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ZUSAMMENFASSUNG
Die Familie der ABC-Transporter stellt die größte Familie homologer Proteine dar. Sie wurde
bislang in allen eubakteriellen, archae-bakteriellen und eukaryontischen Spezies gefunden und
zeichnet sich für den Transport einer großen Bandbreite von Molekülen verantwortlich. Der
Transport dieser Substrate durch die Membran ist stets mit ATP-Hydrolyse gekoppelt. ABCTransporter sind modular aufgebaut und bestehen in der Regel aus zwei ATPasen (ABC-Typ
ATPasen) und zwei Transmembrankomponenten. Diese vier Komponenten werden je nach Typ
in eins bis vier Polypeptiden exprimiert. Eine Unterklasse der ABC-Transporter stellen die bakteriellen, Bindeprotein-abhängigen ABC-Transporter dar. Sie besitzen ein zusätzliches, spezifisches Bindeprotein, dass sich für die Substraterkennung verantwortlich zeichnet. In der vorliegenden Arbeit konnte die Struktur des Bindeproteins (TMBP) und der ATPase (T.l.MalK) des
Trehalose-Maltose-Transporters aus Thermococcus litoralis bestimmt werden.
Das Trehalose-Maltose-Bindeprotein (TMBP) ist etwas größer als das Maltose Bindeprotein
(MBP) aus E.coli. Es besteht wie dieses aus zwei globulären Domänen. Diese sind aus einem
zentralen b-Faltblatt mit umgebenden a-Helices aufgebaut. Die Substratbindestelle befindet sich
in der Mitte der beiden Domänen. Obwohl die Substratbindung ähnlichen Prinzipien folgt, ist zu
beobachten, dass die Substratbindestelle des Trehalose-Maltose-Bindeproteins polarer als die des
Maltose-Bindeproteins ist. Dies ist darauf zurückzuführen, dass TMBP in der Lage sein muss,
zwei verschiedene Substrate ähnlich spezifisch zu erkennen. Durch eine Verringerung aromatischer Reste in der Substratbindestelle kann eine höhere Flexibilität erreicht werden.
Ein weiteres Ziel dieser Arbeit war es, Unterschiede in der Tertiärstruktur des thermophilen
TMBPs im Vergleich zum mesophilen MBP herauszuarbeiten. Die erhöhte Thermostabilität ist
auf mehrere kleinere Effekte zurückzuführen. So ermöglichen eine Verringerung interner Hohlräume, eine Verlängerung der a-Helices, eine Erhöhung des Valin-Gehalts und eine Erhöhung
der Anzahl Oberflächen-lokalisierter Salzbrücken und Wasserstoffbrücken eine ausreichende
Stabilität bei für Thermococcus litoralis physiologischen Temperaturen (80°C).
Die Struktur der ATPase des Trehalose-Maltose-Transporters (T.l.MalK) konnte in der vorliegenden Arbeit ebenfalls erfolgreich gelöst werden. T.l.MalK besteht aus 2 Domänen: Die Größere
(N-terminale) der beiden ist für die, für den Transport des Substrates benötigte ATP-Hydrolyse,
verantwortlich, während die Kleinere (C-terminale) regulatorische Funktionen inne hat. Die
Struktur der ATPase-Domäne von T.l.MalK ist ähnlich die der ATPase des Histidin-Transporters
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aus Salmonella typhimurium (Hung et al., 1998). Die regulatorische Domäne formt ein b-barrel
mit einer Höhe von 45 Å und einem Durchmesser von 20 Å.
Um genauere Einblicke in die Funktion der regulatorischen Domäne zu erlangen, wurde mit
Hilfe der Struktur von T.l.MalK ein Homologie-Modell der extensiv untersuchten ATPase-Untereinheit des E.coli-Maltosetransporters (E.c.MalK) erstellt und die regulatorisch relevanten
Mutanten in der Struktur sichtbar gemacht. Die Mutanten, die die Transskription der mal-Gene
betreffen, bildeten im gemodelten E.c.MalK-Dimer eine zusammenhängende Oberfläche, die
sich über beide Moleküle erstreckt. Der Transskriptionsaktivator MalT kann so an ein funktionielles E.c.MalK-Dimer binden und wird in seiner Funktion gehemmt. Ist zuwenig E.c.MalK in
der Zelle, kann MalT die Transskription der mal-Gene aktivieren. Die Mutanten, die der E.colieigenen Transport-Regulation (inducer exclusion) zugeordnet werden können, befinden sich im
E.c.MalK Homologie-Modell in der Dimer-Schnittstelle. Wenn nun Glucose ausserhalb der Zelle
vorhanden ist und in die Zelle transportiert wird, kann EIIAGlc an E.c.MalK binden, und so den
Transport von Maltose in die Zelle verhindern.
Im Laufe der Arbeit wurde ausserdem versucht, die Struktur der a-D-Glukose-1-Phosphat Uridylyl-Transferase (GalU) aus Escherichia coli zu lösen. Dieses Enzym spielt eine zentrale Rolle
im Zuckerstoffwechsel von E.coli. Es ist notweniger Bestandteil des Galaktose und des Trehalose Stoffwechsel von E.coli. Das Produkt des Enzyms, UDP-Glukose, dient als Glykosyl-Donor
bei der Synthese von Lipopolysacchariden und kapsulären Polysacchariden.
Im Verlauf der Arbeit konnten gut beugende GalU-Kristalle hergestellt werden. Allerdings
konnte durch die sehr hohe Empfindlichkeit dieser Kristalle gegenüber Schwermetall-Komponenten nur ein Schweratom-Derivat hergestellt werden, welches sich als ungenügend zur
Strukturaufklärung erwies. Durch die erfolgreiche Bestimmung der nicht-kristallographischen
Symmetrien in den GalU-Kristallen sollte eine Strukturaufklärung bei Vorhandensein eines weiteren Derivates jedoch möglich sein.
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1. The Crystal Structure of a Liganded Trehalose/Maltose-Binding
Protein from the Hyperthermophilic Archaeon Thermococcus
litoralis at 1.85 Å (Diez et al., 2001)

1.1 SUMMARY
We report the crystallization and structure determination at 1.85 Å of the extracellular,
membrane anchored trehalose/maltose binding protein (TMBP) in complex with its
substrate trehalose. TMBP is the substrate recognition site of the high affinity
trehalose/maltose ABC transporter of the hyperthermophilic Archaeon Thermococcus
litoralis. In vivo this protein is anchored to the membrane, presumably via an N-terminal
cysteine lipid modification. The crystallized protein was N-terminally truncated resulting
in a soluble protein exhibiting the same binding characteristics as the wild type protein.
The protein shows the characteristic features of a transport related substrate binding
protein and is structurally related to the maltose-binding protein (MBP) of Escherichia
coli. It consists of two similar lobes each formed by a parallel ß-sheet flanked by a-helices
on both sides. Both are connected by a hinge region consisting of two antiparallel b-strands
and an a-helix. As in MBP, the substrate is bound in the cleft between the lobes by
hydrogen bonds and hydrophobic interactions. However, compared to maltose binding in
MBP, direct hydrogen bonding between the substrate and the protein prevails while apolar
contacts are reduced. To elucidate factors contributing to thermostability, we compared
TMBP with its mesophilic counterpart MBP and found differences known from similar
investigations. Specifically, we find helices that are longer than their structurally
equivalent counterparts, and fewer internal cavities.
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1.2 INTRODUCTION
High affinity binding protein dependent ABC transporters have originally been discovered in
Gram-negative bacteria. They consist of a high affinity periplasmic substrate-binding protein as
their major substrate recognition site, two hydrophobic membrane proteins spanning the cytoplasmic membrane and forming the translocation pore, and two additional cytoplasmic subunits,
peripherally associated with the membrane proteins. By ATP hydrolysis the latter two subunits
provide the energy for the accumulation of substrate across the inner membrane against the concentration gradient (Boos and Lucht, 1996), (Diederichs et al., 2000). Recently, it has been
recognized that binding protein dependent ABC transporters are also present in Gram-positive
bacteria (Gibson et al., 1988). In these cases, the soluble periplasmic binding proteins are
anchored to the membrane by an N-terminal lipid modification. It consists of a diglyceride connected to the N-terminal cysteine via a thioether bond (Wu, 1996). Binding protein dependent
ABC transporters have also been found in thermophilic bacteria (Herrman et al., 1996) (Sahm et
al., 1996) and archaea (Xavier et al., 1998), and their binding proteins have been isolated and
characterized (Horlacher et al., 1998), (Albers et al., 1999), (Wassenberg et al., 2000).
The crystal structures of several periplasmic substrate binding proteins reveal a common blueprint. These proteins are composed of two separate but similarly folded globular domains or
lobes, the N-terminal and the C-terminal lobe (Quiocho et al., 1996). Both are connected by a
hinge region made of two or three short polypeptide segments which are far apart in the polypeptide chain. Although the two lobes are formed by several non-contiguous polypeptide segments,
both possess similar tertiary structure. They are composed of a central ß-pleeted sheet of six or
seven mostly parallel strands with two or three a-helices on each side forming a cleft between
them. The structure analysis of unliganded and liganded members of this family has revealed a
hinge movement of the two lobes which thereby embrace the bound substrate and sequester it
from bulk solvent. The maltose binding protein (MBP) of E. coli in particular has been subject to
intensive structural analysis (Spurlino et al., 1991), (Spurlino et al., 1992), (Sharff et al., 1993),
(Shilton et al., 1996a), (Shilton et al., 1996b), (Hall et al., 1997), (Quiocho et al., 1997) as well
as to kinetic analysis relevant to the substrate induced conformational change (Thomson et al.,
1998), (Döring et al., 1999). Hydrogen bonds between the sugar and the protein as well as
stacking of hydrophobic patches of the pyranose rings onto aromatic side chains are contributing
to the high affinity of binding which typically is in the mM range.
We present here a structure analysis of the trehalose/maltose binding protein (TMBP) belonging
to the first characterized archaeal binding protein dependent ABC transporter from the hyperthermophilic Thermococcus litoralis. The genes for the transport system (including malE enco-
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ding TMBP) are contained on a 16 kb DNA fragment that can be found in nearly identical
sequences flanked with insertion elements in Pyrococcus furiosus demonstrating lateral gene
transfer between these two organisms. In addition to this acquired trehalose/maltose ABC transporter, P.furiosus contains a second ABC transporter which recognizes maltose and maltotriose
but not trehalose. This latter system is not present in T.litoralis (DiRuggiero et al., 2000). The
binding proteins of these two P.furiosus transporters can be aligned with 27% identical residues.
The structure determination of the maltose/-maltotriose binding protein from P.furiosus is presented in the accompanying publication (Evdokimov et al., 2001).
TMBP in its natural host is membrane attached but can be solubilized by detergents. The nature
of its membrane attachment is not clear at present. Based on the presence of an N-terminal signal
sequence typical for cysteine lipid modification in Gram positive bacteria (Gilson et al., 1988),
(Wu, 1996), we proposed (Horlacher et al., 1998) that the protein is anchored to the membrane
via lipids. Yet, in a recent study of a glucose transporter of the hyperthermophilic Sulfolobus solfataricus with sequence similarity to TMBP it was shown that the cognate binding protein was
attached to the membrane by an N-terminal anchor helix (Albers et al., 1999), which in the
TMBP sequence we had interpreted as a signal sequence. We believe an anchor helix in TMBP
to be unlikely since a cysteine residue is surrounded by amino acids typical for secretion cleavage and lipid modification. For the structural analysis reported here we truncated the protein at
the N-terminus, replacing its natural signal sequence with the E. coli MBP signal sequence, and
expressed the protein in E. coli. Surprisingly, only a minor fraction of TMBP was secreted while
active TMBP accumulated in the cytoplasm. The N-terminus of TMBP was uniformly cleaved
by endogenous proteases six amino acids N-terminally from the expected cleavage site of the E.
coli. signal sequence. The resulting soluble protein exhibits the same binding characteristics as
the wild type protein.
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1.3 MATERIALS AND METHODS
1.3.1 Expression and purification of TMBP
E. coli SF120 (Baneyx and Georgiou, 1991) was transformed with plasmid pRHo1000 (Horlacher et al., 1998). The expressed protein contains residues 46 to 450 of the derived amino acid
sequence fused to 11 N-terminal residues of E. coli MBP. To allow comparison with the latter we
have in the following numbered the residues of the fusion protein beginning with the N-terminus
of the processed MBP. The TMBP sequence thus starts in our scheme (Figure 3) at Lys6 which
corresponds to Lys46 in the derived amino acid sequence of TMBP. Cells were cultivated at
30°C in 10 liters of NZA-Medium (10 g NZ -Amine A, 5 g yeast extract and 7.5 g NaCl per liter)
containing 250 mg per ml. After an optical density of 0.5 was reached, expression of the malE
gene was induced by adding isopropyl-b-D-galactopyranoside (IPTG) to a final concentration of
100 mM. The cells were incubated for 8 h and afterwards harvested by centrifugation (10 min at
10000 x g). The cells were then ruptured in a French press cell at 10000 psi and centrifuged for
20 min at 75000 x g. The supernatant was treated with DNAse I and RNAse I and stirred for 20
min at room temperature followed by heating the solution for 20 min at 80°C. After centrifugation for 10 min at 75000 x g, the clarified protein solution was dialyzed against 30 mM Tris-HCl
(pH 7.5). The protein was purified in two steps using fast protein liquid chromatography. The
first step consisted of an anion exchange column (Q-Sepharose, fast flow) with a linear salt gradient of 0 to 100 mM NaCl. TMBP eluted at 35 mM NaCl. After dialyzing the eluted protein
against 50 mM histidine (pH 6.2) the solution was applied to a chromatofoccusing column (PBE
94) in the same buffer. A linear pH-gradient from pH 6.2 to pH 4.5 was used to elute the protein.
Two peaks (at pH 5.5 and at pH 5.0) contained TMBP. Only the TMBP eluting at a pH of 5.0
crystallized. Routinely we obtained 5 mg homogeneous TMBP of the pH 5.0 fraction from 10
liter culture medium.

