCl2 or even MTS reagents (250-280 Da) have
lower molecular weights than the Ellman reagent (400 Da) and cross-linking may be still
feasible for those not accessible cysteine residues.
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Wild type Sav1866 revealed ATPase activity, both in detergent and proteoliposomes (2).
The ATP hydrolysis of Sav1866 reconstituted into liposomes could be stimulated in the
presence of several substrates. However, best results were obtained with the fluorescent
dye Hoechst33342 (3.6-fold stimulation).
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Figure. 2.4: Cysteine substitutions in Sav1866. A) Ribbon representation of the ABC exporter Sav1866 in
an outward-facing and ATP-bound state. Yellow and green indicate the two subunits of the homo-dimer,
each consisting of a transmembrane domain (TMD) and a nucleotide-binding domain (NBD). The
transmembrane helices are connected by long intracellular and short extracellular loops (ICLs and ECLs).
The red spheres highlight the positions of the engineered cysteines. Because Sav1866 is a homodimer, each
mutation generated two cysteine per assembled transporter. B) Magnification of the extracellular surface of
the TMDs, C) intracellular loop region and D) interface of the NBDs. The positions and distance (Å) between
the Cα of the cysteines (red spheres) are depicted.

To analyze the Sav1866 mutants for this substrate-mediated stimulation of the ATP
hydrolysis rate, the transporters were reconstituted into liposomes. Reconstitution rates
were determined between 10-60 %, which is in some extent very low compared to wild
type Sav1866. One reason could be a slightly different protocol used for purification of the
Sav1866 mutants. The detergent concentration of the protein solution plays a critical role

in the reconstitution protocol. Possibly, varied volumes of the initial and final protein
sample in the concentration step have influenced the incorporation of the protein into the
lipid layer. Nevertheless, ATPase assays were performed and transporters mutated in the
TMDs achieved reasonable stimulation rates between 55-70 %. Interestingly, mutations in
the NBD caused lower stimulation rates (30 %), indicating a likely interference of
nucleotide binding or hydrolysis sites by the generation of the cysteines. The screening
results of the mutants are summarized in Table 2.1.

Position of
the
Cysteine
Substitution

Region of
the Cysteine
Substitution

Accessibilities
of the
Cysteines
(%)

T276C
A281C
N115C
Q116C
Q119C
S506C
S537C
S574C

TMD (ECL)
TMD (ECL)
TMD (ICL)
TMD (ICL)
TMD (ICL)
NBD
NBD
NBD

94
0
69
93
80
n.a.
0
79

Stimulation
Factor of
ATP
Hydrolysis*
(%)
70
n.a.
n.a.
55
70
n.a.
30
30

Reconstitution
Yields
(%)
10-20
n.a.
n.a.
50-60
50-60
50-60
50-60
10-20

Crosslinking
Yields with
CuCl2
(%)
0
0
n.a.
n.a.
n.a.
95
50
n.a.

Table 2.1: Overview of cysteine mutations in Sav1866. All mutants were analyzed for the accessibility of
their generated cysteines by an Ellman assay, stimulation factor of the ATP hydrolysis by the substrate
Hoechst 33342, reconstitution yield into liposomes calculated by SDS-PAGE, and cross-linking yield in the
presence of the oxidant CuCl2 determined by SDS-PAGE.* 100 % equal the stimulation rate of wild type
Sav1866.

Screening of cysteine mutants of AfModBC
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AfModBC likely undergoes large conformational changes in its TMDs during the transport
cycle. To study these conformational rearrangements, cysteines were generated in the
transporter for a cross-linking approach. The cysteines were engineered via site-directed
mutagenesis and since AfModBC is a homodimer, each mutation generated two cysteines
per assembled transporter. The cytoplasmic gate region of AfModBC is open in the
absence of ATP and supposed to close upon binding of the nucleotides. This rearrangement
will change the distance between certain positions and can therefore be detected by crosslinkers of different lengths or CuCl2, which induces disulfide bridges of only sulfhydryl
groups in close vicinity. Two positions were selected, which have an exposed (not core
facing) localization along the interface of the TMDs: S153 in the helix TM4 and S80 in a
loop between helices TM2 and TM3 (Fig. 2.5) (PDB file: 2ONK). To ensure little
alteration of the proteins structure, only serines, which have a similar side chain to
cysteines, were selected for the exchange with a cysteine.
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Figure 2.5: Cysteine substitutions in AfModBC at the cytoplasmic gate region. A) Ribbon representation
of the ABC type I importer in an inward-facing and ATP-free state. The red chain indicates the periplasmic
binding protein ModA (SBP), the yellow and blue chains the transmembrane domains (TMD) ModB, green
and pink chains the nucleotide-binding domains (NBD) ModC. The red spheres highlight the positions of the
generated cysteines. Because AfModBC is a homodimer, each mutation generated two cysteine per
assembled transporter. B) Magnification of the cytoplasmic gate region in ModB. The positions and distance
(Å) between the Cα of the cysteines (red spheres) are depicted.

In order to specifically cross-link cysteine residues at desired positions a cys-less template
was generated and used in the polymerase chain reaction (PCR). A previously described
protocol for wild type AfModBC was used to express and purify the mutants (10). The
yields (0.5 mg / g cells) were equal to wild type AfModBC. The stability of the mutated
transporters was monitored by size exclusion chromatography and confirmed the structural
integrity of the mutants up to a concentration of 10 mg / ml. The transporters were
analyzed by an Ellman assay, which evidenced the accessibility of the cysteines in both
mutants (S153C 77 %, S80C 67 %). To verify that the integrity of the mutated AfModBC
transporter retained during the purification procedure, ATPase assays were performed.
Mutant S153C revealed a hydrolysis rate of 29 nmole ATP mg -1 min -1, which is consistent
with the wild type protein (24.7 nmole ATP mg-

1

min

-1

). The results of the mutant

screening are summarized in Table 2.2.

Position of
the
Cysteine
Substitution
S80C

S153C

Region of
the Cysteine
Substitution
TMD
(cytoplasmic
gate)
TMD
(cytoplasmic
gate)

Accessibilities
of the
Cysteines
(%)

Rate of ATP
Hydrolysis
(nmole ATP
mg -1 min -1)

Cross-linking Yield
with CuCl2
(%)

67

n.a

0

77

29 ± 0,73

0
(in ATPfree state)

50
(in ATPbound state)

Table 2.2: Overview of cysteine mutations in the cytoplasmic gate of AfModBC. The two mutants were
analyzed for accessibility of their generated cysteines by an Ellman assay, ATP hydrolysis rate, and crosslinking yield in the presence of the oxidant CuCl2 determined by SDS-PAGE.

Cross-linking as a powerful tool for studying intra-molecular interactions
ABC transporters undergo large rearrangements for the export or import of their substrates.
To understand how these transporters work, multiple intermediate states of the transport
cycle need to be examined. Most of these intermediate forms occur only transiently and
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briefly, and are therefore difficult to analyze by structural biology methods. Thus, the
approaches of chemical biology have become increasingly used as a powerful
methodology. The cross-linker can capture and freeze temporary contacts between subunits
by covalently bonding them together as they interact.
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Figure 2.6: Methanethiosulfonate (MTS) cross-linkers. A) Cross-linkers with different spacer-arm
lengths. The span denotes the length between the two reactive MTS groups. B) Reaction of one cross-linker
with two cysteine residues and formation of two disulfide bridges. Sulfinic acid is eliminated.

The formation of cross-links is a direct and convincing evidence of their close proximity.
Cross-linkers are bi-functional reagents containing reactive end groups that react with
functional groups, such as sulfhydryls of amino acids (Fig. 2.6 B). Varying the length of
the spacer-arm between their reactive end groups can be used to determine the distance
between linked residues (Fig. 2.6 A). Sulfhydryl groups, which are in very close vicinity,
can form disulfide bridges even without an additional spacer distance. Oxidants, like CuCl2
can be used to promote this covalent bond.
Over the past years, chemical cross-linking has established a powerful tool for the
investigation of ABC transporters. Several ABC exporters, e.g. BmrA of Bacillus subtilis,
the human P-glycoprotein (P-gp), and the cystic fibrosis transmembrane conductance
regulator (CFTR) were studied by a cross-linking approach at the TMD-NBD interface
during their catalytic cycle (22, 23). The maltose importer MalFGK of E.coli was also
investigated by cross-linking and indicated an ATP-dependent closure of the NBDs (24).

Evidence of a rigid outward-facing conformation of Sav1866 in detergent
CuCl2 and methanethiosulfonates (MTS) with varying spacer-arm lengths between their
reactive end groups (Fig. 2.6 A) were used to cross-link the engineered cysteine residues in
Sav1866. The transporter was studied in a detergent-solubilized state. Mutants with
cysteines in the extracellular region of the TMDs (T276C, A281C) and in the NBDs
(S537C, S506C) were tested for their cross-linking yields. A cross-link between the
cysteines generates a covalent linkage between the two Sav1866 monomers (a monomer
corresponds to one TMD fused to one NBD), which can be visualized by SDS-PAGE. The
high-resolution X-ray structure of wild type Sav1866 showed an outward-facing
conformation with closed and nucleotide-bound NBDs (2). It was believed that the closure
of the NBDs is related to the binding of nucleotides, as observed in several ATP-trapped
structures of isolated NBDs or in the maltose ABC importer MalFGK (11). However, the
cross-linking studies of Sav1866 revealed a remarkable close vicinity of the nucleotidefree NBDs. Mutant S537C could be linked with every MTS cross-linker by almost 100 %
in the absence of nucleotides (Fig. 2.7 B). Moreover, this mutant showed significant
disulfide bridge formation by adding CuCl2, which requires cysteines with distances in
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immediate vicinity (5-6 Å between the Cα atoms). Notable results could be observed for
the mutant S506C, which revealed cross-linked Sav1866 (90 %) even in the absence of any
cross-linking reagent or cupric ions (Fig. 2.7 A). The mutant S537C yielded a lower crosslinking efficiency than mutant S506C, which is in agreement with the high-resolution
structure of Sav1866. Distance measurements revealed 13 Å between the Cα atomes of the
residues at position S537 and 5.5 Å at position S506. However, the cross-linking results of
both mutants suggest a closed conformation of Sav1866 in an ATP-free state.

Figure 2.7: Cross-linking at the interface of the nucleotide-binding domains (NBDs) in Sav1866. 12.5 %
SDS-PAGE for the analysis of the disulfide bridge formation between the two Sav1866 monomers (monomer
= TMD-NBD, dimer = TMD-TMD-NBD-NBD) generated by methanethiosulfonate cross-linkers (MTS 2,
MTS 3, MTS4) with different spacer-arm lengths or the oxidant CuCl2. A) Cross-linking in mutant S506C.
Lane 1 (left): protein molecular weight marker (M); lane 2: monomeric Sav1866 in the presence of the
reducing agent β-mercaptoethanol; third lane: predominant dimeric (cross-linked) Sav1866 in the absence of
reducing agents. B) Cross-linking in mutant S537C. Lane 1 (right): protein molecular weight marker; lane 2:
monomeric Sav1866 in the absence of ß-mercaptoethanol; lane 3-5: predominant dimeric Sav1866 crosslinked by MTS; lane 6: weak dimer formation in Sav1866 in the presence of CuCl2.

Cross-linking studies were also performed with mutants engineered in the periplasmic
surface of the TMDs (T276S and A281C) (done by Martina Niederer from our laboratory).
In the absence of ATP, the TMDs should face inwards and thus the engineered cysteines
should be in close vicinity. Surprisingly, no dimer formation could be detected, even if
long bismaleimide cross-linkers (15 Å) were applied.
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Previously, the closed NBDs of Sav1866 in the presence of ADP led to different
speculations about an ADP-bound state. Crystal structures of the ATPase MalK in various
states of the hydrolysis cycle revealed an open conformation with bound ADP and a closed
conformation only in the presence of ATP (5). For Sav1866 it was suggested that binding
of ADP at the NBD interface is sufficient to trigger an ATP-bound state in detergent.
However, the cross-linking results described above indicate that Sav1866 in detergentsolution forms a very stable outward-facing conformation even in the absence of any
nucleotides. It is known that detergents can have versatile effects on the detergentsolubilized membrane proteins (25,26). Depending on the physical properties, they can
provoke completely different findings e.g. in stability, ATPase activity rate or
reconstitution efficiency. Thus, it seems plausible that in the case of Sav1866, C12E8 has
unphysiologically shifted the equilibrium towards a rigid ATP-bound state.

Indication of an outward-facing conformation in AfModBC by cross-linking
In AfModBC, cysteines generated in the cytoplasmic gate region (S80C, S153C) were used
to probe the dynamic of the transporter in detergent. The high-resolution structure of wild
type AfModBC revealed a translocation pathway that was open to the cytoplasm and
closed to the periplasm. The NBDs were nucleotide-free and revealed a large gap. (11).
The postulated two-state scheme suggests a switch of the TMDs to an outward-facing
conformation upon binding of ATP (2,3). As the cytoplasmic gate closes, a dimer of crosslinked ModB should be visible in SDS-PAGE. The cross-linking studies were done in the
presence of MTS cross-linkers with various length sizes as well as CuCl2. The reactions
were performed in the absence and presence of nucleotides. In the mutant S80C, no TMD
dimer formation could be generated, regardless which cross-linking reagent was used.
Even in an ATP-bound state, no ModB dimer could be detected by SDS-PAGE. Many
varied experimental approaches, such as testing different incubation times or temperatures,
were performed to achieve a cross-linking in mutant S80C. Shortly after this finding the
high-resolution structure of the homologous maltose transporter MalFGK in an ATP-bound
state was published. This structure showed a closed conformation of the cytoplasmic gate
and indicated, that the distance of position S80 in AfModBC might have increased with
bound ATP. The residues S80 in ModB have a distance of 36 Å (Fig. 2.5), and the
equivalent positions in MalFG reveal a distance of 40 Å.
The distance between the residues at position S153 (14 Å) is much smaller compared to
position S80 (36 Å) (Fig. 2.5). In fact, AfModBC mutant S153C showed a significant
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ModB dimer in the presence of cross-linkers or cupric ions. The cross-linkers generated a
dimer regardless of whether nucleotides were present or not (50-80 % yield). By contrast,
CuCl2 could only form a disulfide bridge in the presence of ATP or ATP/ ortho-vanadate
(Fig. 2.8 B) (50 % yield). This finding suggests that the cytoplasmic gate closes upon
binding of ATP and likely AfModBC adopts an outward-facing conformation. These
results are in agreement with the structure of its homolog MalFGK (Fig. 2.8 A), which
reveals a shortened distance between the equivalent positions. Moreover, the results
demonstrated that binding of ATP to the NBDs is coupled to a conformational change in
the TMDs and lend biochemical support to the above-mentioned two-state model.