1.3.2 Fluorescence measurements
Soluble TMBP was used at 20 mg/ml. Fluorescence was measured in a Perkin-Elmer 650-40
Fluorescence Spectrophotometer at an excitation wavelength of 280 nm and an emission
wavelength of 344 nm. Fluorescence was monitored until the fluorescence drift came to a
standstill. Addition of substrate into the stirred solution was done in 10 ml additions of 100 fold
concentrated solutions.
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1.3.3 Crystallization and structure solution
Crystals were grown at 18°C using the hanging drop vapor diffusion method with the aid of
Hampton Research screening solutions. Successful crystallization required the TMBP solution to
be incubated with 1mM a,a-trehalose at 80°C for 10 min, and subsequent removal of unbound
trehalose by dialysis against 10 mM Tris-HCl (pH 7.5) at room temperature.
The crystallization buffer contained 25% (w/v) polyethylene glycol 4000, 200 mM ammonium
sulfate and 100 mM Na-acetate (pH 4.6). Drops were prepared by mixing 5 ml of TMBP-solution
(6mg/ml) with 5 ml of crystallization buffer. Crystals appeared after 8 weeks. For data collection
at 100 K the crystals were soaked for 1 min in the crystallization buffer supplemented with 20%
glycerol. The crystals were rapidly frozen and stored in liquid nitrogen.
Heavy atom derivatives were obtained by conventional soaking methods. 1 ml of each compound
was added to the crystallization drop and the crystals were incubated for 8 h in the crystallization
buffer containing the heavy atom salt (1 mM K2PtCl4 and 1 mM KHgI4). Data sets were
measured using rotating anode and synchrotron X-ray sources at 100 K using Mar345 image
plate detectors.
Native Crystals diffracted to 2.35 Å on a rotating anode x-ray source. Data from a crystal soaked
with K2PtCl4 were collected to 1.85 Å at a synchrotron X-ray source (BW7B, DESY/EMBL,
Hamburg). A dataset from a crystal soaked with KHgI4 was collected to 2.9 Å on a rotating
anode X-ray source. Parameters of the data sets are summarized in Table 1

Table 1 . Statistics on Data Reduction and MIRAS Phasing for TMBP data-sets
Native Dataset
l=1.54 Å
Resolution Å
No. of unique
Observations
Completeness
R-merged
Isomorphous
phasing power
Anomalous phasing
power

20 – 2.35
17825 (2960)
98.8% (98.5%)
8.6% (23.3%)

K2PtCl4 –dataset
l=0.84390 Å
20 – 1.85
67503 (4665)

K2PtCl4 –dataset
l=1.54 Å

KHgI4 –dataset
l=1.54 Å

20 - 2.9
17781 (1697)

20 – 3.0
13885 (4635)

97.7% (87.4%)
8.0% (33.7%)
0.94 (0.69)

99.2% (97.2%)
17.3% (33.5%)
0.66 (0.53)

77.5% (77.2%)
15.0% (37.6%)
0.70 (0.63)

1.34 (0.72)

0.65 (0.34)

0.67 (0.30)

The values for the highest resolution shell are given in parenthesis
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The data were processed using the XDS (Kabsch, 1993) program suite or the HKL (Otwinowski
and Minor, 1996) program suite. Scaling and merging of the integrated intensities was performed
using XSCALE (Kabsch, 1993), TRUNCATE and CAD (Collaborative Computational Project
Number 4, 1994) programs. The crystals grow in space group P212121 (a=59.24Å, b= 81.53Å,
c=86.46Å) with one molecule per asymmetric unit.
The structure was solved using MIRAS with the help of two heavy atom derivatives (see Table
1). The heavy atom sites were found using the program SOLVE (Terwilliger and Berendzen,
1999). Further refinement of the heavy atom sites was performed using SHARP (De La Fortrelle
and Bricogne, 1997). This lead to a heavy atom model containing three Pt and three Hg sites. In
the Pt-derivative one major and two minor sites could be detected. Due to the high resolution of
the Pt-dataset we were able to include not only the Pt-sites but also three chlorides of the major
Pt-site to further improve the phases.
The resulting electron density map was solvent flattened using the program SOLOMON
(Collaborative Computational Project Number 4, 1994), (Abrahams et al., 1996) and was used
for a six dimensional real-space molecular replacement search, which was performed with a
parallelized version (Diederichs, 2000) of the program ESSENS (Kleywegt and Jones, 1997),
using a poly-serine model of E. coli MBP as a template.
Maps (3Fo-2Fc and Fo-Fc) were calculated with the CNS (Bruenger et al., 1998) program suite.
For phase calculation, initially the native dataset to 2.35 Å was utilized. For refinement,
however, we used the 1.85 Å K2PtCl4 dataset and modelled the complex of the protein with the
heavy atom compound. Model building was performed using the program O (Jones et al., 1991).
Simultaneously automatic model building was performed using the ARP/WARP (Lamzin and
Wilson, 1993) program suite and the calculated map was used as an additional template for
model building. The calculated phases from SHARP were used for map calculation and as a
refinement target until the Rfree dropped below 40%.
The initial model refinement was done by manual model building, grouped B-factor refinement
and energy minimization steps and in addition, after the Rfree dropped below 36%, refinement
was performed using individual B-factor refinement, torsion angle dynamics by slow cooling the
model after heating to 2000K and energy minimization. The quality of the structure was
analyzed using PROCHECK (Laskowski et al., 1993) and WHAT IF (Vriend, 1990) (Table 2).
The final model comprises 4 N-terminal residues of E. coli MBP followed by residues 46 to 450
of the unprocessed form of TMBP, one trehalose molecule, three platinum sites with overall five
chlorine atoms and 296 water molecules. 12 further residues from MBP at the N-terminus could
not be modelled due to lack of density.
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After completion of the refinement against the 1.85 Å derivative dataset, the resulting model was
used for refinement against the 2.35 Å dataset (R=20.9%, Rfree=25.8%). As no significant
deviations between the final models were found, and the rms deviations are low (0.25 Å for
backbone atoms), the analyses reported here were based on the better-defined model based on
the higher resolution data.

Table 2 . Crystallographic Refinement statistics of the TMBP Structure
Protein atoms
3267
Ligand atoms
23
Heavy atom compound atoms
8
Solvent atoms
289
Resolution range (Å)
20 - 1.85
R-factor (%)
19.8
R-free (%)
23.2
Rms bond length deviations (Å)
0.007
Rms bond angles deviations (°)
1.306
Ramachandran Plot *
Most favoured regions (%)
90.8
Additional allowed regions (%)
8.9
Generously allowed regions (%)
0.3
Disallowed regions (%)
0.0
Average B-factor main chain / side chain / water (Å2)
21.0 / 23.2 / 32.7
*As defined by PROCHECK (Laskowski et al., 1993)

1.3.4 Secondary and tertiary structure analysis
The secondary structures of TMBP and MBP were determined both with the DSSP (Kabsch and
Sander, 1983) program suite. Calculations of the surface area and their hydrophobicity/
hydrophility were done with the help of the NACCESS program suite (S.J. Hubbard and J.M.
Thornton, Department of Biochemistry and Molecular Biology, University College, London).
Internal cavities were determined using GRASP (Jean-Charles et al., 1991) with a probe radius
for water of 1.4 Å.
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1.4 RESULTS and DISCUSSION
1.4.1 Tertiary Structure of TMBP
TMBP and MBP share a common fold with other sugar binding proteins (Spurlino et al., 1991),
(Spurlino et al., 1992), (Quiocho et al., 1977), (Newcomer et al., 1981), (Mowbray and Petsko,
1983), (Mowbray and Cole, 1992), (Dutzler et al., 1996), (Chaudhuri et al., 1999). These
proteins consist of two globular domains (lobes), both with a similar tertiary structure consisting
of a central pleated b-sheet, which is flanked by a-helices (Figure 1). The hinge is formed by the
loops between b4 and b5, between b11 and b12 and between a14 and a15. The groove between
the two lobes contains the sugar-binding site.
A

B

Figure 1
Figure 1A. Ribbon model of TMBP with bound trehalose (shown as a ball and stick model). The
N-terminal and C-terminal lobes are coloured yellow and blue, respectively. the The bound trehalose is
shown as bond model and colored black. a-helices and b-strands are labelled according to Figure 3.
Figure 1B. Ribbon model of TMBP with bound trehalose (shown as a ball and stick model in red)
with coloured secondary structure elements. The a-helices are shown in yellow, the b-strands in blue
and the random coils in grey.
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We compared the structure of TMBP with known structures of other sugar binding proteins (Arabinose Binding Protein (Newcomer et al., 1981), Ribose Binding Protein (Mowbray and Cole,
1992), Allose Binding Protein (Chaudhuri et al., 1999), Glucose-Galactose Binding Protein
(Mowbray and Petsko 1983), and Maltose Binding Protein (Quiocho et al., 1997). The highest
similarity of the overall structure is found between TMBP and MBP. 278 Ca-atoms of both can
be superimposed with a root mean square deviation (rmsd) of 1.75 Å (cutoff at 3.0 Å). For this
reason, and as both bind maltose with high affinity, we compared the structures of TMBP complexed with trehalose and of MBP complexed with maltose (Figure 2). The structural alignment
(Figure 3) of the two proteins shows that the sequence of helices, turns and ß-structures in both
proteins is identical despite the low amino acid sequence identity (28%).
Evdokimov et al., (2001) describe the structure of a maltose binding protein from the hyperthermophilic archaeon Pyrococcus furiosus which is also structurally and functionally related with
MBP (P.f.MBP). This protein can be superimposed with TMBP with a rmsd of 1.66 Å (cutoff at
3.0 Å).

Figure 2 . Superposition (stereo) of the C a-traces of TMBP with bound trehalose (coloured red) and
MBP from E.coli with bound maltose (coloured blue)
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Figure 3 . Structural alignment of TMBP and MBP. The numbering of the residues is
as explained in the Materials and Methods Section. a-helices and b-strands are
indicated by yellow boxes and blue boxes, respectively, and numbered consecutively.
Conserved residues are coloured red.
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1.4.2 Thermostability
In most studies which compared mesophilic and thermophilic proteins only subtle differences
were detected (Auerbach et al., 1997a), (Auerbach et al., 1997b), (Auerbach et al., 1998), (Maes
et al., 1999), (Szilágyi and Závodsky, 2000).
One factor for thermostability identified in most studies is the difference in amino acid
composition between mesophilic and thermophilic homologous. The most stable amino acids in
solution are valine and leucine, followed by isoleucine and tyrosine (Maes et al., 1999), (Yip et
al., 1995), (Macedo-Ribeiro et al., 1996), (Jaenicke and Boehm, 1998). The most unstable amino
acids in solution are alanine, glycine, proline, asparagine, glutamine and phenylalanine.
However, the differences in amino acid composition between MBP and TMBP (Table 3) appear
rather insignificant. When the percentages of charged, polar and hydrophobic amino acids are
compared a slight preference for more hydrophilic residues is observed in TMBP. A slight preference for valine and tyrosine is seen in TMBP while alanines and isoleucines are reduced.

Table 3 . Amino Acid Composition of TMBP and MBP
MBP
TMBP

Charged
26.2%
25.9%

Polar
28.6%
30.7%

Apolar
45.2%
43.4%

Val
5.4%
8.8%

Leu
8.1%
8.3%

Ile
6.2%
3.9%

Tyr
4.1%
5.6%

Ala
Gly / Pro / Phe / Asn / Gln
11.9%
29.8%
7.3%
30.0%

Figure 4 .
Figure 4A. Ribbon model of TMBP with highlighted valins (shown as a spacefill representation).
The mainchain is coloured blue, the valins are shown in cyan.
Figure 4B. Ribbon model of MBP with highlighted valins (shown as a spacefill representation).
The mainchain is coloured yellow, the valins are shown in red.
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Evdokimov et al. (2001) have shown that especially the increased amount of valins is a feature
which can mediate thermostability. Although this effect is in TMBP not as dramatic as in the
MBP of Pyrococcus furiosus when both are compared with MBP of E.coli, this tendency is also
apparent (Figure 4).
When the structures of TMBP and MBP are superimposed (Figure 2), an elongation of nearly all
a-helices in TMBP becomes apparent, and an additional helix (a6, residues 131 – 136) is found.
Apparently, the elongation of a-helices has a thermostabilizing effect on the structure
(Matthews, 1996), (Colacino and Crichton, 1997) by the increased number of backbone
hydrogen bonds.

Figure 5 .
Figure 5A. Representation of the internal cavities of TMBP. The protein model
is shown in ball and stick illustration. The van der Waals surfaces of the cavities
are shown in coloured spacefill representation.
Figure 5B. Representation of the internal cavities of MBP. The protein model is
shown in ball and stick illustration. The van der Waals surfaces of the cavities
are shown in coloured spacefill representation.

The solvent accessible surface area and the specific volume of both proteins are rather similar
(Table 4). This is deviant from other thermophilic proteins, which were shown to have a more
compact structure than their mesophilic equivalents.
Thermophilic proteins tend to possess fewer intramolecular cavities. When the total volume of
all cavities in the two proteins is compared (Table 4), a major difference is seen. While MBP has
eleven cavities with an overall volume of 602.9 Å3, TMBP has only six cavities with an overall
volume of 121.1 Å3. This makes sense as thermostability is furthered by increasing van der
Waals energy, i.e. by avoiding empty cavities (Figure 5).
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Table 4 . Solvent Accessible Surfaces, Volumes and Cavities in TMBP and MBP
TMBP
MBP
2
Solvent accessible surface Å
13675.3
12627.0
Surface of apolar side chains Å2
7494.1 (54.8%)
6944.9 (55.0%)
2
Surface of polar side chains Å
4430.8 (32.4%)
4015.4 (31.8%)
2
Surface of main chain Å
1750.4 (12.8%)
1666.7 (13.2%)
Molecular volume of the protein (Å 3)
54455.1
49210.3
3
Volume of cavities (Å )
112.1
602.9
Volume of the protein with excluded
54342.0
48607.4
volume of the cavities (Å3)
Compactness*
16.6
17.0
* Compactness = Molecular volume (with excluded cavity volume) of the protein / total number of structured
atoms in the oligomer

When the composition of surface exposed side chain residues is compared, it can be seen, that
TMBP is slightly more polar (Figure 6). But in terms of amino acid composition, both proteins
are similar. Therefore we believe that the slightly increased percentage of polar residues on the
surface seems not to be a thermostabilizing factor.

Figure 6 .
Figure 6A. Illustration of the surface of TMBP. The surfaces of positively
charged residues are coloured blue, the surfaces of negatively charged residues
are coloured red.
Figure 6B. Illustration of the surface of MBP. The surfaces of positively
charged residues are coloured blue, the surfaces of negatively charged residues
are coloured red. The pictures were made with GRASP (Nicholls et al., 1991)
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Table 5 . Surface located salt bridges and hydrogen bonds of arginines
TMBP (< 3.5 Å)
Residue
19 Glu OE2
47 Glu OE1
47 Glu OE1
47 Glu OE2
76 Glu OE1
132 Asp OD1
132 Asp OD2
249 Gly O (*)
167 Phe O (*)
157 Gln OE1
240 Glu OE1
240 Glu OE2
247 Glu OE1
247 Glu OE1
317 Glu O (*)
317 Glu O (*)
351 Leu O (*)
332 Asn OD1
332 Asn OD1

Residue
41 Arg NH1
50 Arg NE
50 Arg NE
50 Arg NH2
50 Arg NH1
130 Arg NH2
130 Arg NH2
130 Arg NH1
161 Arg NH2
161 Arg NH1
243 Arg NH1
243 Arg NH1
243 Arg NE
243 Arg NH2
335 Arg NE
335 Arg NH2
355 Arg NH1
355 Arg NH1
355 Arg NH2

MBP (< 3.5 Å)
Residue
101 Gly (*)
314 Asp
153 Glu

Residue
98 Arg
316 Arg
344 Arg

* hydrogen bonds between arginines and backbone carbonyl oxygens

However, if the two structures are compared in respect to their amount of surface located salt
bridges and hydrogen bonds (Table 5) (Figure 7) there is a significant difference between TMBP
and MBP. TMBP has overall 19 salt bridges and hydrogen bonds of arginines on the surface,
whereas MBP has only three. When the hydrogen bonds between arginines and backbone
carbonyl oxygens are compared, we see that there are five hydrogen bonds in TMBP and only
one in MBP. These salt bridges and hydrogen bonds are supposed to stabilize secondary
structure elements (mostly helices) (Auerbach et al., 1997a) (Macedo-Ribeiro et al., 1996) and
the overall tertiary structure, as seen in other thermostable proteins. This network of salt bridges
and hydrogen bonds must be one of the main stabilizing factors for TMBP at high temperature
(Auerbach et al., 1997a), (Yip et al., 1995), (Yip et al., 1998).
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Figure 7 . Illustration of the surface located salt bridges and
hydrogen bonds in TMBP. The a-carbon trace is shown in
yellow as a ribbon representation; the Van der Waals
surface of the protein is shown in translucent grey. Positions
of surface located arginines are highlighted in blue, whereas
the salt bridge or hydrogen bond counterparts are
highlighted in red.

1.4.3 The sugar binding site
In the cleft between the N- and C-terminal lobes electron density corresponding to a,a-trehalose
was found as shown in Figure 8. The binding of the ligand is established by interactions known
from many sugar binding proteins (Quiocho and Ledvina, 1996).
The disaccharide is held in position by hydrogen bonds and van der Waals contacts (Figure 9).
All the hydroxyls and even the glycosidic oxygen as well as the ring oxygen of one glucosyl
residue (Glc1) participate in hydrogen bonding. In total, 21 hydrogen bonds are formed with the
protein and three hydrogen bonds are formed with two water molecules (Table 6). These are
unequally distributed over the two identical glucosyl residues, with Glc1 forming slightly more
hydrogen bonds (14) than Glc2 (10). The TMBP complex with trehalose is thus established by a
larger number of hydrogen bonds than the MBP complex with maltose (11 with the protein and 3
with waters) (Quiocho et al., 1997). Thus, the binding site of TMBP appears to be more polar
(Figure 10).
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Figure 8 . Plot of the binding site for trehalose in TMBP.
Carbon atoms are shown in black, nitrogen atoms are shown in
blue and oxygen atoms are shown in red.

When the structures of the two proteins are superimposed (Figure 2), Glc1 of trehalose bound to
TMBP fits exactly to Glc1 of maltose (the reducing glucosyl residue) bound to MBP. Glc2 of the
trehalose in TMBP is located differently in comparison to the Glc2 of maltose in MBP (the non
reducing glucosyl residue). Whereas Glc2 of maltose is directed towards the core of MBP, in
TMBP Glc2 of trehalose is located closer to the surface of the protein (Figure 2) and forms van
der Waals contacts with Trp 295 (see Table 6). Thus, only the Glc1 residues in both liganded
proteins are structurally equivalent and can be compared for their amino acid surroundings.
Although both hold equivalent positions, their binding mode is different showing the same
general shift to hydrogen bonding in TMBP (14 bonds) as compared to MBP (5 bonds) as
mentioned above. Even though the binding residues are not conserved, some structurally
equivalent residues are apparent. Glu 111 in MBP is conservatively exchanged to Asp 123 in
TMBP. Tyr 155 in MBP which provides van der Waals contacts is equivalent to Trp 257 in
TMBP. As a second feature, Trp 257 in MBP forms a hydrogen bond with O5 from Glc1. The
two other hydrogen bond donors of MBP, residues Asp 14 and Lys 15, correspond to Asp 70 and
Arg 364 of TMBP, although they differ in side-chain conformation.
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Figure 9 .Stereo representation of an |3Fo-2Fc| electron density map of TMBP at
2.4 s around the bound a,a-trehalose. Carbon atoms are colored grey, nitrogen
atoms are colored blue and oxygen atoms are colored red. The map is colored green.

Figure 10 .
Figure 10 A. Binding pocket for trehalose with bound substrate (as a ball and stick
representation) in TMBP. The trehalose is shown in red. The surfaces of residues which
form only polar contacts with the substrate are shown in blue, the surfaces of residues
which form polar and van der Waals contacts are shown in green and the surfaces of
residues which form only van der Waals contacts are shown in yellow. The backbone (as a
ribbon representation) and the surface of the protein is shown in grey.
Figure 10 B. Binding pocket for maltose with bound substrate (as ball and stick
representation) in MBP. The maltose is shown in red. The surfaces of residues which form
only polar contacts with the substrate are shown in blue, the surfaces of residues which
form polar and van der Waals contacts are shown in green and the surfaces of residues
which form only van der Waals contacts are shown in yellow. The backbone (as a ribbon
representation) and the surface of the protein is shown in grey.
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Table 6 . The Binding Site of TMBP
Sugar atom
Glc1

O1
O2
O2
O2
O3
O3
O3
O4
O4
O4
O5
O5
O6
O6

Polar contacts (< 3.5 Å)
Van der Waals contacts (< 4 Å)
Protein/water atom Location Distance (Å) Sugar Location No. of Residue
subunit
contacts
s
NE1
Trp 295 N-domain
3.24
Glc1 C-domain
5
Trp 257
N
Gly 294 N-domain
2.91
C-domain
1
Gly 179
NE1
Trp 295 N-domain
3.50
C-domain
1
Glu 178
OD2
Asp 123 N-domain
2.57
N
Gly 294 N-domain
3.10
OD1
Asp 70
N-domain
2.78
NH2
Arg 364 C-domain
3.03
OD2
Asp 70
N-domain
2.60
NH1
Arg 364 C-domain
2.81
NH2
Arg 364 C-domain
3.42
NE1
Trp 257 C-domain
3.10
OE2
Glu 239 C-domain
3.21
OE2
Glu 239 C-domain
2.89
Water
2.81

Glc 2

O2
O
Thr 44
N-domain
2.72
Glc2 N-domain
1
Gly 13
O2
N
Thr 46
N-domain
3.51
C-domain
2
Tyr 259
O3
NH1
Arg 49
N-domain
2.81
N-domain
2
Trp 295
O3
O
Thr 44
N-domain
2.75
C-domain
1
Gly 13
O4
OE1
Glu 17
N-domain
2.62
O4
OH
Tyr 121 N-domain
3.24
O6
OE2
Glu 17
N-domain
2.76
O6
OH
Tyr 121 N-domain
3.00
O2
Water
2.78
O6
Water
2.98
Residues that are within hydrogen-bonding distance (<3.5 Å) and van der Waals contact distance (<4 Å) of the
trehalose ligand