Figure 2.8: Cross-linking in the cytoplasmic gate in AfModB. A) Ribbon presentation of the
transmembrane domains (blue and yellow) of the ABC type I importers AfModBC and MalFGK in an
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inward- and outward-facing conformation. The cysteine residues S153C in AfModB and equivalent residues
in MalFG (MalG T183/MalF A394) are depicted as red spheres. The distances between the engineered
cysteines in an open (AfModB) and closed gate (MalFG) are denoted. B) 12.5 % SDS-PAGE for the analysis
of disulfide bridge formation in ModB. Lane 1 (left): protein molecular weight marker (M); lane 2:
monomeric ModB in the absence of CuCl2; lane 3: monomeric ModB in the presence of CuCl2; lane 4-5: the
addition of nucleotides promotes cross-linking by CuCl2, as evidenced by the increase of cross-linked
(dimeric) ModB and simultaneous decrease (50 %) of the monomeric ModB band. Binding of ATP or
ATP/ortho-vanadate (Vo4) cause a closure of the cytoplasmic gate as observed in MalFG.

Conclusions
Stable detergent-solubilized Sav1866 mutants with cysteines generated at the extracellular
surface of the TMDs and the interface of the NBDs were generated and used in crosslinking studies. Surprisingly, the findings of an ATP-free sample suggested tightly closed
NBDs and a large gap between the ECLs, similar to the ATP-bound conformation in the
high-resolution structure. This is contradictory to the previously postulated mechanism of
ABC exporters and type I importers, which suggests an outward-facing state only in the
presence of nucleotides. It is believed that a detergent effect has shifted the equilibrium of
Sav1866 to a rigid outward-facing conformation, which is insensitive to any inward-facing
promoting cofactors. By contrast, a well-defined conformational change could be detected
between the ATP-free and ATP-bound states of detergent-solubilized AfModBC. The
cytoplasmic gate region of the translocation pathway revealed a clear cross-link upon
binding of nucleotides, in agreement of a switch from an inward- to an outward-facing
conformation. These results match the postulated two-state scheme and evidenced
conformational rearrangements during the transport cycle of an ABC transporter.
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Chapter 3: Investigation of Conformational Rearrangements during the
Transport Cycle of ABC Type II Importers

Abstract
ABC transporters undergo large rearrangements during their transport cycles. Based on
high-resolution structures of an ABC exporter and a type I importer, a basic coupling
mechanism was proposed, which describes the different conformations of the TMDs and
the NBDs in an ATP-bound and ATP-free state. However, two high-resolution structures
of the ABC type II importer BtuCD of Escherichia coli were not in agreement with this
mechanistic scheme. Here, BtuCD was studied in more detail using Electron Spin
Paramagnetic Resonance spectroscopy (EPR) and chemical cross-linking. Continuous EPR
measurements were performed with spin-labeled transporter reconstituted into liposomes.
All intermediate states of the transport cycle were analyzed by monitoring EPR spectra in
the transporter BtuCD alone and with bound BtuF and/or nucleotides. Detailed motions of
the spin-labels and the findings of the cross-linking studies suggest a mechanism of BtuCD
that is distinct to the above-mentioned transport model for exporters and type I importers.

Introduction
The type II importer BtuCD
The vitamin B12 transporter BtuCD of E.coli belongs to the type II ABC importers with a
total of 20 transmembrane helices and was visualized in two different conformations at
high-resolution (Fig. 3.1 A) (1,2). BtuCD was solved ATP-free and revealed at its TMD
(BtuC) interface a large cavity, which is open to the periplasmic environment. The
cytoplasmic entrance is blocked by a closed gate, which is, like the whole translocation
pathway, mainly formed by TM helix 4 and TM helix 5. The architecture of the two NBDs
(BtuD) is similar to that of other ABC transporters. The subunits are aligned in a head-totail manner with the signature motif of one BtuD juxtaposed the P-loop of the other BtuD.
Short cytoplasmic alpha helices of BtuC (between TM helix 6 and 7), that are termed
coupling helices, make intensive contacts with residues around the Q-loop of BtuD. BtuCD
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was also co-crystallized with its binding protein BtuF, which is devoid of vitamin B12 (3).
Compared with the structure of apo-BtuF bound to its substrate a significant “opening” of
BtuF is visible. Furthermore, periplasmic BtuC loops interact with the B12 binding pocket
of BtuF. A central cavity is still present at the interface of the BtuC subunits, but is closed
from both the cytoplasmic and the periplasmic side (occluded conformation).

Figure 3.1: Crystal structures of ABC type II importers. A) Ribbon representation of BtuCD, BtuCDF
and HiF. The grey box depicts the approximate position of the membrane. Both BtuCD and HiF consist of
four separate subunits, two transmembrane domains (TMDs) and two nucleotide binding domain (NBDs). In
BtuCD the TMDs are colored yellow and blue and the NBDs green and pink. BtuCD was also solved in
complex with its cognate binding protein BtuF (BtuCDF), which is denoted in light blue. In the structure of
HiF the TMDs are colored in red and pink and the NBDs in blue and green. All structures were solved ATPfree and have similar conformations of their NBDs (open), but different conformations of their TMDs. B)
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Comparison of the TMD conformation in BtuCD, BtuCDF and HiF. For clarity, only the central helices
(TM5, 5a) lining the translocation pathway are shown. The grey box depicts the approximate position of the
membrane. BtuCDF reveals a hybrid conformation of the inward-facing HiF and the outward-facing BtuCD.

The complex BtuCDF reveals a remarkable asymmetry in its translocation pathway, which
is mainly formed by TM helix 4 and 5. These helices have distinct conformations, which
are most substanial in the cytoplasmic gate region. A superposition of the three structures
of BtuCDF, BtuCD and HiF revealed that in BtuCDF one TM 5 and helix 5a adopt a
conformation similar to HiF while the other adopt a conformation similar to BtuCD (Fig.
3.1 B). This finding suggests that the TMDs of BtuCD may alter their conformations
during a transport cycle simultaneously. The structure of the BtuD subunits in BtuCDF and
BtuCD revealed no significant differences.
On the basis of the structure of Sav1866 and AfModBC a two-state mechanism was
proposed (4,5). It suggests that the TMD-formed translocation pathways of ABC
transporters adopt an inward-facing conformation when the NBDs are nucleotide-free, and
an outward-facing conformation when the NBDs form a head-to-tail sandwich with tightly
bound ATP. Strikingly, both BtuCD structures were solved in the absence of any
nucleotides but showed no inward-facing conformations. BtuCD revealed an outwardfacing state and BtuCDF was closed to both sides of the membrane. Interestingly, the
structure of a homolog of BtuCD, HiF of Haemophilis influenzeae, is consistent with the
above-mentioned two-state scheme (6). The transporter was solved in the absence of ATP
and was inward-facing. Therefore, it was believed that either purification and
crystallization conditions have induced the uncoupling of the TMD and the NBD
conformations, or that BtuCD may have a translocation scheme that is distint compared to
other ABC transporters (7).

Goals
The goal of this work was on the one hand to confirm the conformations in the previous
crystal structures of BtuCD and BtuCDF, and on the other hand to clarify the vitamine B12
transport mechanism of BtuCD. The aim was to study the transporter in all states of its
transport cycle by CW EPR, which can monitor a spin-labels close environment and
therefore indicate conformational rearrangements. The EPR studies were combined with
the structural analysis of the transporter. The goal was to solve the structure of BtuCD in a
conformation, which is different to the previous X-ray structures and allows further
insights into the structural basis of its transport mechanism. Therefore, the transporter was
locked in a defined conformational state by a covalent cross-link and used for
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for 30 minutes at 40.000 x g (Sorval RC5C+ centrifuge, SA600 rotor) and 4 °C. The
supernatant was loaded on 15 ml NiNTA superflow affinity resin (Qiagen) in a XK26
column (GE Healthcare) previously equilibrated with equilibration buffer (50 mM TrisHCl (pH 7.5), 25 mM imidazol-HCl (pH 8.0), 500 mM NaCl, 5mM ß-mercaptoethanol and
0.1 % (w/v) LDAO). The column was washed with equilibration buffer followed by a
wash step with pre-elution buffer (50 mM Tris-HCl (pH 7.5), 90 mM imidazol (pH 8.0),
500 mM NaCl, 5 mM β-mercaptoethanol and 0.1 % (w/v) LDAO). The protein was eluted
with elution buffer containing 50 mM Tris-HCl (pH 7.5), 90 mM imidazol (pH 8.0), 500
mM NaCl, 5 mM β-mercaptoethanol and 0.1 % (w/v) LDAO) and immediately desalted
over a HiPrep10/60 desalting column (GE Healthcare) into the appropriate buffer (Ellman
assay buffer, ATPase assay buffer, cross-linking buffer, crystallization buffer, or spinlabeling buffer). The purity of the protein sample was assessed by 15 % SDS-PAGE and
the protein concentration was determined at OD280 with an extinction coefficient of ε280 =
0.1656 (mg / ml)-1 cm-1 (http://www.expasy.ch/tools/protparam.html). The yield of purified
protein was approx. 0.7 - 0.8 mg / g cells.

Ellman assays
The number of free sulfhydryl groups was determined using a modified Ellman assay (8).
The protein was purified as described above and transferred into 10 mM Tris-HCl (pH
7.5), 500 mM NaCl, 0.1 % (w/v) LDAO and 5 mM dithiothreitol (DTT). After a
concentration step, using an Amicon Ultra-15 concentrator unit (Millipore) with a
molecular cutoff of 100 kDa (BtuCDF) or 50 kDa (BtuCD), aggregates and reducing
agents were removed by size exclusion chromatography (Superdex 200 10/300 GL). 400 μl
protein was mixed with 16 μl 20 mM DTNB previously dissolved in 0.3 M Tris-HCl
(pH 8.0). The final DTNB concentration in the sample was 0.8 mM corresponding to a 40fold molar excess over free sulfhydryl groups in the protein. Absorbance at 412 nm was
measured every 5 - 10 minutes until the signal remained constant. The absorbance of
400 μl buffer containing the same amount of DTNB as well as of a protein sample without
DTNB were measured and subtracted from that of the protein DTNB reaction. To calculate
the concentration of free thiol groups the molar extinction coefficient of TNB at 412 nm
(ε412 = 14.150 M-1 cm-1) was used.

ATPase assays
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The protein was purified as described above and desalted into 20 mM Tris-HCl (pH 7.5),
500 mM NaCl and 0.1 % (w/v) LDAO. 100 µl sample with a protein concentration of 0.51 mg / ml was incubated either with or without 1 mM DTT for 5 minutes at room
temperature. Subsequently, samples destined for disulfide bridge formation were mixed
with CuCl2 in a molar ratio of 1 : 1 (CuCl2 : cysteine) and incubated for 20 minutes at room
temperature. Finally, BtuF was added in a 2-fold molar excess for complex formation.
ATPase assays were carried out as previously described (2). The reaction were performed
in LDAO at room temperature. Reactions contained 0.01 mg / ml BtuCD or BtuCDF, 20
mM Tris-HCl (pH7.5), 50 mM NaCl, 0.1 % (w/v) LDAO and 10 mM MgCl2. Reactions
were started by addition of 2 mM ATP (Sigma) and at various time points, 50 µl sample
were mixed with an equal volume of 12 % (w/v) SDS to stop the reaction. Nonorganic
phosphate was colorimetrically determined using a modified molybdate method (9).

Cross-linking
The protein was purified as described above and desalted into 10 mM Tris-HCl (pH 7.5),
100 mM NaCl and 0.1 % (w/v) LDAO. Cross-linking studies were performed with 0.4 mg
/ ml protein in a total volume of 20 µl. Disulfide bridge formation was promoted by the
addition of CuCl2 or sulfhydryl cross-linkers such as methanethiosulfonates (10 mM stock
solution in DMSO) in a molar ratio of 1 : 1 (CuCl2 : cysteine). After 20 minutes incubation
at room temperature, the reaction was quenched with 1 mM N-ethylmaleimide (20 mM
stock solution in DMSO) for 30 minutes at 4° C. Samples were analyzed by 15 % SDSPAGE in the absence of reducing reagents.

Crystallization of BtuCDF
The protein was purified as described above. The buffer was exchanged to 10 mM TrisHCl (pH 7.5), 500 mM NaCl and 0.1 % (w/v) LDAO. Cross-linking was carried out with a
protein concentration between 0.5-1 mg / ml. CuCl2 was added in molar ratio of 1 : 1
(CuCl2 : cysteine) and incubated for 45 minutes at room temperature. Subsequently, BtuCD
was mixed with a 2-fold excess of BtuF, 1 µM vitamin B12 and 0.1 % (v/v) C12E8. This
mixture was loaded on 10 ml of NiNTA superflow resin (Qiagen) containing XK26
column (GE Healthcare), previously equilibrated with 50 mM Tris-HCl (pH 7.5), 500 mM
NaCl, 25 mM imidazole-HCl (pH 8.0) and 0.01 % (v/v) C12E8. The column was washed
with equilibration buffer and the protein eluted with 200 mM imidazole-HCl (pH 8.0).
Afterwards, the buffer was exchanged to 10 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.01 %
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(v/v) C12E8 and 0.5 mM EDTA-NaOH (pH 7.5) and the protein was concentrated using an
Amicon Ultra-15 concentrator unit (Millipore) with a molecular cutoff of 100 kDa to
volume of at most 2 ml. Aggregates were removed by a size exclusion chromatography.
Freshly gel filtrated protein was concentrated to ~20 mg / ml and immediately used for
crystallization experiments. All crystallization trials were done by vapor diffusion in sitting
drops at 20 ºC against a reservoir condition. Crystallization trials were set up with the
Peg/Ion screen (Hampton) at a protein to reservoir volume ratio of 1 : 1.