1.4.4 Temperature dependence of substrate association and dissociation
Transport of trehalose in intact cells of T. litoralis is temperature dependent and maximal only at
80°C. Similarly, when trehalose binding by TMBP is tested at subsaturating concentrations by
the ammonium sulfate precipitation technique the amount of trehalose bound at constant TMBP
concentration peaked at 80°C. At that temperature a Kd of 0.16 mM was determined by exit
dialysis (Horlacher et al., 1998). To study association and dissociation of substrate more closely
we first removed any bound ligand by dialyzing the protein against 6M guanidinium HCl
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followed by dialysis against 50 mM sodium phosphate buffer, pH 7.0 which completely
renatured the protein (as tested by ammonium sulfate binding assays at 80°C). The following
assay is based on the phenomenon that binding of maltose to TMBP increases fluorescence
whereas binding of trehalose reduces fluorescence (Horlacher et al., 1998). First, binding of
maltose at saturating concentrations (5 mM) was followed by looking at the fluorescence increase
at 340 nm. The substrate free TMBP showed an immediate increase in fluorescence at all
temperatures tested (15° - 80°C) that was completed within the time of data sampling (less than
two seconds). This indicates that binding of substrates to the empty and supposedly open form of
TMBP is fast in the whole temperature range. Thus, the movement of the two lobes (as measured
by fluorescence increase) to enclose the substrate maltose is not compromized at room
temperature. In contrast, when subsequently trehalose was added at competing concentration
(100 mM) to exchange the TMBP-bound maltose, the subsequent kinetic of reduction of
fluorescence decrease, characteristic for trehalose binding, is found to be strongly temperature
dependent. The half time required to reach the quenched value indicative for the trehalose-bound
form of TMBP increases with falling temperature. The following half times (in min) were
observed: less than 0.05 (82°C), 0.08 (67°C), 0.1 (59°C), 0.25 (48°C), 0.5 (39°C), 0.7 (31°C),
0.8 (22°C). This demonstrates that it is the opening of the two lobes of TMBP that is slowed
down at ambient temperatures when compared to MBP of E. coli.
The different changes in fluorescence with maltose (increasing) and trehalose (decreasing)
indicate that maltose is bound to TMBP similarly as to MBP, i.e. such that the nonreducing
glucose moiety (Glc2) is located remote from Trp 295 (Figure 2 and Figure 7). This placement
can explain both, the quenching of the fluorescence in TMBP by the van der Waals contact of
Glc2 of trehalose with Trp295 and the absence of quenching by maltose.

1.4.5 Putative restraints guiding the evolution of periplasmic binding proteins in
hyperthermophilic archaea
The organization of the T. litoralis trehalose/maltose transport operon (Horlacher et al., 1998),
(Greller et al., 1999) is very similar to that of E. coli and other bacterial binding protein
dependent (BPD) ABC transport systems (Boos and Lucht, 1996), (Boos and Shuman, 1998). In
E. coli the maltose transport system is in fact a maltodextrin transport system optimized for the
utilization of maltose as well as of short maltodextrins. This can be deduced from the function of
the outer membrane l-receptor as a diffusion pore for short maltodextrins (Dutzler et al., 1996),
the binding specificity of MBP, as well as from the characteristics of the maltodextrin degrading

26
The Crystal Structure of a Liganded Trehalose/Maltose-Binding Protein from the Hyperthermophilic
Archaeon Thermococcus litoralis at 1.85 Å (Diez et al., 2001)
_____________________________________________________________________________________________

enzymes (Boos and Shuman, 1998). In contrast, the T. litoralis uptake system only accepts
trehalose and maltose (Xavier et al., 1996) (with a Km of 20 nM), whereas the Kd of the binding
protein for both substrates is 0.16 mM (Horlacher et al., 1998). Maltotriose is accepted less well
and longer maltodextrins are not accepted.
In order to achieve binding affinity, the energy of interaction must overcome the free energy
contribution due to the entropy gain upon dissociation. Shorter chain oligosaccharides therefore
need to be bound by higher energies of interaction per glucose residue than longer oligosaccharides. There must be an upper limit to affinity determined by the mechanism of the
ATP-driven uptake of the transporter and a lower limit set by the efficiency of the uptake
process. The interaction energy can be enthalpic by hydrogen bonds and van der Waals contacts
as well as hydrophobic by sequestering hydrophobic faces of pyranose rings from water upon
stacking onto aromatic side chains. The latter entropic contribution increases with temperature.
In the maltose binding proteins of T. maritima and of E.coli, the binding affinity in vitro
increases with temperature. This is indicative for a strong contribution by hydrophobic energies
in binding of maltose and maltotriose.
The maltose binding protein of P. furiosus binds the same sugars in the same temperature range
as the T. maritima protein but with different thermodynamic parameters, as described in the
accompanying paper (Evdokimov et al., 2001). P. furiosus surprisingly has a second
homologous transporter with a binding protein identical to TMBP. TMBP binds the two
disaccharides trehalose and maltose. The acquisition of this system by P. furiosus was the result
of a recent lateral gene transfer, most likely from T. litoralis to P. furiosus (DiRuggiero et al.,
2000).
Hydrophobic energies of interaction may be disadvantageous for TMBP because a suitable
geometry of aromatic residues fitting to two disaccharides with different angles between their
two glucose moieties may be difficult to establish. A large number of hydrogen bonds, as found
between trehalose and TMBP, may be the best solution to achieve high affinity for both
disaccharides. When more residues are involved in hydrogen bonding, they can form two sets of
polar residues each one binding one of the two sugars. On the other hand, the maltose/maltodextrin binding proteins bind ribbon-shaped strings of 1,4-linked glucose residues with one surface
slightly different in polarity than the other. In this case binding sites with a suitable arrangement
of aromatic residues for extensive hydrophobic stacking may be built more easily and be
advantageous at high temperatures.

27
The Crystal Structure of a Liganded Trehalose/Maltose-Binding Protein from the Hyperthermophilic
Archaeon Thermococcus litoralis at 1.85 Å (Diez et al., 2001)
_____________________________________________________________________________________________

1.4.6 Protein Data Bank ID Code
The coordinates of TMBP with bound trehalose were deposited at the RCSB Protein Data Bank
under ID code 1EU8.
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2. Structural Analysis of MalK, the ATPase subunit of the
trehalose/maltose ABC transporter of the archaeon Thermococcus
litoralis (Diederichs et al., 2000)
2.1 ABSTRACT
The members of the ABC transporter family transport a wide variety of molecules into or
out of cells and cellular compartments. Apart of a translocation pore each member possesses two similar nucleotidetriphosphate binding subunits or domains in order to couple the
energy-providing reaction with transport. In the maltose transporter of several Gramnegative bacteria and the archaeon Thermococcus litoralis the nucleotidetriphosphate binding subunit contains a C-terminal regulatory domain. A dimer of the subunit is attached
cytoplasmically to the translocation pore. Here we report the crystal structure of this dimer
showing two bound pyrophoshate molecules at 1.9 Å resolution. The dimer forms by association of the ATPase domains, with the two regulatory domains attached at opposite poles.
Significant deviation from two-fold symmetry is seen in the interface of the dimer and in
the regions corresponding to those residues known to be in contact with the translocation
pore. The structure and its relation to function are discussed in the light of known mutations from the homologous Escherichia coli and Salmonella typhimurium proteins.
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2.2 INTRODUCTION
ABC transporters are found in all eubacterial, archaeal and eucaryotic species studied to date and
represent most likely the largest family of homologous proteins. In E.coli, an estimated 5% of
the whole genome are encoding for them (Linton and Higgins, 1998).
ABC transporters are modularly composed mechanical machines which couple ATP hydrolysis
to the physical movement of molecules through membranes. Several subclasses can be defined
according to the direction of substrate translocation, substrate specificity and subunit organisation. Prominent family members are P-glycoprotein involved in multiple drug resistance, the
gated chloride channel CFTR involved in the inherited disease cystic fibrosis, sterol transporters,
eye pigment precursor importers, and protein exporters. Even though the array of substrates
seems endless and the molecular architecture can be rather diverse, the ATPase module is an
essential and conserved subunit of all transporters. Its sequence features are the main basis for
the identification of new family members (Holland and Blight, 1999).
A subfamily of ABC transporters are binding-protein dependent systems which are ubiquitous in
eubacteria and archaea where they catalyse the high-affinity uptake of small polar substrates into
the cell. One of the best studied examples is the Escherichia coli maltose/maltodextrin system
(Boos and Lucht, 1996; Boos and Shuman, 1998). It consists of a binding protein (MalE) as its
major substrate recognition site, located in the periplasm. Two homologous hydrophobic membrane proteins (MalF and MalG) form a heterodimeric translocation pore with a dimer of the
ATP-hydrolysing subunit (MalK) associated from the cytoplasmic side. Formation of the
MalEFGK2 transport complex therefore couples ATP hydrolysis with active transport of substrate.
The E.coli MalK (E.c.MalK) and its Salmonella typhimurium homolog (S.t.MalK) which share
95% identical residues have been subject to intense analysis ever since their discovery (Bavoil et
al., 1980; Shuman and Silhavy, 1981). Studies of enzymatic activity as an ATPase (Morbach et
al., 1993; Davidson et al., 1996) have been performed. The homodimeric subunit interaction has
been analysed (Kennedy and Traxler, 1999; Davidson and Sharma, 1997) and the requirements
for its assembly in the transport complex (Davidson and Nikaido, 1991; Panagiotidis et al., 1993;
Lippincott and Traxler, 1997) have been recognized. Mutational analysis for domain interactions
with its cognate membrane components (Mourez et al., 1997) as well as cross-linking studies
(Hunke et al., 2000a) have been reported. Mutational analysis has also defined the functional
importance of the conserved regions such as Walker-A, Walker-B and the Switch region for ATP
binding as well as the Signature motif region and the helical domain for coupling of ATP hydro-
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lysis to transport (see Schneider and Hunke, 1998, for a review), and has revealed a remarkable
versatility of MalK to interact with different regulatory proteins. According to other studies,
MalK is able to interact with unphosphorylated EIIAGlc, a subunit of the phosphotransferase
(PTS)-type glucose transporter leading to the inhibition of maltose transport (Dean et al., 1990;
Vandervlag and Postma, 1995), a phenomenon called inducer exclusion. In addition, the C-terminus of MalK is able to affect mal gene regulation (Kühnau et al., 1991). In this activity MalK
interacts with and inactivates MalT, the specific gene activator of mal gene expression (Panagiotidis et al., 1998) demonstrating a link between transport of substrate and gene regulation.
Binding-protein dependent ABC transporters have also been found in thermophilic bacteria
(Sahm et al., 1996; Herrmann et al., 1996). Recently, we described an ABC transporter for maltose/trehalose in the hyperthermophilic archaeon Thermococcus litoralis (Xavier et al., 1996).
This transport system has several unusual properties: it shows a high affinity (Km of about 20
nM) at 85°C, the optimum growth temperature of this organism, it recognizes with equal affinity
its very different substrates maltose and trehalose but does not bind larger maltodextrins. Its cognate binding protein has been purified (Horlacher et al., 1998) and its crystal structure has been
solved (Diez et al., 2001). The Thermococcus litoralis MalK (T.l.MalK) has been heterologously
expressed in E.coli and its biochemical properties have been studied. Its sequence, its size (372
residues), as well as its biochemical properties reveal its close relationship to the E.c.MalK protein. It optimally hydrolyses ATP at 85°C and exhibits a Km of 150 mM for ATP at this temperature (Greller et al., 1999).
Little is known how ATP hydrolysis, presumably via a series of protein conformational changes
(Ehrmann et al., 1998), is coupled to the mechanism of transport. Thus, structural informations
about the translocating complex as well as the ATP-coupling structures are in demand. As to the
subclass of importers, the only known atomic structure is that of HisP, the ATP-hydrolysing
subunit of the histidine transporter of Salmonella typhimurium (Hung et al., 1998).
Here we present the crystal structure of T.l.MalK, the energy coupling subunit of the trehalose/maltose transporter of Thermococcus litoralis, at 1.9 Å resolution.
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2.3 MATERIALS AND METHODS
2.3.1 Culture conditions.
E.coli strain BL21 (Studier and Moffatt, 1986) was transformed with the plasmid pGG200 (Greller et al., 1999) selecting for ampicillin resistance. The transformants were pooled and aliquoted,
frozen in liquid nitrogen, and stored at –70°C. These aliquots were used to inoculate overnight
cultures subsequently used for large-scale cultures. The fermentation was done according to
(Riesenberg et al., 1991) in a Biostat C bench-top fermenter (Braun, Melsungen Germany)
equipped with a 15-liter water-jacketed stainless steel vessel and microprocessor control of pH,
dissolved oxygen, agitation, temperature, and nutrient-feed. The temperature was kept at 28°C.
The medium was composed as described by Riesenberg (Riesenberg et al. 1991) containing
additional NZA medium (10 g NZ-amine A (Sheffield Products Inc., United Kingdom), 5 g of
yeast extract, and 7.5 g of NaCl per liter). To inoculate the fermenter 10 ml of cells grown in tubs
in NZA medium containing 200 mg of ampicillin/liter was added. After the culture reached an
optical density (OD) at 578 nm (A578) of 50, expression of the plasmid-encoded malK gene was
induced by adding isopropyl-1-thio-D-galactopyranoside (IPTG) to a final concentration of 0.1
mM. Four hours later at an OD of 100 the fermenter was cooled to 10°C prior to harvesting. The
culture was harvested by centrifugation at 5,000 x g for 30 min at 4°C, frozen in liquid nitrogen,
and stored at -70°C.