Spin-labeling and reconstitution of BtuCD and BtuCDF into liposomes
The protein was purified as described above. The buffer was exchanged to 10 mM sodium
phosphate (pH 6.5) ((0.2 M stock solution: 31.5 ml of 0.2 M Na2HPO4 (53.65 g Na2HPO4
x 7H2O in 1 l) + 68.5 ml of 0.2 M NaH2PO4 (27.8 g in 1 l)), 500 mM NaCl and 0.1 % (w/v)
LADO. Immediately, a 40-fold excess of spin-label MTSL ((1-oxyl-2,2,5,5,-tetramethyl-d3-pyrroline-3-methyl) methanethiosulfonate) (Toronto Reasearch Chemicals) (10 mM
stock solution in DMSO) over cysteines was added in 4 portions every 5 minutes at room
temperature. The protein was moved to 4 °C. For the preparation of the complex BtuCDF,
BtuF was added in the presence of 1 µM vitamin B12 in a molar ratio of 2 : 1 (BtuF : BtuC2
D2). 25 mM Tris-HCl (pH 8.5) was used to ensure proper binding of the His-tag to the
NiNTA resin. Excess label was removed on 10 ml Ni-NTA resin in a XK16 column,
previously equilibrated with equilibration buffer. On the column, the detergent was
exchanged from LADO to Triton X-100 (3 column volumes 50 mM Tris-HCl (pH 7.5), 25
mM imidazole-HCl (pH 8.0), 500 mM NaCl, 0.1 % (w/v) LADO, 0.14 % (v/v) Triton X100 followed by 3 column volumes 50 mM Tris-HCl (pH 7.5), 25 mM imidazole-HCl (pH
8.0), 500 mM NaCl and 0.14 % (v/v) Triton X-100. The protein was eluted in Triton X-100
with 200 mM imidazole-HCl (pH 8.0).
BtuCD and BtuCDF were each incorporated into liposomes consisting of E.coli polar lipid
extract and Egg L-α-phophatidylcholine at a 3 : 1 ratio (w/w) according to a previously
described protocol (10). Eluted BtuCD was concentrated using an Amicon Ultra-4
concentrator unit (Millipore) with a molecular cutoff of 50 kDa to a final concentration
between 8-10 mg / ml, supplemented with 0.14 % (v/v) Triton X-100 and added to 10 mg /
ml liposomes in a final volume of 500 µl (molar ratio lipid : protein of 300 : 1). For
BtuCDF an Amicon Ultra-4 concentrator unit (Millipore) with a molecular cutoff of 100
kDa was used to concentrate the protein between 2-3 mg / ml. After addition of 0.14 %
(v/v) Triton X-100, 8 mg / ml liposomes were mixed with the protein to a final volume of
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1.25 ml (molar ratio lipid : protein of 600 : 1). Liposomes were in each case pre-incubated
with 0.14 % (v/v) Triton X-100 for 1 hour at room temperature before mixing with the
protein. The protein/lipid suspension was gently incubated for 1 hour at room temperature
on a rotator. 20 mg (wet weight) Bio-Beads SM-2 were added and the suspension was
gently mixed for another 15 minutes at room temperature and then moved to 4 °C. Four
more aliquots of Bio-Beads were added and the suspension was agitated for the following
periods: 15 minutes, 30 minutes, overnight and 60 minutes (11). Bio-Beads were pelleted
with a quick spin in the tabletop centrifuge. The supernatant containing the
proteoliposomes was transferred to an ultracentrifuge tube and centrifuged for 30 minutes
at 4 °C and 186.000 x g (Optima MAX Ultracentrifuge, Beckman, TLA55 rotor). The
supernatant was discarded and the liposomes were washed by resuspending them in 400 µl
of 20 mM Tris-HCl, 150 mM NaCl and centrifuging for 15 minutes at 4 °C and 186.000 x
g. The proteoliposomes were resuspended in 400 µl of the same buffer and extrusion
through a 400 nm filter (Avanti Mini extruder) was used to generate uniformally sized
proteoliposomes. Finally, the proteoliposomes were frozen in liquid nitrogen and stored at
-80 °C.

EPR measurements of BtuCD and BtuCDF
All EPR measurements were performed at the University Chicago in collaboration with
Professor E. Perozo. X-band continuous wave (CW) spectra were performed at room
temperature as previously described (12). Spectra were obtained in a Bruker EMX
spectrometer fitted with a super-High Q resonator under the following conditions: 2 mW
incident power, 100 kHz modulation frequency and 1 G modulation. Nucleotides were
mixed with the poteoliposomes, incubated for 15 minutes in a 37 °C water bath and
sonicated in an ultrasonic water bath every 5 minutes for 1 minute.

Over-expression and Purification of BtuF
BtuF was expressed and purified as earlier described (2). The protein was expressed in the
periplasm of E.coli BL21-CodonPlus(DE3)-RIPL (Stratagene) using an OmpA signal
sequence (Fig. 3.4). Cells were grown in TB medium supplemented with 1 % (w/wv) D(+)-glucose and 100 μg/ml ampicillin at 37°C. At A600 of 0.5-1.0 the temperature was
shifted to 25 °C and after 1 hour protein production was initiated by addition of 0.4 mM
isopropyl-β-D-thiogalactopyranoside (IPTG). Cells were harvested by centrifugation for 10
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Results and Discussions
Screening of mutants
Cysteines were generated at various positions in BtuCD via site-directed mutagenesis. In
the following only four of multiple mutants are described and discussed. Several mutants
were for instance less stable or revealed a low spin-labeling efficiency.
The translocation pathway of BtuCD (PDB file of BtuCD: 1L7V, PDB file of BtuCDF:
2OI9) has two gates: a periplasmic (at the outer surface) and a cytoplasmic (at the inner
surface). Crystal structures of BtuCD and the homolog HiF showed that these gates can
adopt open and closed conformations (Fig. 3.1).

Figure 3.5: Cysteine substitutions in BtuCD. A) Ribbon representations of the ABC type II importer
BtuCD in an outward-facing conformation and in complex with its substrate binding protein (SBP) BtuF
(BuCDF) in an occluded conformation. The engineered cysteines in the periplasmic and cytoplasmic gate
region are depicted as red spheres. Since BtuCD is a homodimer, each mutation generated two cysteines per
assembled transporter. B) Magnification of the cytoplasmic (view from the cytoplasm) and periplasmic (view
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from the periplasm) gate region in BtuCD and BtuCDF. The cysteines are labeled as red or orange spheres.
Cysteines suitable for cross-linking studies are denoted in orange, while cysteines used for EPR spectroscopy
are colored in red. The positions and distances (Å) between the Cα atoms of the cysteines are depicted.

These conformational rearrangements cause large distance changes (15-20 Å) between
certain amino acids (around BtuC residue 169 and 143), and moreover change the close

environment of these amino acids. Therefore, cysteines were generated at the cytoplasmic
gate region (S141, S143; done by Martina Niederer from our laboratory) and at the
periplasmic gate region (T168, S169) of BtuC (Fig. 3.5) at positions facing to the solvent.
To ensure little alteration of the proteins structure, mainly serines, which have a similar
side chain to cysteines, were used for the exchange with cysteine. All mutations were
positioned in the loops preceding and following the key transmembrane helix TM5 of the
translocation pathway. Every mutant could be successfully expressed and purified in
LDAO according to a protocol described earlier (2). The yield (0.5-1 mg protein / g cells)
and the stability of the purified mutants were equal to cys-less BtuCD. Mutants were
tested for the accessibility of their generated cysteines. Both mutants of the periplasmic
gate region (T168C and S169C) and one mutant of the cytoplasmic gate region (S141C)
revealed accessibilities between 67 % and 86 %, but mutant S143C showed a low
accessibility (38 %). It is believed that due to a very high self-cross-linking rate (as
described below), the cysteines at position 143 were already oxidized before the addition
of the Ellman reagent.
The mutants were further analyzed by an ATPase assay. Hydrolysis is a typical and
essential feature of ABC transporters and therefore a significant indication of their
integrity. Consequently, each BtuCD mutant was tested for its ATPase activity. Wild type
or cys-less BtuCD reveals, compared to other ABC transporters, a rather high basal
ATPase rate (500 nmole ATP mg

-1

min -1), which remained unchanged in the cysteine

mutants (between 360 -550 nmole ATP mg

-1

min -1). Previously, it could be shown that

the ATPase rate for wild type and cys-less BtuCD was stimulated by the addition of BtuF
(2-fold for wild type 1.6-fold for cys-less BtuCD) (11). This rate is rather low, considering
that B12 uptake is strictly dependent on binding of BtuF. Based on these findings, the low
stimulation rates for the mutants (max. 1.24-fold) did not raise any doubt on the proper
functionality of the mutants.
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Position of
the
Cysteine
Substitution

T168C

S169C

S141C

S143C

Region of
the Cysteine
Substitution
TMD
(periplasmic
gate)
TMD
(periplasmic
gate)
TMD
(cytoplasmic
gate)
TMD
(cytoplasmic
gate)

Accessibility
of the
Cysteines
(%)

ATPase
rate (nmole
ATP mg -1
min -1)

Stimulation
factor of the
ATP
Hydrolysis
by BtuF
(n-fold)

Reconstitution
Yield
(%)

86

361 ±11

1,14

approx. 80-90

76

416 ±9

1,24

approx. 80-90

81

550 ±21

1,0

approx. 80-90

38

358 ±19

1,09

approx. 80-90

Table 3.1: Overview of cysteine mutations in BtuCD. The mutants were analyzed for the accessibility of
their generated cysteines by an Ellman assay, the ATP hydrolysis rate in the absence and presence of BtuF,
and the reconstitution yield determined by SDS-PAGE.

Mutants were reconstituted into liposomes for EPR measurements. Initially, wild type
BtuCD was used to optimize the reconstitution protocol. Different LPRs (lipid : protein
ratio), incubation times of the protein-lipid mixture, Triton X-100 concentrations were
probed and achieved reconstitution rates of 80-90 %. A pre-incubation of the lipids with
Triton X-100 and a further incubation of the protein-lipid mixture for 1 hour lead to a
striking increase of the reconstitution rate from original 50 % (11). Remarkable is a
difference of the reconstitution rates between BtuCD and BtuCDF. The complex could be
incorporated 2-fold more efficient than BtuCD alone. A summary of the screening results
of the BtuCD mutants is given in Table 3.1.

Cross-linking
Chemical cross-linking was performed to find suitable targets for the crystallization of a
locked transporter. Cysteines, generated at the periplasmic and the cytoplasmic gate
regions of BtuCD and BtuCDF, were examined for their cross-linking yields.
Methanethiosulfonates (spacer-arm lengths of 5.2 Å, 6.5 Å and 7.8 Å) and CuCl2 were
used to covalently link cysteines in close vicinity. This linkage generates dimeric BtuC,
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which can be detected by SDS-PAGE. The cross-linking results revealed a very flexible
periplasmic gate region of BtuCD. Both mutants T168C and S169C showed dimer
formation with MTS cross-linkers and CuCl2 (Fig. 3.6), although these residues reveal a
distance of approx. ~28 Å in the high-resolution structure of BtuCD (Fig. 3.5).
Remarkably, weak dimer formation occurred in mutant S169C even no cross-linkers or
oxidants were present. In complex with its binding protein BtuF, the transporter still
reacted with MTS but showed less (S169C) or no (T168C) reaction with CuCl2. In the
structure of BtuCDF the periplasmic loops between TM5 and helix5 of BtuC reach into the
B12 binding site of BtuF and positions S169 and T168 are therefore likely restricted in their
dynamic.
The cytoplasmic gate was investigated in a similar manner like described above. All MTS
cross-linkers dimerized BtuC in a BtuF-bound or BtuF-free state. An intriguingly high self
cross-linking rate could be observed for mutant S143C. Almost 100 % of the TMDs were
covalently linked without any cross-linker present (Fig. 3.6). By contrast, mutant S141C
only formed disulfide bridges with the help of CuCl2. This finding is in agreement with the
two high-resolution structures of BtuCD, which reveals a smaller distance between
residues S143 (5,8-6,8 Å) than for residues S141C (12-13 Å) (Fig. 3.5). In the complex
BtuCDF, mutant S141C showed a decreased cross-linking rate by the addition of CuCl2.
Although the distance in BtuCD and BtuCDF are nearly identical, an altered vicinity of the
thiol groups likely restricts the dynamic and inhibits the disulfide bridge formation.
BtuF binding tests were performed with transporters covalently linked by a disulfide bridge
between the generated cysteines. The cross-linking in the cytoplasmic gate (S141C,
S143C) did not affect binding of BtuF. In contrast, position T168C and S169C at the
periplasmic gate reacted differently. While a cross-link of mutant S169C still lead to
complex formation, mutant T168C could not bind BtuF. Residue T168 is likely an
important residue for docking of BtuF to BtuC. The cross-linked transporters were
examined for their aggregate formation by size exclusion chromatography. The stability of
cross-linked transporters in complex with BtuF was similar to the wild type complex.
However, in the absence of the binding protein, the locked transporters yielded much less
stabilities as observed in wild type BtuCD. Mostly, the protein started to aggregate during
the concentration step.
The results of the cross-linking experiments indicated promising targets for the
crystallization of a transporter, which is locked either in its periplasmic or cytoplasmic gate
and might have a conformation that is different to previous high resolution structures.
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Moreover, the data identified suitable cysteines for spin-labeling. Mutants with close
cysteines (S169C, S143C) formed intra-molecular disulfide bridges and were therefore
used for crystallographic purposes. In contrast, mutants with no or low cross-linking rates
(T168C, S141C) ensured an efficient spin-labeling of the cysteines for EPR measurements.

Figure 3.6: Cross-linking at the periplasmic and cytoplasmic gates in BtuCD induced by the oxidant
CuCl2. 15 % SDS-PAGE for the analysis of the disulfide bridge formation between cysteines in the BtuC
subunits in the complex BtuCDF (CDF) or the transporter BtuCD (CD) alone. + or – indicate samples with or
without CuCl2. Two mutants of the periplasmic gate region (T168C, S169C) and the cytoplasmic gate region
(S141C, S143C) were analyzed. Mutants with a red colored background were used for spin-labeling and EPR
measurements, while mutants with an orange color were used for crystallization. M = protein molecular
weight marker.

Crystallization
X-ray structures of BtuCD and the complex BtuCDF have provided new insights of how
the vitamin B12 transport in E.coli works. Nevertheless, more structural studies were
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necessary to explain the exact sequence of events during the transport cycle of BtuCD.
Since stable cross-linked BtuCDF complexes could be generated, crystallographic studies
were performed to solve the structure of a transporter shifted in a state that is distinct to
previous X-ray structures. Protocols described previously (2) were used to prepare the
complex for crystallization. Thus, the cross-linking reaction in the presence of cupric ions
and complex formation were performed in LDAO, but finally the detergent was exchanged
from LDAO to C12E8 and used for crystallization. Furthermore, similar conditions like for
wild type BtuCDF were applied for crystal growth (30 – 38 % (w/v) PEG400, 50 mM
either Tris-HCl (pH 8.4) or Glycine (pH 9.4), 400 mM (NH4)2SO4 and the additives 10-100
mM sodium phosphate or lithium citrate).
Crystallographic studies were performed with BtuCDF mutants, which revealed very high
self-cross-linking rates either in the periplasmic (S169C) or in the cytoplasmic gate region
(S143C). All crystallization experiments were carried out by vapor diffusion, using sitting
drop trays. Crystallization was performed at 20 °C with a protein concentration of 20 mg /
ml and a drop size of 4 µl with a protein to reservoir volume ratio of 1 : 1. Crystals
appeared after 2 days in very thin needles of irregular size similar to those observed in
initial screenings of wild type BtuCDF. A crucial factor for improving crystal growth of
wild type BtuCDF was the addition of the reducing agent DTT. Since disulfide bridges are
sensitive to any reducing agents, this alternative was not applicable for the cross-linked
mutants and therefore the quality of the crystals could not be improved.

EPR as a powerful tool to investigate intra-molecular dynamics
The combination of structure determination and the analysis of the dynamic mode is
needed to understand the function of biological macromolecules. EPR is a reliable method
to complement the high-resolution static structure of proteins in crystals by the description
of their dynamic and intra- or intermolecular interaction (13).
EPR (Electron Paramagnetic Resonance) is the absorption of microwave radiation
corresponding to the energy splitting of an unpaired electron when it is placed in a
magnetic field. When an atom or molecule with an unpaired electron is placed in a
magnetic field, the spin of the unpaired electron can become aligned either in the same
direction (spin up) or in the opposite direction (spin down) of the applied field (Zeeman
effect). This creates two distinct energy levels for the unpaired electrons and allows to
measure them as they are driven between the two levels.
Since the source of an EPR spectrum is a change in an electron's spin state, it might be
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thought that all EPR spectra would consist of a single line. However, the interaction of an
unpaired electron, by way of its magnetic moment, with nearby nuclear spins, results in
additional allowed energy states and, in turn, multi-lined spectra (hyperfine coupling). In
such cases, the spacing between the EPR spectral lines indicates the degree of interaction
between the unpaired electron and the perturbing nuclei.
Site-directed spin-labeling (SDSL) is a viable structural biology technique for the
investigation of protein local dynamics using electron spin resonance (14, 15). Specific
protein sites can be selectively targeted for spin-labeling by cysteine mutagenesis. Spinlabels are a unique molecular reporter, in that they are paramagnetic (contain an unpaired
electron). Nitroxide spin-labels are widespread used in the EPR field (Fig. 3.7). They are
very stabel and give a simple EPR signal. Once incorporated into the protein, a spin-label's
motion is dependent on its local environment. Because spin-labels are exquisitely sensitive
to motion, this has profound effects on its EPR spectrum. As spin-label mobility increases,
the EPR line width in the (CW) spectra narrows and vice versa.
EPR in combination with site-directed spin-labeling is also increasingly used to determine
distances within the protein (16, 17). The magnetic dipolar interaction between two spinlabels placed at the sites of interest results in a small local magnetic field that broadens the
spectrum. Distances in the 1-2 nm range can be detected by continuous wave (CW) EPR
(18).

Figure 3.7: Nitroxide spin-labels. Reaction scheme of a nitroxide spin-label; the spin-label reacts with the
sulfhydryl group of the cysteine to form a covalent disulfide bond; sulfinic acid is eliminated (adapted from
19).

Dynamics of spin-labels in the TMDs of BtuCD upon binding of BtuF
The engineered cysteines in the cytoplasmic and periplasmic gates in BtuCD were spinlabeled and EPR spectra were recorded of the transporter BtuCD alone or in complex with
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its binding protein BtuF. The periplasmic mutant T168C revealed considerable differences
between BtuCD alone and in complex with BtuF (Fig. 3.8). In the absence of BtuF, two
clearly defined mobile components are detected. The addition of B12-bound BtuF appears
to restrict the mobility of the spin-label, and moreover coupling between spin-labels
becomes evident in the spectrum, indicating a shortened distance between the labels. These
results are in agreement with the structures of BtuCD and BtuCDF. In the latter, the
distance between the residues T168 from the BtuC subunits decreased to ~14 Å from >25
Å in BtuCD. In addition, the region of the attached spin-label interacts with BtuF, which
probably decreases the mobility of the labels in BtuCDF.

Figure 3.8: EPR studies of BtuCD and BtuCDF in the periplasmic and cytoplasmic gates. Normalized
continuous wave (CW) EPR spectra of BtuCD and BtuCDF after spin-labeling and reconstitution into
liposomes. Mobile (m) and immobile (i) components are depicted and the region of the spectrum revealing
spin-spin coupling is indicated with an arrow. The x-axis corresponds to the magnetic field (gauss), the y-axis
corresponds to the EPR signal amplitude. The scale bar represents 20 gauss.

In the cytoplasmic gate region the labels are very immobile in the transporter alone, which
is consistent with their location at the center of the transporter and in close proximity of the
NBDs, which might restrict the spin-labels mobility. The addition of BtuF led to a shift
from one mobile component to two distinct components in the spectrum, one indicating an
immobile label, the other a mobile label. These EPR spectra are consistent with the highresolution structure of BtuCDF, which shows a remarkable asymmetry in the cytoplasmic
gate region. Probably, this asymmetry causes the two labels to face different environments.
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Whereas residue S141 of one BtuC subunit is located at the center of the complex, where
the mobility of the spin-label might be restricted, that of the other BtuC subunit is at the
periphery, where the label may have a much higher flexibility.

Dynamics of spin-labels in the TMDs of BtuCD and BtuCDF upon binding of
nucleotides
The reaction of BtuCD to nucleotides was tested by the addition of either the nonhydrolyzable ATP analogue AMPPNP, or sodium ortho-vanadate and ATP under
hydrolyzing conditions (Fig. 3.9). The spin-labels mobility in the periplasmic gate in the
absence of BtuF is unaffected by the addition of AMPPNP or ATP/vanadate. In the BtuFbound state, the dynamics of the labels is little influenced by the binding of the
nucleotides. The conclusion is that there is almost no influence of nucleotides on
conformational rearrangements in the periplasmic gate region.

Figure 3.9: EPR studies of BtuCD and BtuCDF in the periplasmic and cytoplasmic gates in an
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nucleotide-bound and nucleotide-free state mimicking distinct intermediates of the transport cycle.
Normalized continuous wave (CW) EPR spectra in the periplasmic and cytoplasmic gate of BtuCD and
BtuCDF after spin-labeling and reconstitution into liposomes. The x-axis corresponds to the magnetic field
(gauss), the y-axis corresponds to the EPR signal amplitude. The scale bar represents 20 gauss.

The cytoplasmic side of the membrane was also analyzed for its reaction to nucleotides.
The spin-labels in BtuCD revealed no reaction to the addition of nucleotides or vanadate.
In contrast to all other samples, in BtuCDF the labels at the cytoplasmic gate strongly
reacted to the addition of AMPPNP or ATP/vanadate (Fig. 3.10): with bound AMPPNP,
both labels became strongly mobile. To quantitate the changes of the labels in distinct
states of the transporter, the ratios slow : fast were calculated and are listed in Table 3.2.

Figure 3.10: EPR studies of BtuCD
and BtuCDF in the cytoplasmic gate
in the absence or presence of
nucleotides,
mimicking
distinct
intermediates of the transport cycle.
Normalized low field portions of
continuous wave (CW) EPR spectra in
the cytoplasmic gate of BtuCD and
BtuCDF after spin-labeling and
reconstitution into liposomes, where
the most conformational changes and
mobility are observed. The x-axis
corresponds to the magnetic field
(gauss), the y-axis corresponds to the
EPR signal amplitude. The scale bar
represents 10 gauss.

Ratio Slow/Fast in EPR Spectra
Apo
Periplasmic Gate
ATP/Vo4
AMPPNP
Apo
Cytoplasmic Gate
ATP/Vo4
AMPPNP

BtuCD
1.12
1.08
0.97
6.82
5.97
5.13

BtuCDF
1.66
2.23
2.98
1.49
0.81
0.18

Table 3.2: Quantitative analysis of
the ratios of the slow (immobile) and
fast (mobile) components of the
various CW EPR spectra. The ratio
was calculated by fitting the individual
components by Gaussians and dividing
their areas.

These observations led to the conclusions that the two gates in BtuCD are regulated
differently. The periplasmic gate reacts to the docking of BtuF only, and is, at a first
approximation, insensitive to nucleotides. BtuF leads to a shortened distance between the
two cysteines, indicating a closure of the external gate. At the cytoplasmic gate, the
addition of BtuF causes a shift from a highly immobile spin-label to two distinct
components in the spectrum, one indicating an immobile label, the other a mobile label.
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This observationn is consisteent with thee asymmetrry in the cryystal structuure of BtuCDF. The
cytopplasmic gatte is also inssensitive to nucleotides unless BtuuF is dockeed. Binding of BtuF
leadss to highly mobile spin-labels inn the presen
nce of AM
MPPNP. Thiis observatiion may
indiccate that BtuuCDF withh bound AT
TP might haave a confoormation that is similaar to that
obserrved in the HiF transpoorter crystaal structure, i.e. inward-facing. Thuus, the dataa suggest
that in contrasst to the above-menntioned two-state couupling mecchanism fo
or ABC
transsporters, thee BtuCDF complex
c
maay adopt an
n inward-faccing conform
mation in th
he ATPbounnd state.

pling betweeen the NB
BDs and TM
MDs of BtuCD
Coup
To demonstrate
d
that the connformationaal changes in
i the cytopplasmic gatee region are coupled
to ATP
A
hydrolyysis, the cyytoplasmic gate
g
was reestricted in its movem
ments by a covalent
linkaage betweenn two cysteeines. Mutant S143C was
w cross-liinked by C
CuCl2 (Fig. 3.6) and
used in an ATP hydrolysis assays. Thhe transporteer was studdied alone annd in comp
plex with
BtuF
F. The resullts indicatedd that the cross-linked
c
d samples were
w
unablee to hydroly
yze ATP
(Fig. 3.11) Furrthermore, gel filtration analysis of the cross-linked
c
d samples revealed
aggreegate formaation upon the
t additionn of ATP. Only
O
when DTT
D was preesent the hy
ydrolysis
rates turned to normal andd the proteiin remained
d stable onn a gel filtrration colum
mn. This
intrigguing findinng suggests that some opening or at least mootion of the cytoplasmic gate is
indeeed coupled to
t ATP hyddrolysis.

Figure 3.111: ATPase activity
a
of
BtuCD cross-linked in the
cytoplasm
mic gate. Mutaant S143C
was cross-linked by the addition
of CuCl2 and assayeed for its
ATPase aactivity in an BtuFbound aand BtuF-freee state.
Samples, which contained DTT,
reacted ssimilar to wild
w
type
BtuCD. By contrast,, in the
absence off DTT, dimerized BtuC
caused inhhibition of th
he ATPase
activity. A
ATPase activiities were
determined in triplicattes and a
calibrationn curve of K2HPO4
(0.05-0.355 mM) was ussed for the
calculationn.
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Conclusions
The transmembrane domains of BtuCD form cytoplasmic (inner) and periplasmic (outer)
gates, which undergo large conformational changes during the transport of vitamin B12.
Cysteine residues were generated into these gate regions and served as targets for spinlabeling or cross-linking. The CW EPR measurements of spin-labeled BtuCD in
proteoliposomes gave new insight into conformational rearrangements in the TMDs upon
binding of BtuF and ATP hydrolysis. The periplasmic gate is solely regulated by the
periplasmic binding protein BtuF, and a dipolar interaction between the two spin-labels
indicated a closure of the gate upon binding of BtuF. The cytoplasmic gate significantly
reacts to the presence of nucleotides, but only in complex with BtuF. Furthermore, a switch
from a highly immobile to a mobile spin-label suggests an opening of the cytoplasmic gate,
and likely an inward-facing state, upon ATP-binding to the NBDs. This finding is not in
agreement with the previously proposed mechanism for exporters and type I importers and
it is believed that BtuCD may have a distinct transport scheme. The coupling between ATP
hydrolysis and conformational rearrangements in the TMDs was further analyzed by a
cross-linking approach. A sample with a covalent disulfide bond in the cytoplasmic gate
was unable to hydrolyze ATP and aggregated upon the addition of ATP. This result was in
agreement with the coupling mechanism observed in the EPR measurements.
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Chapter 4: Screening of Heme ABC Transporters for Structural
Studies

Abstract
In humans, almost two thirds of the iron is incorporated into heme, which can be used as
an iron source by certain pathogenic bacteria. The heme uptake system requires transport
through one (Gram-positive) or two (Gram-negative) membranes, and the translocation
mechanism through the cytoplasmic membrane is less understood. Thus, high-resolution
structures of the involved membrane embedded proteins are needed to provide detailed
information of the heme transport mechanism.
ABC type II importers facilitate the transport of heme through the cytoplasmic membrane.
This chapter describes a screening approach of several homologous heme ABC importer
systems for structural studies. Transporters were analyzed for their expression yield in the
membrane fraction of Escherichia coli, stability in a detergent-solubilized state, and their
biological activity by an ATPase assay. Finally, the interaction between the transporter and
its cognate binding protein in vitro was tested by the formation of a stable transporterbinding protein complex. This screening identified the heme transporter HmuYp_UV of
Yersinia pestis as a promising target for crystallographic studies. Initial crystals, diffracting
to 3.5 Å, were obtained for the transporter alone but revealed a remarkable anisotropy in
the diffraction pattern. Thus, data quality was not sufficient for a structure determination
and further improvement of the crystal quality is needed.

Introduction
Iron uptake in bacteria
Iron is a required nutrient for most life forms, from bacteria to humans. It is important for
numerous biological processes, which include photosynthesis, respiration, oxygen
transport, gene regulation, DNA biosynthesis, etc. (1-3). The reduced ferrous form (Fe2+)
of iron is unstable under aerobic conditions, thus it occurs as the oxidized ferric form
(Fe3+). Ferric iron is aggregated into insoluble ferric hydroxides or sequestered into host
proteins, such as transferrin, lactoferrin, and ferritin (4). Therefore, the cellular
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concentration of ferric iron is too low for pathogenic bacteria to survive in their host by
using free iron only. Consequently, microorganisms have developed several mechanisms
for the uptake of iron (Fig. 4.1) (5).

A

B

C

Figure 4.1: Iron uptake in Gram-negative bacteria. A) Iron (black sphere) can be extracted from the
glycoprotein transferrin by an outer membrane attached protein at the cell surface and subsequently
transported into the periplasm. Binding proteins of the ABC importer system catch ferric iron and deliver
them to their cognate ABC transporter in the cytoplasmic membrane. B) Siderophores can scavenge iron
from precipitates or host proteins in the extracellular medium. The whole siderophore/iron complex is
transported through the outer and inner membrane. Iron is extracted from the siderophore in the cytoplasm.
C) Heme component (orange sphere) of hemoglobin or hemophores can directly extracted at the outer
membrane receptor. In the cytoplasm heme is degraded to biliverdin, carbon monoxide, and free ferric iron.
Adapted from (5).