2.3.2 Purification of His6-MalK.
50 g cell wet weight of the pellet from BL21 induced cells containing plasmid pGG200 was
resuspended in 100 ml of buffer 1 (50 mM Tris-HCl, pH 7.5, 5 mM MgCl2 containing 500 mM
NaCl), ruptured in a French pressure cell at 16000 pounds/square inch, and centrifuged for 15
min at 19000 x g. The supernatant was heated to 70°C for 20 min. After centrifugation of the
precipitated proteins (30 min at 19,000 x g), imidazol was added to the supernatant to a final
concentration of 20 mM. The solution was loaded onto a 4-ml bed volume Ni2+-NTA-agarose
column (Qiagen, Hilden, Germany) equilibrated with the same buffer. After washing the column
with 80 ml of buffer 1 supplemented with 20 mM imidazol, MalK was eluted with buffer 1 containing 200 mM imidazol. MalK-containing fractions (10 ml) were pooled and loaded onto a 8ml bed volume Reactive Red agarose 120 (3000-CL) column (Sigma, Munich, Germany) equili-
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brated with buffer 1. The column was washed with 5 bed volumes of buffer 1. MalK was eluted
with buffer 1 containing 2 M NaCl. MalK-containing fractions (30 ml) were pooled. A Centricon
30 concentrator (Amicon, Witten, Germany) was used to concentrate to 5 mg/ml and to change
the buffer to 50 mM Tris-HCl, pH 7.5, 5 mM MgCl2, and 200 mM NaCl. The total yield of purified His6-T.l.MalK from 50 g cell wet weight was routinely between 60 and 100 mg. The
enzyme was stored at 4°C without loss of activity.

2.3.3 Crystallization and structure solution.
Crystals were grown at 18°C using the hanging drop vapor diffusion method with the aid of
Hampton Research screening solutions (Hampton Research, Laguna Niguel, USA). The crystallization buffer contained 2 M Ammonium sulfate, 5 % Dioxane and 100 mM Tris (pH 8.5). Drops
were prepared by mixing 5 ml of MalK solution (5 mg/ml) with 5 ml of crystallization buffer
containing 1 mM of ADP. Crystals appeared after 3 weeks. For data collection at 100 K the crystals were soaked for 5 min in the crystallization buffer supplemented with 15% glycerol. The
crystals were rapidly frozen and stored in liquid nitrogen.
Heavy atom derivatives were obtained by adding 1 ml of a 10 mM HgCl2 solution to the crystallization drop. The crystals were incubated for 16 h in the crystallization buffer containing the
heavy atom salt, and then frozen in liquid nitrogen.
Data sets were measured using synchrotron x-ray sources at 100 K using Mar345 and Mar CCD
image plate detectors (Table 7). Native crystals diffracted to better than 1.9 Å at beamline BW7B
(DESY/ EMBL, Hamburg). Four datasets of a HgCl2 soaked crystal at different wavelengths
were collected at beamline BW7A (DESY/EMBL, Hamburg) for phase calculation using MAD.
The data were processed using the XDS program suite (Kabsch, 1993). The crystals grow in
space group P21212 (a = 190.72 Å, b = 65.70 Å, c = 77.91 Å) with two molecules per asymmetric unit.
Two heavy atom sites were found using the program SOLVE (Terwilliger and Berendzen, 1999).
Further refinement of the heavy atom sites was performed using SHARP (De la Fortrelle and
Bricogne, 1997). The resulting electron density map was solvent flattened using the program
SOLOMON (Collaborative Computational Project, Number 4, 1994; Abrahams and Leslie,
1996), and the resulting phases were used for automated model building using the ARP/wARP
(Lamzin and Wilson, 1993) program suite.
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Table 7 . Statistics on Data Reduction and MAD Phasing for MalK data-sets
Native

HgCl2

Wavelength [Å]
0.8424
1.0080
1.0089
1.0163
1.0000
*
Resolution [Å] 1.86 (1.88-1.86) 2.65 (2.68-2.65) 2.65 (2.68-2.65) 2.65 (2.68-2.65) 2.65 (2.68-2.65)
Redundancy*
4.6 (3.0)
4.0 (4.0)
4.0 (4.1)
4.0 (3.2)
4.0 (4.1)
No. of unique
82668 (2430)
29141 (963)
29172 (965)
29158 (934)
29183 (963)
Observations*
Completeness [%]
99.0 (93.8)
99.0 (99.8)
99.1 (100.0)
99.0 (96.8)
99.1 (99.8)
+
R-meas
3.9 (28.0)
4.2 (13.9)
4.1 (16.3)
4.0 (17.5)
4.0 (15.8)
+
R-mrgd-F
4.1 (27.2)
3.7 (10.8)
3.8 (12.9)
4.0 (15.8)
3.8 (12.2)
Isomorphous
5.61
6.45
3.41
phasing power
(acentric
reflections)
Anomalous
1.88
1.23
1.13
0.25
phasing power
(acentric
reflections)
figure of merit
0.69
*The values for the highest resolution shell are given in parenthesis. + R-mrgd-F as defined by Diederichs and
Karplus (1997)

Further refinement was performed using individual B-factor refinement, torsion angle dynamics
by slowcooling the model after heating to 2000 K and energy minimization in CNS (Bruenger et
al., 1998). Grouped occupancy refinement was performed for the pyrophosphate. Modelling was
done using O (Jones et al., 1991). The quality of the structure was analyzed using PROCHECK
(Laskowski et al., 1993) and WHATIF (Vriend, 1990). The final model comprises residues 1
through 372 of the native form of (Table 8) MalK (but not the His-Tag), 2 pyrophosphate molecules, 3 dioxane molecules, and 447 solvent molecules.
The coordinates have been deposited in the Protein Data Bank (accession No. 1G29)
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Table 8 . Statistics of the MalK Structure
Protein atoms
Ligand atoms
Solvent atoms

5878
35
447

Resolution range (Å)

50 - 1.9

R-factor (%)

21.1

R-free (%)
R.m.s. bond length deviations (Å)
R.m.s. bond angles deviations (°)

24.8
0.007
1.306

Ramachandran Plot
Most favoured regions (%)
Additionally allowed regions (%)
Generously allowed regions (%)
Disallowed regions (%)

90.8
8.9
0.3
0.0
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2.4 RESULTS

2.4.1 Purification and crystal structure analysis of T.l.MalK
Instead of a C-terminal His-tagged T.l.MalK as published previously (Greller et al., 1999) we
constructed an N-terminally His-tagged MalK which appeared to crystallize more easily. The recombinant protein was purified from the soluble cellular extract of strain BL21, which lacks
several proteases (Studier and Moffatt, 1986), as described before. The ATPase activity corresponded to that of the previously published construct containing a C-terminal His-tag.
The crystals have two molecules (termed A and B) per asymmetric unit, and the structure was
solved by MAD analysis of a HgCl2 derivative. As only one atom of Hg per molecule of MalK
was bound, the phasing power was low. Furthermore, despite cryogenic conditions the isomorphous and anomalous signal strongly decreased with exposure time, presumably due to radiation
damage. The crystallographic analysis therefore first employed SAD phasing at the peak wavelength, and was then extended to include all four wavelengths. To stabilize the heavy atom refinement process in the four-wavelength case, the Hendrickson-Lattman coefficients of the SAD
phases were introduced as external restraints. The phasing power values given by SHARP (De la
Fortrelle and Bricogne, 1997) (Table 7), are much higher for the isomorphous than for the anomalous signal, which is untypical for a MAD experiment and is more reminiscent of a MIR analysis.
After initial automatic ARP/wARP (Lamzin and Wilson, 1993) model building, model refinement was continued using standard procedures at 1.9 Å.
Although T.l.MalK was crystallized in presence of ADP, there was only clear density for a pyrophosphate molecule. At the expected position of the adenosine group the map shows elongated
density which could result from superposition of several adenosine groups. The occupancy of the
pyrophosphate was determined as 0.7. The missing density for the nucleoside can thus be attributed to disorder and low occupancy. Obviously the structure deviates from the ATP binding conformation.
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2.4.2 Comparison with known structures
Comparison of the structures of the ATPase domain of T.l.MalK with HisP reveals an almost
identical fold (for the A and the B monomer r.m.s.d. values of 1.71 Å for 153 Ca-coordinates
and 1.95 Å for 206 Ca-coordinates at a cutoff of 3.8 Å were found, respectively). The only significant difference is an additional helix-strand motif after strand 7 in HisP as compared to
T.l.MalK. Rad50 is a protein involved in DNA double strand repair and is found in all kingdoms
of life. It forms a heterodimer with its N-terminal and C-terminal fragments, termed Rad50cd
(Hopfner et al., 2000) which upon binding of ATP dimerizes with another Rad50cd heterodimer
and becomes active as an ATPase. Rad50cd shares the homology regions with ABC-type ATPases and is structurally similar to the monomers of T.l.MalK and HisP, although the r.m.s.d. values
are much higher as between the latter. With respect to the mode of dimerization all three published structures differ from each other so that in contrast to the view of Hopfner and colleagues,
(2000), the Rad50cd dimer cannot be used as a model for the nucleotide binding domains of
ABC transporters.

2.4.3 General description of the structure
T.l.MalK consists of two domains. The N-terminal 223 residues form a a/b type ATPase domain
as found in the ABC transporter family (Hung et al., 1998; Armstrong et al., 1998; Linton and
Higgins, 1998). Its overall shape resembles an ellipsoidal plane convex lens with a longer (ca.
55 Å) and a shorter (ca. 40 Å) axis. Residues 224-372 (regulatory domain) form a barrel with a
diameter of approximately 20 Å and a height of 45 Å.
In the asymmetric unit the ATPase domains of two adjacent MalK molecules are apposed with
part of their flat faces to form a globular dimer with significant deviations from twofold symmetry (Figure 11). Attached to opposite poles of the dimer are the regulatory domains resulting in
an extended dumbbell shaped molecule with a long axis of approximately 120 Å. In the following the bottom and top of T.l.MalK will be referred to on the basis of the orientation given in
Figure 11A. As will be shown later, the bottom part contains the residues involved in interaction
with MalFG. The contact interface between the ATPase domains extends along the twofold axis
and forms an angle of roughly 35 degrees with the long axis of the dimer (see Figure 11B).
When viewed along the interface perpendicular to the pseudo symmetry axis the ATPase
domains appear as composed of three layers (Figure 12). An antiparallel b-sheet formed by
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strands 2, 1, 4, 5, 6 forms the top layer (see Figure 13 for the numbering of the secondary structure elements).