A common mechanism of bacteria to obtain iron is to secrete siderophores, which chelate
iron in the extracellular medium (6). A second mechanism is to capture iron from host
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proteins like transferrin, lactoferrin or ferritin. A third mechanism is to take up iron either
by free heme or from heme-containing proteins, such as hemoglobin or hemophores (7).
All these uptake systems include an outer membrane receptor, a periplasmic binding
protein, and an inner-membrane ABC transporter. Transport through the outer membrane
is powered by the action of the TonB/ExbB/ExbD complex in the inner membrane.
In humans, almost two thirds of the iron is incorporated into a protoporphyrin ring as
heme. Heme is a very lipophilic molecule, which can in great quantities cause cell damage.
Therefore, heme is mainly bound by molecules such as hemoglobin or hemopexin (8). Two
major heme acquisition systems have been indentified in Gram-negative bacteria. The
‘direct’ heme uptake system involves direct binding of heme or heme protein to specific
outer membrane receptors on the bacterial cell surface (9). The second heme uptake system
is comprised of hemophores, which take up free heme or extract heme from heme proteins
in the external medium and shuttle it to the outer membrane receptors (10). Up to now,
structural studies were performed with the hemophore HasA, its outer membrane receptor
HasR and some periplasmic binding proteins of the ABC system in the cytoplasmic
membrane (7). However, little is known about the ABC type II importers, which arrange
heme translocation through the inner membrane.
Several heme uptake loci have been identified in the genome of many pathogenic bacteria
(11-16). One is hmuRSTUV of Yersinia pestis (11), which has been identified and analyzed
by cloning and insertional mutagenesis.

The mechanism of ABC type II importers
Recently, a common coupling mechanism has been postulated for ABC exporters and type
I importers (17). In the absence of nucleotides, the TMDs adopt an inward-facing
conformation, as visualized by the importer AfModBC (18). The nucleotide free NBDs are
separated by a gap, which has been referred to as the ‘open’ conformation. Upon binding
of ATP, the NBDs adopt a ‘closed’ conformation with tightly bound nucleotides
sandwiched between the P-loop and the LSGGQ motif, as observed in the structure of the
exporter Sav1866 (19). Binding of ATP triggers a conformational change from inward- to
outward-facing. This scheme is in agreement with several other structures of ABC
transporters, such as MalFGK, MaModBC or the ABC type II importer HiF (20,21,22).
However, the two high-resolution structures of the ABC type II importer BtuCD and
BtuCDF were both solved ATP-free but showed an outward-facing (BtuCD) or an
occluded conformation (BtuCDF) (23,24). This contradictory finding led to diverse
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speculations about how ABC type II importers operate. One could argue that purification
and crystallization conditions have induced uncoupling between the NBD and TMD
conformation, or BtuCD transports its substrate vitamin B12 differently than other ABC
type II importers. As decribed in chapter 3, EPR studies of BtuCD indicated that BtuCD
might have indeed a mechanism that is distinct to ABC type I importers and exporters.

Goals
The goal of this work was to solve the high-resolution structure of an ABC type II heme
importer to complement previous structural studies of the heme uptake in pathogenic
bacteria. Furthermore, the aim was to clarify the mechanism of ABC type II importers
since recent X-ray structures and EPR studies of the homologous transporter BtuCD
(Chapter 3) indicated that type II importers might have a mechanism that is distinct to type
I importers and exporters. The challenge of this work was to purify sufficient amounts of a
stable and active heme transporter for crystallographic purposes. Thus, a homology
screening approach of several transporters of pathogenic bacteria was performed.
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Experimental Procedures
Recombinant expression of the transporter proteins
HmuYp_U and hmuYp_V (Tab. 4.1) were amplified from plasmid pHMU7, which was
kindly provided by Professor R.D. Perry from the University of Kentucky (11), and ligated
into a modified pET-19b (Novagen) expression vector (Fig. 4.2). The transmembrane
domain gene hmuYp_U was either fused N- or C-terminally with a His-tag. Final
constructs were analyzed by DNA sequencing (Microsynth). The analogous cloning
strategy was applied for other heme ABC transporter genes, which are hutCD of Vibrio
cholera (12), hemuUV of Yersinia enterocolitica (13), phuUV of Pseudomonas aeruginosa
(14), shuUV of Shigella dysenteriae (15), and hmuUV of Corynebacterium diphteriae (16)
(Tab. 4.1). ShuUV was amplified from the plasmid pHTL106, which was kindly provided
by Professor P. Shelley from the University of Texas. Whenever no plasmid, containing
the appropriate genes, was present, amplification was done with genomic DNA purchased
from “Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH”, Germany
(Yersinia enterocolitica strain WA-C, Vibrio cholera strains CA401 and biovar eltor,
Pseudomonas aeruginosa strain PAO1, Corynebacterium diptheriae strain ATCC 11913,
avirulent).

Bacterial strain

NBD

TMD

SBP

Shigella dysenteriae

shuV

shuU

shuT

Pseudomonas aeruginosa

phuV

phuU

phuT

hmuV

hmuU

Yersinia enetrocolitica

hemV

hemU

hemT

Yersinia pestis

hmuYp_V

hmuYp_U

hmuYp_T

Vibrio cholera

hutD

hutC

hutB

Corynebacterium
diphteriae

hmuT

Table 4.1: Names of the
genes
encoding
the
nucleotide-binding domains
(NBD), the transmembrane
domains (TMD) and the
periplasmic binding proteins
(SBP) of the heme ABC
transporters
of
several
pathogenic bacteria.

Expression was tested at four different conditions: induction by isopropyl-β-Dthiogalactopyranoside (IPTG) at 37 °C and 20 °C and auto-induction at 37 °C and 25 °C.
All tests were done in 2 liter baffled flasks containing 750 ml Terrific Broth (TB) medium
supplemented either with 1 % (w/v) D-(+)-glucose (for IPTG-induction) or 1% (w/v)
glycero (for auto-induction) and 100 μg/ml ampicillin.
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Figurre 4.2: Modiified pET-199b plasmid containing
c
th
he hmuYp_V (NBD) and hmuYp_U (TMD)
(
in
tandeem for the expression
e
from a single mRNA. Single restrictionns sites used for cloning, ribosome
bindinng site (RBS), T7 promotor and terminaator (T7 and T7term),
T
and the
t lac operattor (lacO) are indicated.
Red colored
c
letterss highlight staart- and stop-ccodon. A TEV
V cleavage sitte can serve too remove the His-tag if
needeed. A) A His6-tag
- is fused C-terminally
C
too hmuYp_U. B)
B A His10-tagg is fused N-teerminally to hm
muYp_U.

Cellss from freshh E.coli BL
L21-(DE3)G
Gold (Strataagene) transsformationss were grow
wn at 37
°C and
a 120 rpm
m (Infors Minitron
M
Shaker). Cultu
ures used for
f auto-indduction werre grown
until an optical density (A
A600) of 0.4 at 37 °C and
a either shifted to 225 °C or in
ncubated
furthher at 37 °C
C. After 18 hours incubbation, cellss were harvvested. Culttures used for
f IPTG
inducction were grown at 37
3 °C until A600 of 2 and
a either shifted
s
to 220 °C for 1 hour or
incubbated furtheer at 37 °C until A600 of 3 and in
nduced withh 0.2 mM IPTG. Afterr 1 hour,
cells were harvvested by centrifugatioon for 10 minutes
m
at 15.000 x g (Sorvall RC5C
R
+
centrrifuge, SLC
C-4000 rotoor) and storred at -80 °C. Expression yieldss were anallyzed by
Westtern-blottingg.
Largge-scale exppression wass done in a 10 liter Techfors S ferrmenter (Innfors). An overnight
o
pre-cculture was incubated at
a 37 °C annd 75 rpm until
u
A600 off 0.5. Subseequently, ceells were
transsferred to thhe fermenteer and grow
wn at 37 °C to optical densities off 10-12. Ex
xpression
was induced with
w
0.2 mM
M isopropyl-β-D-thiog
galactopyrannoside (IPT
TG). Afterr 1 hour
incubbation cellss were cooled to 10 °C
C and harveested by ceentrifugationn for 10 miinutes at
15.0000 x g (Sorvvall RC5C + centrifugee, rotor SLC
C-4000) andd stored at -80 °C.
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Isolation of the membrane fraction
Cells were thawed and resuspended at room temperature in 50mM Tris-HCl (pH 7.5) and
500mM NaCl in a 1 : 10 ratio (g cells : ml buffer). Cells were cracked using a
microfluidizer (M-110 L microfluidizer, Microfluidics,) at 15.000 psi external pressure
(three runs with chamber H10Z 200 µm) and pelleted by ultracentrifugation at 140.000 x g
for 30 minutes (Optima L90K centrifuge, Ti45 rotor). The pellet was washed and finally
resuspended in a 1:1 ratio (g cells: ml buffer) and stored at -80 °C. All steps were carried
out at 4 °C unless stated differently.

Test purification of the transporter proteins
All following steps were carried out at 4 °C unless stated differently. 5 g cells were mixed
in a total volume of 50 ml with 500 mM NaCl, 50 mM Tris-HCl (pH 7.5), 25 mM
imidazole-HCl (pH 8.0) and 1 % (w/v) of the appropriate detergent. The mixture was
stirred for 1 hour and sonicated (Bramson Sonifier 250, big tip, duty cycle 50 %, output
control 5) every 15 minutes for 1 minute. Finally, solubilized cells were centrifuged for 30
minutes at 40.000 x g (Sorvall RC5C+ centrifuge, SA600 rotor). Purifications were done
by loading the supernatant on a XK16 column (GE Healthcare) containing 5 ml NiNTA
superflow resin (Qiagen). All following buffers contained 500 mM NaCl, 50 mM Tris-HCl
(pH 7.5) and a defined concentration of detergent above the CMC. The protein was loaded
in 25 mM imidazole-HCl (pH 8.0), washed with 50 mM imidazole-HCl (pH 8.0) and
eluted with 200 mM imidazole-HCl (pH 8.0). Subsequently, the buffer was exchanged on a
desalt column HiPrep 10/60 (GE Healthcare) into a buffer containing 150-500 mM NaCl,
10-50 mM Tris-HCl (pH 8.0), 0.5 mM EDTA-NaOH (pH 8.0) and a defined concentration
of detergent above the CMC. Concentration steps were done using an Amicon Ultra-15
concentrator unit (Millipore) with a molecular cutoff of 100 kDa. Aggregate formation was
analyzed by analytical size exclusion chromatography using a Superdex 200 10/300 GL
(GE Healthcare). The purity of the sample was analyzed by 15 % SDS-PAGE.

Recombinant expression of the binding proteins
HmuYp_T was amplified from the expression plasmid pHMU7 (11), which was kindly
provided by Professor R.D. Perry from the University of Kentucky (11), and ligated into a
modified pET-19b (Novagen) expression vectors (Fig. 4.4). Final constructs were analyzed
by DNA sequencing (Microsynth). The analogous cloning strategy was applied for other
heme binding proteins, which are hutB of Vibrio cholera (12), hemuT of Yersinia
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enterocolitica (13), phuT of Pseudomonas aeruginosa (14), shuT of Shigella dysenteriae
(15), and hmuT of Corynebacterium diphteriae (16) (Tab. 4.1). ShuT was amplified from
the plasmid pHTL106, which was provided by Professor P. Shelley from the University of
Texas. Whenever no plasmid containing the appropriate genes was present, amplification
was done with genomic DNA purchased from “Deutsche Sammlung von Mikroorganismen
und Zellkulturen GmbH”, Germany (Yersinia enterocolitica strain WA-C, Vibrio cholera
strains CA401 and biovar eltor, Pseudomonas aeruginosa strain PAO1, Corynebacterium
diptheriae strain ATCC 11913, avirulent).
Four different constructs were generated: two without the native signal sequence
(cytoplasmic expression) and two with the native or an OmpA signal sequence
(periplasmic expression) (Fig. 4.3, 4.4). The binding protein was either expressed without
any affinity tag or in the presence of a N- or C-terminally attached His-tag. 50 ml of an
overnight pre-culture of A600 0.5 was added to 750 ml of TB medium supplemented with 1
% (w/v) D- (+)-glucose in a 2 l baffled flask at 37 °C and 120 rpm (Infors Minitro Shaker).

Figure 4.3: Expression constructs of the heme binding protein HmuYp_T. A) Construct for the
expression into the periplasm with the native signal sequence (SS), which was predicted using the program
SignalP; numbers indicate the amino acid positions. B) Construct for the expression into the periplasm with
the E.coli signal sequence of the outer membrane protein OmpA. C) Construct for the expression into the
cytoplasm; the protein was expressed in the absence of any signal sequence.

At A600 of 0.5-1.0 the temperature was shifted to 25 °C and after 1 hour, protein production
was initiated by addition of 0.4 mM IPTG. Cells were harvested by centrifugation for 10
minutes (Sorvall RC5C+ centrifuge, SLC-4000 rotor) after 4 hours of induction and stored
at -80 °C. 20-50 mg of cells were mixed in 1 ml of buffer containing 500 mM NaCl and 50
mM Tris-HCl (pH 7.5), sonicated (Bramson Sonifier 250) and centrifuged for 10 minutes
at 16.100 x g (Eppendorf 5415D centrifuge, F45-24-15 rotor). Supernatant (soluble
fraction) and pellet (insoluble fraction) of 100 µg cells were assessed by 15 % SDS-PAGE.
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Figure 4.4: Modified pET-19b expression plasmid containing the gene for the heme binding protein
hmuYp_T. Single restrictions sites used for cloning, ribosome binding site (RBS), T7 promotor and
terminator (T7 and T7term), and the lac operator (lacO) are indicated. Red colored letters highlight start- and
stop-codon. A TEV cleavage site can serve to remove the His-tag if needed. A) periplasmic expression of the
full-length gene with no attached His-tag. B) periplasmic expression with an OmpA signal sequence and a Nterminal His10-tag. C) cytoplasmic expression with a C-terminally attached His6-tag. D) Cytoplasmic
expression with a N-terminal His10-tag.

Test purification of heme binding proteins from the cytoplasm
All purification steps were carried out at room temperature unless stated differently. 3 g
cells were thawed in a 1 : 10 ratio (g cells : ml buffer) by stirring for 1 hour. Subsequently,
cells were ruptured by using a M-110L microfluidizer (Microfluidics) at 15.000 psi
external pressure (three runs with chamber H10Z 200 µm.) The cell suspension was
centrifuged for 30 minutes at 40.000 x g (Sorval RC5C+ centrifuge, SA600 rotor) and the
supernatant was loaded onto 5 ml NiNTA superflow affinity resin (Qiagen) in a XK16
column (GE Healthcare). Subsequently, the column was washed with 25 mM Tris-HCl (pH
7.5), 80 mM imidazole-HCl (pH 8.0) and 250 mM NaCl. Finally, the protein was eluted
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with 300 mM imidazole-HCl (pH 8.0). The protein was desalted using a HiPrep 10/60
desalting column (GE Healthcare), into a buffer containing 50 mM Tris-HCl (pH 7.5), 150
mM NaCl, and 0.5 mM EDTA-NaOH (pH 8.0) and stored at 4 °C. The stability of the
protein was analyzed by size exclusion chromatography and the purity of the preparation
by a 15 % SDS-PAGE. Concentration steps were done by using an Amicon Ultra-15
concentrator unit (Millipore) with a molar cutoff of 10 kDa.