Figure 11. Ribbon representation of the T.l.MalK dimer. The A and B
molecules are coloured yellow and blue, respectively, except for both regulatory
domains which are coloured grey. Labels indicate numbers of strands and
helices according to the secondary structure assignment given in Figure 13.
This figure and the following structural diagrams were made with
MOLSCRIPT (Kraulis, 1991) if not indicated otherwise.
Figure 11 A. The side view shows the extended dumbbell shape resulting from
the two regulatory domains on either end and the central ATPase domain dimer.
The pseudo-twofold symmetry axis is oriented vertically and runs through the
centre of the dimer. The strong involvement of the helices 2 and 4 in
dimerization is seen. The bottom part of the dimer is supposed to interact with
the membrane translocation pore MalFG.
Figure 11B. The bottom view along the pseudo-twofold axis shows the
deviation from twofold symmetry. The helical layer of one monomer is seen in
contact with the two upper layers containing the nucleotide binding site of the
other monomer. The symmetry axis between strands 6 of both monomers seems
to provide a mechanical hinge for the dimer. Residues Gln88 from both
monomers are shown to demonstrate their close apposition. The A- and
B-viewing directions are indicated.
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Figure 12. A-view along the interface perpendicular to the pseudo symmetry
axis. From top to bottom the three layers are seen: antiparallel sheet, mixed
sheet with P-loop and helix 1 and helical layer. Colouring is as in Figure 11
except that the conserved regions Walker-A, Walker-B, Signature motif,
D-Loop, Switch from monomer A and the Lid region from monomer B are
marked by red colouring with yellow outlines. Labels indicate numbers of
strands and helices according to the numbering given in Figure 13.
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Walker-A
S.t.HisP
E.c.MalK
T.l.MalK

MMSENKLHVIDLHKRYGGHEVLKGVSLQARAGDVISIIGSSGSGKSTFLRCINFLEKPS
---MASVQLQNVTKAWGEVVVSKDINLDIHEGEFVVFVGPSGCGKSTLLRMIAGLETIT
---MAGVRLVDVWKVFGEVTAVREMSLEVKDGEFMILLGPSGCGKTTTLRMIAGLEEPS
___________________________________________________________

b1

b2

b3

59
56
56

a1
----Lid---

S.t.HisP
E.c.MalK
T.l.MalK

EGAIIVNGQNINLVRDKDGQLKVADKNQLRLLRTRLTMVFQHFNLWSHMTVLENVMEAPI 119
SGDLFIGEKRMNDTP-------PAERG--------VGMVFQSYALYPHLSVAEN-MSFGL 100
RGQIYIGDKLVADPEK-GIFVPPKDRD--------IAMVFQSYALYPHMTVYDN-IAFPL 106
____________________________________________________________

b4

b5

b6

b7

a2

Signature motif
S.t.HisP
E.c.MalK
T.l.MalK

a2

a3

a4

D-loop
S.t.HisP
E.c.MalK
T.l.MalK

Switch

a6

b10

b11

a7

a8

b12

b13

b14

a9

-----------------------------------------------------------ANMSLGIRPEHLLPSDIA--DVI----LEGEVQVVEQLGNETQIHIQIPSIRQNLVYRQN 332
REVIFGIRPEDLYDAMFAQVRVPGENLVRAVVEIVENLGSERIVRLRVGG--VTFVGSFR 340
________________________________________________________________________

b15
S.t.HisP
E.c.MalK
T.l.MalK

b9

QVFGNPQSPRLQQFLKGSLKKLEH------------------------------------ 262
ELYHYPADRFVAGFIGSPKMNFLPVKVT-ATAIDQVQVELPMPNRQQVWLPVESRDVQVG 278
EVYDKPANTFVAGFIGSPPMNFLDAIVTEDGFVDFGEFRLKLLPDQFEVLGELGYVG--- 282
____________________________________________________________

a7
S.t.HisP
E.c.MalK
T.l.MalK

b8

PTSALDPELVGEVLRIMQQLAE-EGKTMVVVTHEMGFARHVSSHVIFLHQGKIEEEGDPE 238
PLSNLDAALRVQMRIEISRLHKRLGRTMIYVTHDQVEAMTLADKIVVLDAGRVAQVGKPL 219
PLSNLDAKLRVRMRAELKKLQRQLGVTTIYVTHDQVEAMTMGDRIAVMNRGVLQQVGSPD 225
____________________________________________________________

a5
S.t.HisP
E.c.MalK
T.l.MalK

Walker-B

QVLGLSKHDARERALKYLAKVGIDERAQGKYPVHLSGGQQQRVSIARALAMEPDVLLFDE 179
KPAGAKKEVINQRVNQVAEVLQLAHLLD-RKPKALSGGQRQRVAIGRTLVAEPSVFLLDE 159
KLRKVPRQEIDQRVREVAELLGLTELLN-RKPRELSGGQRQRVALGRAIVRKPQVFLMDE 165
____________________________________________________________

b16

b17

--------------------------------------DVVLVEEGATFAIGLPPERCHLFREDGTACRRLHKEPGV
SESRVREGVEVDVVFDMKKIHIFDKTTGKAIF------_______________________________________________

b20

b18

b19
371
372

b21

Figure 13. Structural alignment of HisP from Salmonella typhimurium (Hung et al., 1998) and of T.l.MalK as well
as sequence alignment with E.c.MalK. Secondary structure elements of T.l.MalK are indicated and numbered.
Regions which are conserved in all three sequences are coloured yellow, those which are conserved only between
the two MalKs are coloured cyan.
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The middle layer contains a mixed b-sheet formed by the parallel strands 10, 3, 9, 8, 7 and the
antiparallel strand 11 which connects to the regulatory domain. A final and essential part of the
middle layer is the P-loop and helix 1 which follow strand 3 and contain the Walker A motif.
They are located between the two sheets. The P-loop contains a pyrophosphate molecule bound
at the interface. Comparison with the similar ATPase structures of HisP and Rad50cd complexed
with ATP (Hung et al., 1998; Hopfner et al., 2000) shows that the two phosphates are positioned
similar to the a and b phosphates of ATP. The two sheets of the upper two layers approach each
other at roughly right angle. The last and bottom layer consists of helices 2-6, of which helices 2
and 4 form most of the interface with the other ATPase domain (Figure 12).
We find that the majority of the regions conserved in ABC-type ATPases, i.e. the Walker-A, the
Walker-B and the Switch region (Linton and Higgins, 1998; Schneider and Hunke, 1998; Hopfner et al., 2000), are placed around the pyrophosphate group in or near the parallel sheet of the
middle layer (Figure 12). Two conserved regions which contain residues known to be involved in
interaction with the translocation pore MalFG are at the bottom of the helical layer (Signature
motif and D-loop). Another less-well conserved region is around a highly conserved glutamine
residue at position 88 in T.l.MalK. Hopfner and colleagues, (2000), have used the term „Q-loop“
for this region while we prefer the descriptive term „Lid“ in order to express its location near the
nucleotide binding site (Figure 13).

2.4.4 The MalK dimer
Given the two noncrystallographical MalK molecules in the P21212 crystal lattice, several choices of dimers are possible in principle. One rationale to select the biologically relevant dimer
was that it should bury a large surface area from solvent. When arranging the buried surfaces of
possible dimers in decreasing order the four largest values are 2755 Å2, 1715 Å2, 1075 Å2,
719 Å2. In none of these does the arrangement of the nucleotide binding domains resemble the
proposed dimer of HisP (Hung et al., 1998). Furthermore, the dimer with the largest buried surface is in accord with other data as will be discussed below. We therefore strongly favour this
dimer although it is different from that proposed for HisP which buries 915 Å2 and also different
from that of Rad50cd (Hopfner et al., 2000) which buries 2631 Å2.
Although the T.l.MalK dimer interface is formed by many apolar residues (22), mainly with aromatic side chains (10), there is a majority of polar residues (29). Interestingly, there is no direct
intermolecular hydrogen bond. The cavities in the interface and the immobilised solvent molecules (25) indicate that the interaction energy is not predominantly hydrophobic.
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2.4.5 Deviations from twofold symmetry
Inspection of Figure 11B shows that the A-regulatory domain can be superimposed with its Bmate by a clockwise rotation of about 170 degrees around the pseudo-twofold axis. A least squares superposition of the ATPase domains with a cutoff of 3.8 Å superimposes 200 Ca-atoms with
a r.m.s.d. value of 1.7 Å (Figure 14).

Figure 14. Stereo bottom-view (Ca chain) of the ATPase domain dimer. The A and the B chain are
coloured yellow and blue, respectively. The B chain has been superimposed with the A chain and
shown in red. The good matching of the sheets in the upper two layers is seen while the helices 2-4 are
shifted against each other.

While the sheets closely match each other, significant displacements are found for the loop between strand 7 and helix 2 (containing the Lid region) as well as for the helices 2 and 3. The latter
are shifted in the B-monomer by up to 3 Å outwards compared to the corresponding helices of
the A-monomer (see Figure 14). Thus the upper and middle layer upon a rotational displacement
from ideal twofold symmetry appear to behave virtually as a rigid structure rotating around the
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pseudo-twofold axis while the helices (notably helices 2 and 3) show conformational plasticity of
the interface.
The asymmetry is also obvious when the dimer is viewed upright in two opposite directions
along an axis oriented perpendicular to the twofold axis and along the interface (Figures 11B,
15).
We distinguish between the A-view which has the A monomer on the right and the B monomer
on the left and the B-view with the two monomers arranged oppositely. In the A-view (Figure
15A) the interface appears more narrow as B-His95 ND1 of the Lid region approaches an oxygen of the b-phosphate of the A-pyrophosphate to hydrogen bonding distance (Figure 16).

A

B

Figure 15. Comparison of the A and the B view.
In the A-view (A) the interface appears to be more narrow than in the corresponding
B-view (B) due to the upward shift of the loop containing the Lid region which has been
clarified by including side chains of residues 90, 93, 96 and 104. Notably B-His95
approaches the pyrophosphate to hydrogen bonding distance in the A-view while A-Tyr93
plays this role in the B-view. Arg47 shows a difference in side-chain conformation in the
two views. The two helices 2 and 3 are shifted outwards in the B monomer by
approximately 3 Å as compared to the A monomer.
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Figure 16. The two pyrophosphate binding sites.
Hydrogen bonding partners of the pyrophosphates as seen in the A-view and the
B-view are shown. Labels A- and B- in front of the residues refer to the two
monomers. The bond length in Å is indicated as a number. This figure was made
with ISIS-DRAW.

In the B-view (Figure 15B), the Lid of the A molecule is seen to be shifted roughly by 6 Å
towards the bottom, thus opening the interface and interrupting the interaction of the B-His with
the pyrophosphate. This shift brings A-Tyr93-OH of the Lid into hydrogen bond distance of another b-phosphate bonded oxygen from B-pyrophosphate (Figure 16), a vicinity which is absent in
the A-view. Due to the high B-factors in this region (Figure 17) a hydrogen-bonding distance is
not satisfactory evidence for existence of the bond.
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Figure 17. B-factors of the Ca atoms of the A (yellow) and the B (blue)
monomer of T.l.MalK. Regions of high asymmetry are marked by bars and
labelled by numbers.
The A chain is significantly more disordered in the Lid region (1), the loop
between helices 2 and 3 (2) and the Signature motif region (3). The regulatory
domains have fairly similar B factors.

Lys42, which is highly conserved among nucleotidetriphosphate binding proteins, also shows
slight asymmetry with respect to its Ne hydrogen bonds with the phosphate oxygens of the bphosphate of the pyrophosphate molecule due to an altered side chain conformation. While in the
B molecule one oxygen is in hydrogen bonding distance, in A there are two (Figure 16).
Arg47 shows two different side-chain conformations. In the A molecule it forms a salt bridge
with A-Glu53. In contrast, in the B molecule a hydrogen bond between the NH2 group and the
OG1 of B-Thr44 is formed (Figure 16). All three residues are conserved in HisP, E.c.MalK and
T.l.MalK (Figure 13).
The distances of the Ca atoms of residues Glu139 in the conserved Signature motif at the bottom
end of helix 4 and of Leu170 in the conserved D-loop motif near the bottom (Figures 11B, 12,
13) provide another example for the deviation from two-fold symmetry. While A-Glu139Ca and
B-Leu170Ca are 13.6 Å apart, the distance of B-Glu139Ca and A-Leu170Ca is only 8.8 Å.
Furthermore, the deviations from two-fold symmetry manifest themselves in the B-factors
(Figure 17). The Lid, the loop between the two asymmetric helices 2 and 3 and the Signature
motif at the N-terminal end of helix 4 near the bottom have significantly higher values in the Aas compared to the B monomer.
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2.4.6 The regulatory domain
The regulatory domains contains the 149 C-terminal residues of T.l.MalK which form a small
connecting domain of 22 residues (helices 7 and 8), an antiparallel sheet of three b-strands and a
5-stranded b-barrel with shear number 10 (see Figures 11A, 13).
A structure based search using the DALI-server (Holm and Sander, 1993) indicated a weak similarity to a N-terminal fragment of phenylalanyl-tRNA and aspartyl-tRNA synthetases. Less similarity of the barrel exists also with the C-terminal aminoacyl-tRNA binding domains of bacterial
elongation factors EF-Tu (Kjeldgaard and Nyborg, 1992; Nyborg et al., 1996), with the C-terminal barrel domain of bacterial methionyl-t-RNA formyltransferase (Schmitt et al., 1996) and
other proteins of the so-called OB-fold (Murzin, 1993). These domains function as binding
modules for aminoacyl-tRNA, carbohydrates and DNA. In EF-Tu they are connected to a
nucleotidetriphosphatase domain, a combination reminiscent of MalK.
The sequences of the regulatory domains of T.l.MalK and E.c.MalK are not very similar except
for a region in the connecting domain and another between strands 15 and 16 (Figure 13). This is
in accordance with the fact that interactions with regulatory proteins like MalT and EIIAGlc are
unknown in Thermococcus litoralis. The existence of the C-terminal domain in T.l.MalK indicates, however, that the ATPase is also involved in regulatory circuits. Indirect evidences for a
similar fold of both regulatory domains are the few conserved regions which are shared by a larger number of members of the bacterial ABC-type ATPase domains which also possess an extension of approximately 110 residues at the C-terminus of their ATPase domain. In S.t.MalK the
regulatory functions have indeed been mapped roughly to a segment of 106 residues at the C-terminus (Schmees and Schneider, 1998).

46
Structural Analysis of MalK, the ATPase subunit of the trehalose/maltose ABC transporter of the archaeon
Thermococcus litoralis (Diederichs et al., 2000)
_____________________________________________________________________________________________

2.5 DISCUSSION
2.5.1 The T.l.MalK dimer is in accord with restrictions by other data relevant for
the dimer structure
The A85C mutant of S.t.MalK has been shown to form under in-vitro conditions, i.e. reconstituted with MalFG in liposomes, a disulfide-linked dimer by forming a bond between the two
pseudo symmetry related cysteines (Hunke et al., 2000a). This means that the backbones of both
monomers in the vicinity of this residue must approach each other in the dimer interface to a distance of less than about 6 Å. In T.l.MalK the alanine residue is conserved and corresponds to
residue Ala91 in the Lid region. A-Ala91 and B-Ala91 are placed 17 Å apart. However, the Lid
region has high and asymmetric B-factors (80 and 50 Å2 for the A- and B-chains, respectively;
Figure 17) and the backbones of the two T.l.MalK monomers at another nearby residue, Gln88,
are indeed placed only 8.5 Å apart (Figure 11B). This shows that the T.l.MalK dimer can meet
the strong distance restraint of the crosslinking result after a subtle structural rearrangement and
thus provides evidence that the crystal structure is close to if not identical with one conformation
of the MalK dimer in the transport complex.
Gln88 is conserved in most of the ABC-type ATPase domains (Schneider and Hunke, 1998).
Among these are the two nucleotide binding domains of the cystic fibrosis-related gated chloride
channel CFTR. According to Hopfner et al. (2000) and Hung et al. (1998), it may coordinate
Mg2+ and the water molecule which attacks the g-phosphate bond. In our structure the glutamine
residues are placed too far away from the nucleotides to suggest such a role. In support of this
finding Walter et al. (1992) state that mutants of S.t.MalK in the corresponding Gln82 residue
are not reduced significantly in ATPase activity. According to our structure, the nearby residues
His95 and Tyr93 in T.l.MalK both could play a role as phosphate sensors.
Another hint for the functional competence of the observed dimer structure is provided by the
evenly positive electrostatic surface potential in the surroundings of the nucleotide binding site
(data not shown). As both monomers contribute to the potential there, we interpret this as evidence that they are adjusted to each other to facilitate entrance of the nucleotide to its site in the
interface.
Recently W. Reenstra and colleagues (Wang,W. et al., unpublished data) identified two polypeptide segments of the nucleotide binding domains of CFTR which are involved in interdomain
interactions. Alignment of these segments to the MalK sequence shows that they both map into
the T.l.MalK dimer interface, indicating a roughly similar dimeric association in both cases.
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2.5.2 Interaction with MalFG and asymmetry of the MalK dimer
Hunke et al. (2000a) report that Ala85 of S.t.MalK are in the close neighbourhood of MalF and
MalG. In T.l.MalK the corresponding residue Ala91 is part of the Lid region which extends close
to the bottom of the dimer structure. Furthermore, chimeric fusion proteins (Wilken et al., 1996)
indicated that residues 89-140 in S.t.MalK are crucial for functional, high-affinity interaction
with MalFG. In T.l.MalK this segment maps to helices 2 and 3 as well as to the Signature motif
region. In subsequent studies Schmees et al. (1999) have shown that mutations in the Signature
motif region fail to restore a functional transport complex. Recently, Hunke et al. (2000a) have
identified two valines mapping to helix 3 in T.l.MalK which crosslink with MalFG, one of them
in an ATP-dependent manner. Helices 2 and 3 are located in the peripheral part of the dimer
interface (Figure 11B) and are among the most asymmetric structural elements in T.l.MalK. Furthermore, asymmetric B-factors are found in the loop between them and in the Signature motif
region, which is located at the very bottom of the dimer (Figure 12).
These findings strongly suggest that the helices and the Signature motif region at the bottom of
the dimer structure are involved in complex formation with the translocation pore MalFG (Figure 11A, Figure 12). The docking of a MalE~maltose complex to the periplasmic surface must
somehow trigger the ATPase cycle of MalK. Indeed, mutations of S.t.MalK P160L and D165N
in the D-loop (Hunke et al., 2000b) have given hints that residues at the bottom of MalK, remote
from the ATP site, can be crucial for ATP hydrolysis. Such incompatibility of a mutation with
hydrolysis can be dependent upon interaction with MalFG, as the L86F mutation of S.t.MalK
(Hunke et al., 2000b) has shown. This residue is part of the Lid region and in T.l.MalK it is preceding A-Tyr93, which approaches a pyrophosphate to hydrogen bonding distance in the Bmolecule.
At present, the functional relevance of the broken twofold symmetry in the structure of the
T.l.MalK dimer remains elusive and three alternative explanations are at hand. (i) Crystal lattice
forces may have deformed the dimer into an artificial asymmetry. In view of the observed deviations from two-fold symmetry this explanation appears to be unlikely, as important deviations
are not near the crystal contacts and as the crystal contacts themselves as well as the differences
in contacts between the two monomers are rather weak. (ii) The conformation of each monomer
may represent one close-to-native structure and the two homodimers formed from them would be
perfectly symmetrical. This argument might possibly apply to the free (uncomplexed) MalK
dimer. (iii) The observed structure may be close to one conformation of the MalK dimer complexed with the heterodimeric transmembrane translocation pore MalFG which can be expected to
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exert asymmetric forces on the former. As the structure of the Fo-F1-ATPase has taught us, a
deviation from symmetry may be an essential feature of a functional ATPase. Furthermore, large
domain movements are a common feature of all ATPases and kinases. Thus, the deviation in the
symmetry of the MalK dimer predicts further movements during the transport cycle.
Moreover, indirect evidence for further conformations different from the ones reported here
exist. His192 of E.c.MalK for example is known to be critical for maltose transport and ATP
hydrolysis (Davidson and Sharma, 1997). In the dimer structure of T.l.Malk the side chain of the
corresponding residue His198 is about 8 Å away from the nearest b-phosphate oxygen. Even if a
nucleotidetriphosphate would be bound, its g-phosphate would be too far from hydrogen bonding
with the histidine in the present conformations. With an interspersed water molecule as in the
HisP structure (Hung et al., 1998) and an altered side-chain conformation a direct contact could
be formed.
Another conformation of T.l.MalK was recently found in a new crystal form which possesses the
same basic dimer structure but with perfect two-fold symmetry (unpublished data).

2.5.3 MalK as a donor and acceptor of regulatory signals. Are there common
features with other nucleotide-hydrolysing enzymes involved in signal transduction?
Each strand of the parallel sheet of the middle layer is followed by a loop and a helix, a pattern
which may represent a functional module serving as a „phosphate sensor“ (Vale, 1996). In accordance with a modular structure, conserved regions of residues are found in each of them (Figure 12):
Strand 3 followed by the P-loop and helix 1 contain the Walker-A motif. Strand 9 with the subsequent loop contain the Switch motif. Strand 8 and the subsequent loop contain the Walker-B
motif and the D-loop motif. Strand 7 is followed by an extended loop region which contains a
weakly conserved region which has attracted little attention so-far. This „Lid region“ is followed
by helices 2 and 4 which are placed in the interface of the dimer structure. The Lid regions of the
two monomers approach each other in the interface so that the backbone Ca atoms have a closest
distance of 8.4 Å near residue Gln88 which is highly conserved in ABC-type ATPases. GTPases,
myosins and kinesins possess the same arrangement of three b-strands and loops with a characteristic Walker-A, Switch and Walker-B motif indicating that they establish similar mechanisms
in all of them (Vale, 1996). They discriminate between bound nucleotidetriphosphate and bound
nucleotidediphosphate-Pi and induce a conformational transition when the b-g-phosphate bond is
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cleaved. In the bacterial elongation factor EF-Tu for example, a C-terminal domain is relocated,
apparently serving as a switch between docking and release of the ligand aminoacyl-tRNA.
When the ABC-type ATPases are compared with GTPases, the Walker-A region is conserved rather well, whereas the Switch and the Walker B regions are not conserved. Moreover, the
strand 8 containing most of the Walker B motif is oriented oppositely. In spite of these differences it is tempting to assign a common function to each of these modules which would mean that
in T.l.MalK the transition from the ATP ligand to the ADP~Pi ligand causes a relocation of the
regulatory domain relative to the ATPase domain, similar as in EF-Tu. Such a conformational
transition may trigger a signal by changing the affinity for effector molecules. In Thermococcus
litoralis the effector molecules interacting with the regulatory domain and the regulatory purposes are unknown. As the regulatory domains of E.c.MalK and T.l.MalK appear to belong to the
same fold, the structure of the latter can be used as a model to discuss known facts about regulatory functions of E.c.MalK. In E. coli a conformational transition during the functional cycle
apparently abolishes transiently the high binding-affinity of the regulatory domain for the transcriptional activator MalT (Pangiotidis et al., 1998). T.l.MalK and E.c.MalK thus may possess
features of G-proteins.
E.c.MalK can not only send but also accept regulatory signals. Upon interaction with another
effector, unphosphorylated EIIAGlc, maltose uptake is inhibited (Vandervlag and Postma, 1995).
It appears feasible that one of the conformations in the functional cycle of E.coli MalK possesses
high affinity for this effector and that the ATPase cycle is blocked upon binding so that the
uptake of maltose is turned down.
Mutants highlight the mechanistic connection between the regulatory domain and the ATPase
domain. E306K of purified S.t.MalK (Hunke et al., 2000b) in the conserved region at the end of
strand 17 shows a significantly smaller ATPase activity than the wild-type without affecting the
repressor-like activity associated with MalT binding. Other mutations nearby have been shown
to abolish the repressor function (G302D in E.c.MalK, Kühnau et al., 1991). This indicates that
both, sites for effector interactions and sites mediating repercussions on transport by MalFGK2,
may reside in the regulatory domains.
Conversely, mutations in the ATPase domain can lock the regulatory domain in a MalT binding
conformation. Kühnau and colleagues (1991) have shown that the mutation G137A in the Signature motif region of E.c.MalK retains ATP binding but abolishes ATP hydrolysis and by tight
binding of MalT establishes repression of transcription, leading to the descriptive term „superrepressor mutation“.
It should be noted again that in Thermococcus litoralis neither a transcriptional activator similar
to MalT nor a phosphotransferase system with a subunit similar to EIIAGlc is known.
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2.5.4 Hypothetical mechanistic outlines of maltose transport
The major part of the binding energy of two ATP molecules (in T.l.MalK, KM = 155 mM, Greller
et al., 1999) may be stored as conformational strain in the transporter. Indeed, ATP binding was
shown to induce a conformational transition. In HisP, Tyr16 in strand 1 stacks on the adenine
group. This may pull the antiparallel sheet closer to the center of the ATPase domain and cause
the observed reduction in trypsin accessibility of S.t.MalK in this region at the top of the dimer
structure (Schneider et al., 1994). Moreover, in presence of ATP a reduction of the distance of
the Ala85 residues in S.t.MalK (Hunke et al., 2000a) was observed.
When MalE~maltose docks to the periplasmic binding site, the binding energy (KD » 1 mM,
Davidson et al., 1992) may cause a conformational transition of MalFG which may involve the
cytoplasmically exposed domains. This could trigger release of the stored strain energy. Part of
the released energy may deform MalE abolishing its affinity for maltose. Simultaneously, another part of the energy may be used to pry the MalFG transmembrane domain against the lipidprotein interfacial tension into an open water channel. Maltose could then diffuse freely or in a
surface absorbed state through the channel.
Furthermore, the transition to the open-channel conformation would also change the conformation of the regulatory domain i.e. switch it to a „signalling-competent state“, a mechanism reminiscent of G protein signalling. This could mean release of the transcriptional activator MalT
from E.c.MalK, which is about a hundred times more abundant than MalT, during the open channel conformation.
Simultaneously with the channel opening MalK may be converted into a slow ATPase which
eventually leads to ATP hydrolysis and channel closure. Thus, after some preset time which is
long enough for the diffusion of maltose through the translocation pore to the cytoplasm, cooperative ATP hydrolysis (Davidson et al., 1996) could take place. The regulatory domains would
then loose their signalling competence and the channel would close.
The proposed hypothetical model is in accord with available genetic and biochemical data and
contains some features of a proposed mechanism for active transport through outer membranes
(Ferguson et al., 1998). All mechanistic details mediated by the protein are unknown. The deviation from two-fold symmetry of the dimer structure in the Lid region and the apposition of the
conserved Gln residues of both monomers together may be relevant features. If the Gln residues
would form an intermolecular hydrogen bond in a hydrophobic environment, the positions of
other pairs of symmetry-related and functionally important residues in the Lid of both monomers
may be restricted and correlated. This could establish a coordination of catalytic events in both
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monomers as observed in the NBD domains of P-glycoprotein (Senior et al., 1995; Senior and
Bhagat, 1998).
The observed apposition of Ala85 in E.c.MalK with residues of MalF and MalG may mean that
interactions of the Lid with the translocation pore are also involved in the transport cycle.
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3. Structural model of MalK, the ABC subunit of the maltose
transporter of Escherichia coli: Implications for mal gene
regulation, inducer exclusion and subunit assembly (Böhm et al.,
2002)