Expression and Purification of HmuYp_UV
HmuYp_UV was expressed with a N-terminal His10-tag fused to the TMD HmuYp_U in a
fermenter as described above. All following steps were done at 4 °C unless stated
differently. For solubilization, 60 g membranes were thawed at RT and mixed with buffer
in a 1 : 2 ratio (g membranes : ml buffer). The final mixture contained 500 mM NaCl, 50
mM Tris-HCl (pH 7.5), 15 % (w/v) glycerol, and either 1 % (w/v) n-dodecyl-ß-Dmaltopyranoside (DDM, Anatrace) or n-decyl-ß-D-maltopyranoside (DM, Anatrace) and
was stirred for 1 hour and sonicated (Bramson Sonifier 250, big tip, 50 % duty cycle,
output control 5) every 15 minutes for 1 minute. Finally, the solubilized membranes were
centrifuged for 30 minutes at 40.000 x g (Sorvall RC5C+ centrifuge, SA600 rotor). 20 mM
imidazole-HCl (pH 8.0) was added to the supernatant and subsequently the mixture was
loaded onto 12.5 ml NiNTA superflow resin (Qiagen) in a XK26 column (GE Healthcare).
All following buffers contained 500 mM NaCl, 50 mM Tris-HCl (pH 7.5), 15 % (w/v)
glycerol and either 0.016 (w/v) % DDM or 0.1 % (w/v) DM. The protein was loaded in 20
mM imidazole-HCl (pH 8.0), washed with 50 mM imidazole-HCl (pH 8.0) and eluted with
200 mM imidazole-HCl (pH 8.0) (Fig. 4.5). Subsequently, the buffer was exchanged on a
desalt column HiPrep 10/60 (GE Healthcare) to either 400 mM NaCl, 20 mM Tris-HCl
(pH 8.0), 0.5 mM EDTA-NaOH (pH 8.0) and 0.1 % (w/v) DM or 150 mM NaCl, 10 mM
Tris-HCl (pH 8.0), 0.5 mM EDTA-NaOH (pH 8.0) and 0.016 % (w/v) DDM. The protein
was concentrated to 20 mg / ml using an Amicon Ultra-15 concentrator unit (Millipore)
with a molecular cutoff of 100 kDa. Finally, the protein was ultracentrifuged for 10
minutes in an airfuge (A-95 rotor). The protein concentration was determined with an
estimated

extinction

coefficient

of

ε280

=

1.278

(mg

/

ml)-1

cm-1

(http://www.expasy.ch/tools/protparam.html). Aggregate formation was analyzed by
analytical size exclusion chromatography using a Superdex 200 10/300 GL (GE
Healthcare). The yield of purified protein is 0.16 mg / g cells.
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Figure 4.5: Chromatogram of the purification of HmuYp_UV using NiNTA superflow resin in a XK26
column. 180 ml of solubilized cells (60 g) were loaded on 12.5 ml of resin with a flowrate of 2.5 ml /min.
The column is washed with 375 ml, which corresponds to 30 column volume (CV), and 3.5 ml/min. The
protein is eluted with a flowrate of 3.5 ml/min. The numbers 1-3 indicate the starting point of loading (1),
washing (2), and elution (3).

Expression and purification of HmuYp_T
HmuYp_T was expressed as described above at 37 °C with IPTG induction and with a Cterminal His-tag. All following purification steps were carried out at room temperature. 3 g
cells were thawed and stirred for 1 hour in 150 mM NaCl, 50 mM Tris-HCl (pH 7.5) and
20 mM imidazole-HCl (pH 8.0) in a 1 : 10 ratio (g cells : ml buffer). The cells were
ruptured by using a M-110L microfluidizer (Microfluidics) at 15.000 psi external pressure
(three runs with chamber H10Z 200 µm) and centrifuged for 30 minutes at 40.000 x g
(Sorval RC5C+ centrifuge, SA600 rotor). The supernatant was loaded onto 15 ml NiNTA
superflow affinity resin (Qiagen) in a XK26 column (GE Healthcare). Subsequently, the
column was washed with 50 mM Tris-HCl (pH 7.5), 20 mM imidazole-HCl (pH 8.0) and
150 mM NaCl. Finally, the protein was eluted with 250 mM imidazole-HCl (pH 8.0). The
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protein was desalted using a HiPrep 10/60 desalting column (GE Healthcare), into a buffer
containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 0.5 mM EDTA-NaOH (pH 8.0)
and stored at 4 °C. The stability of the protein was analyzed by size exclusion
chromatography and the purity of the preparation by a 15 % SDS-PAGE. Concentration
steps were done by using an Amicon Ultra-15 concentrator unit (Millipore) with a
molecular cutoff of 10 kDa. The yield of purified protein is 20 mg / g cells.

ATPase assays
HmuYp_UV was purified as described above. ATPase assays were carried out, according
to a previously described protocol (25), at room temperature with protein in detergent
solution. Reactions contained 0.05-0.1 mg / ml protein, 20 mM Tris-HCl (pH 7.5), 200-500
mM NaCl, 0.5 mM EDTA-NaOH (pH 8.0), appropriate detergent with a concentration
above the CMC and 10 mM MgCl2. For ATP hydrolysis inhibition, 0.5 mM freshly boiled
sodium ortho-vanadate (VO4

2+

) was added to the solution. Stimulation of the ATPase

hydrolysis was tested by pre-incubation of purified binding protein with the transporter in a
2 : 1 molar ratio. Reactions were started by addition of 2 mM ATP (Sigma) and at various
time points, 50 µl sample were mixed with an equal volume of 12 % (w/v) SDS to stop the
reaction. Inorganic phosphate was colorimetrically determined using a modified molybdate
method (26).

Complex formation of HmuYp_UV and HmuYp_T
HmuYp_UV and HmuYp_T were over-expressed and purified as noted above.
HmuYp_UV was freshly desalted and concentrated to approx. 3 mg / ml. Reactions, done
in the presence of hemin, contained desalted HmuYp_T (10 mg / ml), pre-incubated with a
1 : 1.5 molar ratio of hemin to protein for 5 minutes at room temperature. For samples
done with nucleotides, 2 mM ATP, 10 mM MgCl2 and 0.5 mM freshly boiled orthovanadate were mixed with the protein solution. Finally, each mixture was incubated for 20
minutes at room temperature, shifted to 4 °C and run on a gel filtration column. The peak
of the assumed complex was collected and rerun after 24 hours incubation at 4 °C. All
fractions were analyzed by 16 % Tricine-SDS-PAGE (27).
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Crystallization of HmuYp_UV and HmuYp_UVT
HmuYp_UV
The protein was purified as described above and concentrated to 20 mg / ml. Finally, the
protein was centrifuged in an airfuge (A-95 rotor) and adapted for 1 hour at 20 °C.
Crystallization was done by vapor diffusion in sitting drops either at the NCCR
Crystallization Facility (University of Zurich, Switzerland) or in-house using 24-well
Cryschem Plates (Hampton Research). The protein to reservoir volume ratio in the drops
was 2 μl : 2 μl. HmuYp_UV crystallized after 1 day and matured to their full size within 1
week. Precipitation was gently removed from the well by replacing it with a harvesting
solution containing all components in the drop except for EDTA. The concentration of the
components was calculated by an arbitrary concentration factor of 1.8 x. Cryo-protection
was performed by exchanging the harvesting solution for a cryo-protection solution, which
contained additional 30 % (v/v) of PEG400. Crystals were flash-frozen by immersion in
liquid nitrogen.

HmuYp_UVT
HmuYp_UV and HmuYp_T were expressed and separately purified as described above.
Freshly desalted transporter was incubated with desalted binding protein in a molar ratio of
1 : 1.5. After incubation for 20 minutes at room temperature, the mixture was concentrated
to 20 mg / ml. Finally, HmuYp_UVT was ultracentrifuged for 10 minutes in an airfuge (A95 rotor) and directly used for crystallization as noted above.
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Results and Discussions
Screening of homologous heme transporters
A major rate-limiting step in determining the structure of membrane proteins is the
expression and purification of sufficient quantities of homogeneous protein. Therefore,
several ABC type II heme importers of pathogenic bacteria (HutCD of Vibrio cholera,
HemUV of Yersinia enterocolitica, PhuUV of Pseudomonas aeruginosa, ShuUV of
Shigella dysenteriae, HmuUV of Corynebacterium diphteriae and HmuYp_UV of Yersinia
pestis) were used for an extensive screening approach.
Two different constructs, one with a C-terminal His6-tag and the other with a N-terminal
His10-tag fused to the TMD (Fig. 4.2), were expressed in Escherichia coli at four different
growth conditions (IPTG-induction at 20 °C and 37 °C, auto-induction at 25 °C and 37
°C). The membrane fractions of the expressed cell cultures were isolated and analyzed by
Western-blotting. Expression could be detected for every construct but was dependend on
which growth condition (temperature, inducer, media composition) was used. Moreover,
several expressed transporters were not incorporated into the membrane (Tab. 4.2).
Initial solubilization and purification screens were performed to test three detergents with
distinct physical properties (n-dodecyl-ß-D-maltopyranoside (DDM), octaethylene glycol
monododecylether

(C12E8),

n-dodecyl-N,N-dimethylamine-N-oxide

(LDAO)).

The

detergents were examined for their ability to solubilize the protein from the membrane as
well as to stabilize the protein, which was monitored by analytical size exclusion
chromatography. This screening indicated three heme importers (HutCD, HemUV,
HmuYp_UV), which could be successfully solubilized and purified and remained stable in
detergent.
HutCD of Vibrio cholera was purified by the non-ionic detergent C12E8 with an N-terminal
His10-tag fused to HutC (Fig. 4.6 A). Gel filtration analysis revealed little aggregate
formation in a freshly desalted protein. By contrast, the zwitter-ionic LDAO interfered
with the integrity of the transporter. Aggregates and no symmetric peak in the gel filtration
chromatogram indicated a highly instable protein. Moreover, an unbalanced ratio of its
NBD to TMD was observed in SDS-PAGE (Fig. 4.6 A). The widely used maltopyranoside
DDM was not powerful enough to solubilize HutCD out of the membrane.

81

ABC Importer

Construct

PhuUV
(Pseudomonas
areuginosa)
ShuUV
(Shigella dysenteriae)
HmuUV
(Corynebacterium
diphteriae)
HutCD
(Vibrio cholera)
HemUV
(Yersinia enterocolitica)
HmuYp_UV
(Yersinia pestis)

N-His10

Expression in the Membrane
Fraction
IPTG
IPTG AUTO AUTO
37 °C
20 °C
37 °C
25 °C
-

Solubilization
and
Purification
via NiNTA
-

C-His6

+

+

+

+

-

N-His10
C-His6

+
+

+
+

+

+
+

n.a.

N-His10

-

-

-

-

-

C-His6
N-His10
C-His6
N-His10
C-His6
N-His10
C-His6 *

+
+
+
+

+
+
+
+

+
+
+
+

+
+
+
+
+

+
n.a.
+
+
+
n.a.

Table 4.2: Expression and purification tests of heme importers. Importers were expressed either with a
N-terminal His10-tag (N-His10) or a C-terminal His6-tag (C-His6) in E.coli. Four different growth conditions
were tested, two with IPTG-induction (IPTG) at 37 °C or 20 °C and two with auto-induction (AUTO) at 37
°C or 25°C. The membrane fractions of expressed cell cultures were isolated and tested by Western-blotting.
+/- indicate successful or unsuccessful expression into the membrane. Solubilization and purification were
done in the presence of various detergents and promising findings analyzed by gel filtration are labeled as +.
* degradation of the protein.

HemUV of Yersinia enterocolitica was solubilized and purified with an N-terminal His10tag at its TMD HemU. C12E8 turned out to be the most efficient detergent regarding yield
and stability of the transporter (Fig. 4.6 B). However, HmuYp_UV of Yersinia pestis
revealed notable stabilities in several detergents and with high quantities. The protein
could be purified either in C12E8, LDAO, or DDM (Fig. 4.6 C). Remarkably, transporters
expressed with a C-terminal His-tag showed degradation of the protein and thus only
constructs with a N-terminal His-tag could be used for purification (Fig. 4.7). The results
of the detergent screening with the transporters HutCD, HemUV and HmuYp_UV are
summarized in Table 4.3.
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Figure 4.6: Purification of the transporters HutCD of Vibrio cholera, HemUV of Yersinia
enterocolitica, and HmuYp_UV of Yersinia pestis. Gel filtration chromatograms were created with the
graphics software CANVAS by retracing the original line. Freshly purified protein was analyzed by 12.5 %
SDS-PAGE to determine the purity of the sample and the ratio of TMD to NBD. Lane M: protein molecular
weight marker, Lane Elu: eluted transporter from the NiNTA superflow affinity column, Lane Peak: gel
filtrated transporter as denoted in the gel filtration chromatogram. Aggregate formation was monitored by
size exclusion chromatography. A) HutCD purified in the detergent C12E8 or in LDAO. B) HemUV purified
in C12E8. C) HmuYp_UV purified in DDM.
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Stability
0.1 % (w/v) 0.016 % (w/v)
LDAO
DDM

ABC Importer

Construct

0.01 % (v/v)
C12E8

HutCD
(Vibrio cholera)
HemUV
(Yersinia
enterocolitica)
HmuYp_UV
(Yersinia pestis)

N-His10

+

-

-

n.a.

N-His10

+

-

n.a.

n.a.

N-His10

+

+

+

+

0.1 % (w/v)
DM

Table 4.3: Detergent screening of the ABC transporters HutCD, HemUV and HmuYp_UV.
Transporters were all expressed with a N-terminal His10-tag (N-His10). The proteins were purified in 500 mM
NaCl, 50 mM Tris 7.5 and the appropriate detergent concentration above the CMC. The stability of the
protein samples (0.5 mg / ml) was monitored by size exclusion chromatography before and after incubation
at 4 °C for 24 hours. + or – indicate stable or unstable proteins determined by gel filtration.

Figure
4.7:
Expression
of
HmuYp_UV. Cells were grown in
TBGlucose at 37 °C, cracked by
sonication in the presence of SDS
and centrifuged. The proteins of the
supernatant were separated by 15 %
SDS-PAGE and transferred to a
nitrocellulose
membrane
for
Western-Blot analysis using a mouse
anti His5 primary antibody and an
anti-mouse alkaline phosphataseconjugated secondary antibody. Lane
1: transporter expressed with a Nterminal His10-tag fused to its TMD
HmuYp_U. Lane 2: transporter
expressed with a C-terminal His6-tag
fused to its TMD HmuYp_U; the
TMDs show degradation.

The stability of the most promising heme importer, HmuYp_UV of Yersinia pestis, was
tested further at higher protein concentrations. Freshly desalted protein was concentrated to
approximately 6 mg / ml and stored for 24 hours at room temperature as well as at 4 °C.
The gel filtration results revealed lower stability of the transporter in C12E8 and LDAO.
However, the maltopyranosides DDM and DM had the most stabilizing effect and revealed
least aggregate formation. The transporter remained stable even at a concentration of 20
mg / ml (Fig. 4.8 A).
All initial screenings for stable heme transporters were done in a high concentration of salt
(500 mM NaCl), which is known to stabilize membrane proteins (28). However, an
optimal large-scale screening for crystallization requires concentrations of the buffer
components as low as possible. Consequently, lower salt concentrations were probed for
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their effect on the integrity of the transporter. In DDM, the salt concentration could be
easily decreased to 150 mM NaCl without interfering with the stability of HmuYp_UV.
Interestingly, in DM a slight decrease of the salt concentration below 500 mM caused
pronounced aggregate formation. Nevertheless, both DDM and DM turned out to be
optimal detergents for the production of pure and stable detergent-solubilized
HmuYp_UV.
Hemin was added in a 1.5 : 1 molar ratio to the transporter HmuYp_UV to test whether the
transporter can bind its substrate. Remarkably, the presence of hemin caused
oligomerization of the transporter visualized by gel filtration analysis (Fig. 4.8 B).
Absorption spectroscopy of a gel filtrated sample identified 4.6 ± 1.15 molecules of hemin
bound per transporter. It is unlikely that all hemin molecules are bound to the translocation
pathway of the transporter. The crystal structure of the ABC type I importer MalFGK was
solved with one molecule of maltose bound to its translocation pathway, indicative for only
one substrate-binding site per transporter (20). Moreover, several ABC binding proteins
were solved by X-ray crystallography with bound substrates and revealed only one
molecule in their substrate binding site (29, 30). Likely, the highly lipophilic substrate
hemin binds to the protein and therefore interferes with its stability.

Figure 4.8: Stability of HmuYp_UV in the presence and absence of hemin. Freshly purified transporter in
DDM was concentrated to 20 mg / ml in the presence or absence of its subtrate hemin (molar ratio hemin to
transporter 1.5 : 1). The samples were analyzed by gel filtration. A) Gel filtration of HmuYp_UV in the
absence of hemin. B) Gel filtration of HmuYp_UV in the presence of hemin; the transporter shows increased
aggregate and oligomer formation (peaks between void and HmuYp_U2V2).
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Screening of homologous heme binding proteins
Soluble proteins can be expressed in one of three cell compartments: cytoplasm, periplasm,
or extracellular medium. In general, proteins are more easily produced in the cytoplasm
and can be extracted directly from the supernatant of lysed or cracked cells. Proteins may
be directed to the periplasm in order to isolate active, folded proteins containing disulfide
bonds and to avoid cytoplasmic insolubility or degradation. The disadvantage of the
periplasmic expression is mainly a lower expression level.
The heme binding proteins (HutB of Vibrio cholera, HemT of Yersinia enterocolitica,
PhuT of Pseudomonas aeruginosa, ShuT of Shigella dysenteriae, HmuT of
Corynebacterium diphteriae and HmuYp_T of Yersinia pestis) were tested for their
expression yields in the cytoplasmic as well as in the periplasmic fraction of Escherichia
coli.

Figure 4.9: Expression of the periplasmic heme binding protein HmuYp_T of Yersinia pestis.
Expression was performed at 25 °C with IPTG induction. PP: periplasmic expression of full-length binding
protein with no attached His-tag. PP/N-His10: periplasmic expression with an OmpA signal sequence and an
N-terminal His10-tag. CP/C-His6: cytoplasmic expression with a C-terminal His6-tag. CP/N-His10:
cytoplasmic expression with a N-terminal His10-tag. A) 12.5 % SDS-PAGE of whole cells (WC) with a
strong expression of cytoplasmic HmuYp_T with a C-terminal His6-tag (red arrow) and lower expression of
periplasmic HmuYp_T with a N-terminal His10-tag (green arrow). Note the higher band in construct PP/NHis10 (yellow arrow) indicates unprocessed binding protein, which is still fused to its signal sequence. B) 12.5
% SDS-PAGE of the insoluble (IS) and soluble (S) fractions of the constructs CP/C-His6 and PP/N-His10.
Substantial amounts of the cytoplasmic construct are expressed as soluble proteins, while the periplasmic
construct is mainly (70 %) expressed unfolded in inclusion bodies.
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Four different expression constructs were generated and expressed according to the
vitamin B12 binding protein BtuF protocol (Fig. 4.3 and 4.4) (25). Cells were cracked and
centrifuged and whole cells as well as the supernatant and the pellet were analyzed by
SDS-PAGE (Fig. 4.9 A/B).
Two-thirds of the tested constructs showed expression and half of the expressed proteins
were located in the soluble fraction (periplasm or cytoplasm). ShuT and HutB were mainly
detected in the insoluble pellet, whereas all other binding proteins revealed promising
yields in the soluble fraction. The results of the expression analysis are summarized in
Table 4.4.

Periplasmic Binding Protein

HutB
(Vibrio cholera)

HemT
(Yersinia enterocolitica)

HmuYp_T
(Yersinia pestis)

PhuT
(Pseudomonas aeruginosa)

ShuT
(Shigella dysenteriae)

HmuT
(Corynebacterium diphteriae)

Construct
PP
PP/ N-His10
CP/ C-His6
CP/ N-His10
PP
PP/ N-His10
CP/ C-His6
CP/ N-His10
PP
PP/ N-His10
CP/ C-His6
CP/ N-His10
PP
PP/ N-His10
CP/ C-His6
CP/ N-His10
PP
PP/ N-His10
CP/ C-His6
CP/ N-His10
PP
PP/ N-His10
CP/ C-His6
CP/ N-His10

Soluble
Fraction
(%)
0
0
0
0
0
50
60
50
0
30
60
0
90
50
0
50
10
0
10
0
50
50
50
60

Insoluble
Fraction
(%)
0
100
100
100
0
50
40
50
0
70
40
100
10
50
0
50
90
0
90
100
50
50
50
40

Table 4.4: Overview of the expression yields of the heme binding proteins. Expression was performed at
25 °C with IPTG induction. PP: periplasmic expression of full-length binding protein with no attached Histag. PP/N-His10: periplasmic expression with an OmpA signal sequence and an N-terminal His10-tag. CP/CHis6: cytoplasmic expression with a C-terminal His6-tag. CP/N-His10: cytoplasmic expression with a Nterminal His10-tag. Cells were analyzed by SDS-PAGE for the ratio of soluble to insoluble expressed protein.
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Further studies were focused on the binding protein HmuYp_T, since its cognate
transporter HmuYp_UV was identified as a promising target for crystallography. The
binding protein was isolated and purified from the cytoplasmic fraction with a yield of 20
mg/ g cells. HmuYp_T was stable in the absence or presence of its substrate hemin and
could be stored for several month at 4 °C.

Detergent-dependent complex formation between HmuYp_UV and its cognate
binding protein HmuYp_T
ABC importers need to associate with their corresponding binding protein to receive
substrate for the transport into the cytoplasm. Thus, a stable complex formation between
these subunits is an important indication of the functionality of both, the binding protein
and the transporter. Previously, several ABC importers have been studied in complex with
their binding proteins. Interestingly, remarkable differences were observed in the
conditions required for an efficient complex formation, e.g. BtuF binds very readily and
tightly to its transporter BtuCD in the absence of any cofactors, while MalE only binds to
MalFGK in the presence of ATP and ortho-vanadate, which trigger an outward-facing state
of the TMDs (25, 20). Therefore, multiple conditions were tested to obtain a stable
complex between the transporter HmuYp_UV and its binding protein HmuYp_T.
Since the detergent has a significant influence on the dynamic of the transporter, several
detergents were screened. Furthermore, the influence of the substrate hemin and
nucleotides were analyzed. In the detergent LDAO, a complex between HmuYp_T and
HmuYp_UV could be formed, but was not stable after an overnight incubation at 4 °C as
judged by gel filtration analysis (Fig. 4.10 C). Surprisingly, the detergent C12E8 inhibited
complex

formation

almost

completely.

Promising

results

were

achieved

in

maltopyranosides. Both DDM and DM facilitated a stable complex formation. Neither
ATP/ortho-vanadate nor hemin was needed for the binding event, similar to the
homologous ABC type II importer BtuCDF (Fig. 4.10 B) (24). The results of the complex
formation in distinct detergents are summarized in Tab. 4.5.
The complex of HmuYp_UVT in DM was tested further for its ability to bind hemin. The
complex was formed in the presence of hemin and the concentrations of hemin and protein
were determined by absorption spectroscopy of freshly gel filtrated complex. The results
indicated, that 73 % of the complex molecules had one molecule of hemin bound. Likely,
one transporter molecule has one substrate molecule bound, as already observed for the
maltose transporter (20).
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Figure 4.10: Complex formation of the transporter HmuYp_UV and its binding protein HmuYp_T. A)
Size exclusion chromatography of the complex HmuYp_UVT at day 0, 20 minutes after mixing the
transporter UV with the binding protein T in a 1: 1.5 molar ratio at room temperature. Peak 1 was collected at
day 0, stored at 4 °C and rerun after 24 hours (day 1). Both gel filtrated samples (peak 1 and 2) were analyzed
by 16 % Tricine-SDS-PAGE. (B) Stable complex formation in DM. The transporter (UV) and binding
protein (T) were loaded as a reference to determine the individual bands in the sample of the gel filtrated
complex (UVT). The binding protein T is still clearly visible after 1 day. C) Unstable complex formation in
LDAO. After 1 day (peak 2) the gel filtrated sample contains only the transporter HmuYp_UV.The binding
protein T is dissociated. Lane M: protein molecular weight marker.

Detergent
LDAO
C12E8
DDM
DM

+
+
+

Complex formation at Day 0
+hemin +hemin/ATP/Vo4
+
+
+
+
+
+

+
+

Stable Complex at Day 1
+hemin +hemin/ATP/Vo4
+
+
+
+

Table 4.5: Complex formation of the transporter HmuYp_UV and its binding protein HmuYp_T in the
detergents LDAO, C12E8, DDM, and DM. Complex formation was tested under three different conditions:
no additives (-), in the presence of hemin (+hemin), and in the presence of hemin, ATP, Vo4
(+hemin/ATP/Vo4). The samples were gel filtrated and rerun after one day. + or – indicate the presence or
absence of the binding protein in the gel filtrated samples juged by SDS-PAGE.

ATPase hydrolysis rates of HmuYp_UV in various detergents
ATPase hydrolysis gives an evidence for properly folded and active ABC transporter.
HmuYp_UV was investigated for its ATPase activity in the absence and presence of its
cognate binding protein and ortho-vanadate, which is a well-known inhibitor of many
ATPases (31). Furthermore, the influence of the substrate hemin was analyzed.
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Considering that the detergent can strongly influence the ATPase activity rates, several
detergents were tested.
In LDAO, ATPase hydrolysis stagnated shortly after starting the reaction. Likely, LDAO
could not stabilize the transporter during its hydrolysis cycle, which is associated with
large rearrangements in the NBDs and TMDs of the transporter.
In C12E8, ATP hydrolysis of HmuYp_UV could be observed with an ATPase rate of 81
nmole ATP mg -1 min -1. Compared to its homolog BtuCD (500 nmole ATP mg -1 min -1 in
LDAO), this rate is considerably lower (Fig. 4.11A, 4.12) (25). However, a 1.6-fold
stimulation (133 nmole ATP mg -1 min -1) could be achieved by the addition of the binding
protein HmuYp_T, which is in a close range of BtuCD where it is 2-fold (25). Remarkably,
the presence of hemin resulted in an inhibition of the ATP hydrolysis of HmuYp_UVT but
not of HmuYp_UV. However, previous gel filtration analysis revealed no instabilities of
HmuYp_UVT due to hemin binding. One explanation of this unexpected result would be
that HmuYp_T, bound with hemin, is no more able to interact and therefore to stimulate its
transporter. This would be quite contrary to its function as a captor of substrate, which
delivers it to its cognate transporter. Another hypothesis would be that the ATPase is
coupled to conformational changes in the TMDs and is only active for e.g. a gate opening
or closure but not for the translocation process. This would mean that the activity of the
ATPase is slowed down during the translocation of hemin. Since translocation of hemin
only occurs in the presence of the binding protein, the ATPase activity of the transporter
alone (HmuYp_UV) is not inhibited by the substrate. A similar substrate-mediated
inhibtion of the ATP hydrolysis was already observed in the ABC exporter Pdr5 (32).
However, to confirm these results, future ATPase assays need to be performed with
HmuYp_UV reconstituted into liposomes, which present a more native environment of the
heme transporter. The functionality of the transporter was further analyzed by orthovanadate, which is a well-known inhibitor of the ATPase activity in ABC transporters (29).
Both the ATPase activity of the transporter as well as the complex exhibited inhibition by
ortho-vanadate (95 % in UVT, 82 % in UV) (Fig. 4.11 A). The ATPase rate for
HmuYp_UV in DDM was significantly lower (12 nmole ATP mg

-1

min -1) (Fig. 4.12).

However, ATP hydrolysis was again inhibited by hemin but not only for HmuYp_UVT but
also for HmuYp_UV (Fig, 4.11 B).
Previous gel filtration analysis of HmuYp_UV in DDM revealed an unusual
oligomerization upon the addition of hemin, which correlates with the inhibition of the
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ATP hydrolysiss. The addittion of orthoo-vanadate again inhibbited the AT
TPase hydro
olysis in
both samples (93.6 % in UV
VT, 76 % inn UV) (Fig. 4.11 B).

A C12E8

1)

B DDM
D
1)

C DM
D
1)

2)

2)

2)
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Figure 4.11: ATPase activity of HmuYp_UV in the detergents C12E8, DDM, or DM. ATPase activities
were measured in the absence (UV) or presence of HmuYp_T (UVT). Protein concentrations: 0.075 mg / ml
in C12E8, 0.05 mg / ml in DM, and 0.1 mg / ml of UV in DDM and 0.05 mg / ml of UVT in DDM. 1) ATPase
activities in the presence (+) or absence (-) of the substrate hemin. 2) ATPase activities in the presence (+) or
absence (-) Vo4, which was added 10 minutes after starting the reaction. The ATPase activities were
determined in duplicates and a calibration curve of K2HPO4 (0.05-0.35 mM) was used for the calculation.

Figure 4.12: ATPase rates of HmuYp_UV in the detergents C12E8, DM and DDM. ATPase activities
were measured in the absence (UV) or presence of HmuYp_T (UVT) and presence (+) or absence (-) of
hemin. Experiments were done in duplicates and the ATPase rates were calculatedby linear regression and
using a calibration curve of K2HPO4 (0.05-0.35 mM).
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The highest ATPase rate was achieved in DM (HmuYp_UV 136 nmole ATP mg -1 min -1,
HmuYp_UVT 282 nmole ATP mg -1 min -1) (Fig. 4.12 C). The addition of ortho-vanadate
again inhibited the ATPase activity (75 % in UVT and UV) (Fig. 4.11 C) and as in DDM,
the transporter UV and the complex UVT were also inhibited by the addition of hemin.
This result is in agreement with a previous gel filtration analysis, which showed
aggregation of the protein in DDM in the presence of hemin.

Initial crystals of HmuYp_UV
X-ray crystallography is a very powerful tool for determining the structure of membrane
proteins. Besides expression and purification of sufficient quantities of functional
membrane protein the major challenge and rate-limiting step is the growth of well-ordered,
three-dimensional crystals for X-ray analysis.
Several crystallization setups were performed to crystallize HmuYp_UV or HmuYp_UVT.
by vapor diffusion in sitting drops. The stability of the protein at room temperature allowed
crystallization at 20 °C, and commercial crystallization kits were used for an initial
screening. First crystallization setups were done in DM, however, neither HmuYp_UV nor
the complex HmuYp_UVT showed crystallization. The drops mainly revealed heavy
precipitation. Further screenings were done in DDM and initial crystals were produced for
the transporter alone at the NCCR crystallization robot (University of Zurich, Switzerland).
Precipitation was decreased and various wells revealed simultaneous growth of crystals
with a plate-like morphology and irregular size. The reservoir of these crystals contained
almost all polyethylene glycol 400 (PEG400) as a precipitant, pH between 6.5 and 9.5, and
predominately NaCl as a salt source. The crystals could be reproduced with in-house
screens and started to grow after 1 day and matured to full size in approximately 1 week.
They appeared as thin and long plates in a mesh of precipitation. Large and single crystals
were obtained in 24 % (v/v) PEG400 and 50 mM Tris-HCl (pH 8.5) at 20 °C. (Fig. 4.12 AC). Some of the crystals were washed and C). Some of the crystals were washed and
assessed by SDS-PAGE and both components of the transporter (TMD, NBD) were
observed (Fig. 4.13). In addition, crystals incubated with ATP/MgCl2 or ADP/MgCl2
started to crack immediately, indicative that even in the crystal lattice the NBDs bind
nucleotides and trigger conformational changes (Fig. 4.12 D). This finding suggests that
crystallization conditions have preserved the structural integrity of the transporter.

93

Figure 4.12: Crystals of HmuYp_UV. A)/ B) Mixture of precipitation and crystals with a length of approx.
250 µm and a thickness of approx. 40 µm. C) Free crystals after removing precipitation. D) Free crystals after
removing precipitation and incubation with nucleotides (ADP or ATP).

Figure 4.13: 12.5 % SDS-PAGE of HmuYp_UV
crystals. Several washed crystals were combined,
dissolved and analyzed by SDS-PAGE. M = protein
molecular weight marker.
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Diffraction data were collected at the protein crystallography beam line X06SA at the
Swiss Light Source (SLS). Since the crystals basically lack a third dimension, diffraction
was anisotropic but nevertheless to about 3.5 Å. (Fig. 4.14). In the near future, crystal
growth and quality have to be improved.

Figure 4.14: Diffraction patterns of HmuYp_UV. Diffractions pattern were recorded at a wavelength of 1
Å with a detector to crystal distance of 300 mm at the X06SA PX beam line at SLS (Villigen) A) Diffraction
pattern of the HmuYp_UV crystal with a diffraction to about 3.5 Å. B) Anisotropic diffraction pattern of the
same crystal as in figure A but after a rotation of 90 °C and diffraction to about 6.9 Å.
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Up to now, the heme transporter HmuYp_UV only formed crystals in the absence of its
binding protein HmuYp_T. The samples for crystallization of the complex HmuYp_UVT
contained an excess of binding protein, since the complex formation was performed by
mixing freshly purified transporter UV with binding protein T in a 1: 1.5 molar ratio. An
explanation of the unsuccessful crystallization of the complex might be that this excess of
the binding protein interfered with crystal contact formation. A possibility for future
experiments would be to separate the complex HmuYp_UVT from excess HmuYp_T by
gel filtration.

Conclusions
An initial screening of several homologous ABC heme transporters and their cognate
binding proteins identified the highly stable and active transporter HmuYp_UV of Yersinia
pestis. This transporter was further analyzed for stability, complex formation with its
binding protein HmuYp_T, and ATPase activity in various detergents. Remarkable
differences could be observed depending on which detergent was applied, and finally the
maltopyranosides (DM and DDM) turned out to be optimal detergents. The transporter
revealed ATP hydrolysis, which could be stimulated by its cognate binding protein
HmuYp_T. Moreover, a tight complex formation could be observed between the
transporter and its binding protein in the absence of nucleotides and substrate. This finding
is similar to BtuCD, a homolog of HmuYp_UV, which readily binds to the vitamin B12
binding protein BtuF. Initial crystals of the transporter HmuYp_UV were obtained in the
detergent DDM. The crystals diffracted to a maximum of 3.5 Å but showed a significant
anisotropy. Further crystal improvement is required to obtain accurate and high-resolution
diffraction data to solve the structure of the heme transporter HmuYp_UV.
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Chapter 5: Conclusions and Outlook
ABC transporters undergo large conformational rearrangements during their transport
cycle. High-resolution structures identified mainly two pronounced states in ABC
transporters and suggested a simple two-state scheme for the translocation of the substrate
through the membrane. However, this postulated scheme was proposed on the basis of
structures from different ABC transporters. One part of my work was to study
conformational changes in one ABC transporter and in all states of its transport cycle.
Therefore, the ABC multidrug exporter Sav1866 of Staphylocccus aureus and the
tungstate/molybdate type I importer AfModBC of Archaeoglobus fulgidus were researched
into their motions during their catalytic cycle by a cysteine-directed cross-linking
approach. The high-resolution structures of these transporters revealed the two pronounced
conformations, which describe the basic transport mechanism of ABC transporters:
Sav1866 in a nucleotide-bound state with closed NBDs and outward-facing TMDs, and
AfModBC in a nucleotide-free state with open NBDs and inward-facing TMDs (1, 2). The
cysteine residues were generated at regions in the NBDs or TMDs, which are supposed to
have striking conformational rearrangements during a transport cycle. A cross-link reaction
between two cysteines was either generated by a cross-linking reagent with a defined
length (5 – 15 Å) or by the oxidant CuCl2, which can induce disulfide bridges between
sulfhydryl groups in very close vicinity (2 Å). The data of this investigation revealed a
remarkably rigid outward-facing conformation of the exporter Sav1866. Likely, the
purification conditions, especially the detergent, have shifted the equilibrium of Sav1866
to a rigid outward-facing conformation. To confirm that exporters indeed switch between
two pronounced conformations during their transport cycle, more ABC exporters need to
be examined by a cross-linking approach. At the present time, there are two more reported
structures of ABC exporters: P-gp and MsbA. Both structures revealed an unexpected
complete dissociation of the NBDs in an ATP-free state (3, 4). The crystal structures
caused confusion about their correctness and it is speculated whether these structures are
physiological relevant. Likely, the transporters are destabilized due to the use of
detergents. Thus, more high-resolution structures of ABC exporters are required, to study
their conformational rearrangements by chemical cross-linking.
The cross-linking studies with AfModBC indicated a striking conformational change of the
transporter upon binding of ATP. The translocation pathway closed to the cytoplasm and
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likely the transporter switched to an outward-facing conformation. This lent further
evidence to the previously postulated two-state scheme and demonstrated an interconversion of two pronounced conformational states during the catalytic cycle of an ABC
transporter. Interestingly, the presence of ATP was sufficient to induce the conformational
changes in AfModBC. This is contradictory to EPR findings with its homolog MalFGK, a
maltose importer of Escherichia coli (5). The spectra suggested that the transporter
requires both ATP and its binding protein MalE to close its NBDs and open the TMDs to
the periplasm. However, crystal structures of isolated NBDs of the maltose transporter
(MalK) confirmed that the closure of the NBDs, and thus likely an outward-facing
conformation, only requires ATP (6). To prove the outward-facing state of the cross-linked
transporter AfModBC, crystallization of the locked transporter would be an important
objective for the future.
In a different part of my work I focused on the ABC type II importer BtuCD of
Escherichia coli specific for vitamin B12. This transporter was solved by X-ray
crystallography in two different conformations: the transporter alone (BtuCD) revealed an
outward-facing conformation, while the transporter in complex with its binding protein
BtuF (BtuCDF) was closed to both sides of its translocation pathway (occluded
conformation) (7, 8). Remarkably, these two structures were not in agreement with the
basic two-state scheme. Both were solved in the absence of ATP, but neither of them
revealed an inward-facing state. In my thesis, continuous wave (CW) EPR studies were
performed to analyze the mechanism of BtuCD in more detail. The studies were performed
with proteoliposomes, to ensure a native environment of the transporter, the lipid bilayer.
Spin-labels were attached at the outer (periplasmic) and inner (cytoplasmic) gate of the
translocation pathway. The CW EPR spectra monitor the motion of the spin-labels, which
will be flexible (fast) at a solvent facing position in an open gate and become restricted
(slow) by near residues upon the closure of the gate. To get an overview of how the
conformation of the transporter changes in its transport cycle, spectra were recorded in the
transporter alone (BtuCD) and the complex (BtuCDF). Moreover, BtuCD and BtuCDF
were measured in an ATP-bound and ATP-free state. The data of ATP-free BtuCD in the
presence and absence of BtuF were in agreement with the conformations in the crystalstructures and suggest their relevance in biological membranes. The EPR spectra in the
presence of ATP indicated a highly mobile spin-label in the cytoplasmic gate of the
transporter. This finding suggests an inward-facing conformation in an ATP-bound state of
BtuCD and therefore a transport mechanism that is distinct to the above-mentioned two101

state scheme. It is not clear whether BtuCD might work as a representative of other ABC
type II importers, since a homolog, HiF of Haemophilis influenzae, was recently solved in
an ATP-free state but revealed the opposite conformation (inward-facing) as BtuCD (9).
This conformation was consistent to the basic scheme. However, more high-resolution
structures of ABC type II importers are required to elucidate their mechanism.
Furthermore, the CW EPR measurements mainly visualized the mobility of the spin-labels.
Pulsed EPR allows measurements of the distance between the spin-labels. These data
would indicate the closure or opening of a gate and thus identify the distinct
conformational states of BtuCD during its transport cycle.
To clarify the mechanism of ABC type II importers, heme importers, which are
homologous to BtuCD, were studied by structural analysis. The heme uptake in pathogenic
bacteria was previously approached for the acquisition in the extracellular medium, the
transport through the outer membrane, and the binding in the periplasm (10). The transport
through the inner (cytoplasmic) membrane is driven by ABC type II importers and less
well understood. A homology screening of several heme ABC transporters from different
biological sources was performed to find stable and active transporters and their cognate
binding proteins. This procedure was already successfully applied to identify other ABC
transporters (e.g. Sav1866 or BtuCD) and helps with a fast identification of suitable target
proteins for crystallography. The first challenge of the screening was the expression of the
membrane proteins. Their low expression yield is mainly caused by the toxicity of the
membrane protein, protein aggregation, and improper insertion into the membrane or
misfolding. Multiple expression constructs and growth conditions were needed to establish
an optimized protocol for the expression in E.coli. The heme importers were expressed
with a poly-histidine tag to allow purification by affinity chromatography. The yield of
expressed transporters was dependend on several conditions, such as the cell growth
conditions (temperature, media composition, inducer) or the localization of the His-tag (Nor C-terminally). For a succesfull structure determination, milligram amounts of the target
proteins are needed to ensure an efficient crystallization screening. Therefore, only
transporters with a yields of more than 0.1 mg protein / g cells were used for further
studies. Successfully expressed transporters were solubilized from the membrane by
detergents. A series of detergents with distinct physical properties were tested for their
ability to solubilize and stabilize the transporters during the purification procedure. The
screening identified the ABC importer of Yersinia pestis HmuYp_UV (11), solubilized in
maltopyranosides, as the most promising target for crystallography. The integrity of the
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protein in detergent was confirmed by ATP hydrolysis and complex formation with its
cognate binding protein HmuYp_T. A tight binding of HmuYp_T to the transporter could
be observed, which is in agreement with observations of its homolog BtuCD. Other ABC
transporters, such as the type I importers MalFGK and AfModBC, require the presence of
nucleotides to form a transporter-binding protein complex (2, 5). Likely, the ATP-free
complex formation is a feature of ABC type II importers only. The hydrolysis rate of
HmuYp_UV is, compared to BtuCD, considerably lower. However, a high basal ATPase
activity, like in BtuCD, seems to be unusual among ABC transporters. The ATPase activity
of HmuYp_UV was further studied in the presence of the binding protein HmuYp_T and
the well-known ATPase inhibitor ortho-vanadate. The ATP hydrolysis was stimulated 1.6fold by the binding protein and decreased (75 %) by ortho-vanadate, which is consistent
with observations in other ABC transporters (e.g. BtuCD and MalFGK). Initial crystals of
the transporter HmuYp_UV revealed diffraction of X-rays to 3.5 Å. A strong anisotropy
was observed in the diffraction patterns and the data quality was not sufficient for a
structure determination. Future experiments will focus on an enhanced crystal growth
screening and a post-growth crystal improvement of native HmuYp_UV. Moreover,
derivatisation experiments will be performed to produce crystals containing heavy atoms
suitable for solving the phase problem in X-ray crystallography.
A high-resolution structure of HmuYp_UV would visualize the architecture of a heme
importer and serve as a starting point for further biochemical and biophysical
investigations. Future experiments will focus on EPR- or cross-linking studies, to monitor
conformational rearrangements in the transport cycle of HmuYp_UV. Similar to the
investigations of BtuCD, the two gates (periplasmic and cytoplasmic) of the translocation
pathway will be examined to identify the distinct conformations of the transporter during a
catalytic cycle. A further important approach to study this ABC transporter is a transport
assay. For this purpose the transporter is reconstituted into liposomes, and substrate
translocation through the lipid bilayer can be monitored by the use of e.g. radiolabeled
substrates. This approach was successfully applied to analyze the vitamin B12 transport
activity of BtuCD and would be a crucial step to elucidate the heme transport mechanism
of HmuYp_UV.
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