3.1 SUMMARY
We are presenting a 3D model of MalK, the ABC subunit of the maltose transporter from
E. coli and Salmonella typhimurium. It is based on the recently published crystal structure
of the closely related Thermococcus litoralis MalK. The model was used to identify the
position of mutations affecting the different functions of the ABC subunit. Six malK point
mutations were isolated that are specifically affecting the interaction with MalT, the
transcriptional regulator of the maltose system. They were mapped on the structural model
and define a MalT-interaction site that is located on an exposed surface of the C-terminal
regulatory domain. Earlier published point mutations that confer an inducer exclusion
insensitive phenotype form a patch adjacent to and oriented perpendicularly to the MalT
interaction site. Three sequence motifs were identified and visualized that are highly
conserved among ABC subunits with extended C-termini. They are forming a subdomain
between the regulatory and ATPase domain and might play an important role in signal
transduction events between these two domains. Mutations in this domain remain fully
active in MalT regulation but cause transport defects. In addition, amino acids that have
previously been shown to be involved in the interaction with the transmembranous
subunits MalF and MalG and which fall into the highly conserved N-terminal ATPase
domain were visualized. The validity of the modelled MalK structure was verified by
structure-directed mutagenesis of amino acids located within the proposed MalK-MalT
interaction site.
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3.2 INTRODUCTION
The E. coli / S. typhimurium maltose transporter is one of the best studied examples for binding
protein-dependent ABC-transporters. It consists of the periplasmic high affinity maltose binding
protein (MBP), two homologous transmembrane proteins, MalF and MalG, that form a
heterodimeric pore, and two copies of the ATPase subunit MalK, which are cytoplasmically
associated with the pore forming subunits (Ehrmann et al., 1998), (Boos and Shuman, 1998).
Interaction between MalF/G and MalK was shown, by a combination of genetic and biochemical
studies, to involve the so-called EAA loop, a sequence motif that is present in all MalF/G
homologues and a number of residues that are conserved in MalK and its homologues (Mourez
et al., 1997), (Hunke et al., 2000). Recently, the crystal structure of the MalK protein from the
hyperthermophilic archaeon Thermococcus litoralis (T. litoralis MalK) has been solved
(Diederichs et al., 2000). The T. litoralis MalK sequence is 47% identical to E. coli MalK. The
protein was shown to consist of two domains: the N-terminal 3/5 of the protein form an a/b type
ATPase domain that is present in all ABC proteins, whereas the C-terminal 2/5 of the protein
form a barrel-like structure that is present in only a subset of all bacterial and archaeal
ABC-transporters in the databases. From studies with the E. coli and S. typhimurium maltose
system, this C-terminal domain is thought to represent the interaction site with regulatory
proteins and is thus called regulatory domain.
According to a model proposed by Diederichs et al. (Diederichs et al., 2000) which is in
agreement with very recent findings by Chen et al. (Chen et al., 2001), maltose uptake is thought
to involve a series of conformational changes and signal transduction events: when substrate
loaded MBP docks to its cognate sites on the periplasmic lobes of the MalF/G subunits a
conformational change takes place that virtually abolishes the high affinity substrate binding of
MBP and at the same time leads to channel opening. This allows maltose to diffuse through the
MalF/G pore and enter the cytoplasm. ATP hydrolysis is then needed to release substrate free
MBP from the transporter complex and to close the channel. After uptake, maltodextrins are
degraded by three enzymes to glucose and glucose-1-P. A by-product of dextrin metabolism is
maltotriose, the inducer of the system which stimulates the transcriptional activator of the
system, the MalT protein (Schreiber and Richet, 1999). In addition to this classical regulation
scheme, MalT activity is also modulated by MalK. It has been shown in vitro and in vivo that
both proteins can interact (Panagiotidis et al., 1998), that MalK can abolish MalT dependent
transcription when overexpressed (Reyes and Shuman, 1988) and that malK null mutants become
constitutive for mal gene expression (Bukau et al., 1986). One model for the physiological role
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of this phenomenon proposes that MalT constantly samples the transport state of the maltose
transporter. When no substrate is being transported, MalT is bound to the MalF/G/K2 complex
via MalK and mal gene transcription cannot occur (Boos and Shuman, 1998), (Boos and Böhm,
2000).
MalK not only exerts repression on MalT but is also subject to inactivation in a process known
as inducer exclusion: in E. coli and S. typhimurium glucose is transported via the
phosphotransferase system (PTS). During transport glucose is phosphorylated which leads in a
series of phosphotransfer reactions to dephosphorylation of the EIIAGlc protein. EIIAGlc plays a
central role for the regulation of non-PTS sugar uptake systems, such as the lac permease, the
melibiose permease and the maltose ABC-transporter (Postma et al., 1996). In its
dephosphorylated form EIIAGlc inhibits uptake of non-PTS substrates by direct interaction with
the various transport proteins. It has been shown, mostly by genetic studies, that MalK is the
target of inducer exclusion exerted on the maltose ABC-transporter. There are a number of point
mutants that have been isolated in a selection for resistance against a-methylglucoside (a-MG),
a non-metabolizable glucose analogue that is transported and phosphorylated by the PTS, leading
to strong inducer exclusion and thus leading to a Mal- phenotype (Dean et al., 1990), (Kühnau et
al., 1991). Since mutations in malK that affect inducer exclusion do not interfere with MalT
inactivation it is very likely that MalK possesses two distinct binding sites for MalT and EIIAGlc.
Since all mutations affecting the different functions of MalK have been isolated in E. coli or S.
typhimurium MalK (which is practically identical to E. coli MalK) we have used homology
modelling to obtain an atomic structure of this protein. The model is based on the structure of T.
litoralis MalK and a multiple sequence alignment of 60 bacterial and archaeal ABC-ATPases
that possess a regulatory domain.
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3.3 MATERIALS AND METHODS

3.3.1 Bacterial strains and plasmids.
Strains used in this work are derivatives of E. coli K-12. Bre1162 (Bremer et al., 1985) is a
derivative of MC4100 (Casadaban, 1976) and has a transcriptional malK-lacZ fusion that confers
a Mal- phenotype. RP526 (Liu and Parkinson, 1991) carries the mutD5 allele and was used for in
vivo mutagenesis. Plasmid pMR11 (Reyes and Shuman, 1988) is a pACYC184 derivative and
carries the malK gene under a constitutive Ptrc promoter. Plasmids pAB201 and pAB204 have
been created by standard PCR-cloning techniques and are pBR322 derivatives that carry the
lacIq allele for control of a Ptac promoter under which a C-terminal part of MalK (corresponding
to the C-terminal 156 amino acids; pAB201) or full length MalK (pAB204) is expressed. Strains
were grown in Luria Bertani medium (LB) or in minimal medium A (MMA) (Miller, 1972)
supplemented with 0.2% maltose or 0.4% glycerol, respectively. MacConkey indicator plates
contained 1% maltose. Chloramphenicol (cam), nalidixic acid (nal) and ampicillin (amp) were
added to final concentrations of 30 mg/ml, 40 mg/ml and 100 mg/ml, respectively. For induction
of pAB204 derived malK alleles IPTG (Isopropyl-b-D-thio-galactopyranoside) was added to a
final concentration of 10 mM.

3.3.2 Molecular biology techniques
To identify point mutations in pMR11 derived malK alleles, DraIII/SacII restriction fragments of
malK were subcloned and the resulting plasmids checked for their maltose phenotype and their
regulatory phenotype. Subsequently, sequencing was carried out at GATC (Konstanz, Germany)
on an ABI automated sequencer. Site directed mutagenesis was carried out essentially as
described for the quickchange kit from Stratagene (La Jolla, California). In brief, for each point
mutation a pair of complementary oligonucleotides (25-30 bases) was ordered from MWG
Biotech (Ebersberg, Germany), that encode the desired mismatch. These oligos were used as
primers for 14 cycles of in vivo DNA replication of the entire plasmid (pAB204) with PWO
polymerase from pEQLab (Erlangen, Germany). Subsequently, methylated template DNA was
removed with a DpnI restriction and the entire mixture electroporated into DH5a cells. To
confirm the introduction of the desired mutations sequencing of indivivdual plasmid clones was
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carried out as above. Standard DNA techniques were according to Sambrook et al. (Sambrook et
al., 1989).

b-galactosidase assays.
Overnight cultures of strain Bre1162 harboring plasmids encoding wild type or mutant MalK
were diluted 1:30 into fresh MMA (containing glycerol and cam or amp) and grown to mid-log
phase. For induction of malK alleles of pAB201/204 derived plasmids IPTG was added to a final
concentration of 10 mM. Cell disruption was carried out with chloroform and SDS.
b-galactosidase assays were performed at room temperature in microtiter plates as described
(Slauch and Silhavy, 1991). Ortho-nitrophenol production was followed on an Anthos htII plate
reader (Anthos labtec, Salzburg, Austria) at 420 nm and pH 7.1. Each strain was assayed in
duplicates and reproduced twice.

Screen for regulatory mutants.
The mutD5 strain RP526 was transformed with plasmid pMR11 and transformants selected on
LB cam plates. From 40 individual colonies overnight cultures (supplemented with cam) were
grown and, as a measure of their mutagenicity, the frequency with which nalidixic acid resistant
mutants occurred in these cultures was assessed by plating an aliquot on LB nalidixic acid plates.
From 12 cultures that showed the highest mutagenicity, plasmid minipreps were prepared. The
malK-lacZ strain Bre1162 was electrotransformed with each plasmid pool and transformants
selected on MacConkey maltose plates containing cam. After overnight growth Mal+ clones
were identified as red colonies and purified once; plasmid DNA was prepared and retransformed
into Bre1162 to confirm that the mutation conferring the Mal+ phenotype is associated with the
plasmid.

SDS-PAGE and Western Blots.
Individual clones of Bre1162 harboring mutant variants of pMR11 or pAB204 were grown in
MMA (supplemented with glycerol and the appropriate antibiotic) to late logarithmic phase. For
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clones carrying pAB204 derived plasmids IPTG was added to a final concentration of 10 mM.
Cells were pelleted, resuspended in 1x sample buffer and boiled for 5 minutes. SDS-PAGE was
carried out according to Sambrook et al. (Sambrook et al., 1989) on 12% gels. To assure loading
of equal amounts of total protein, the OD578 of individual cultures was measured and volumes
adjusted accordingly. Subsequently, proteins were transferred to a PVDF membrane as described
(Towbin et al., 1979) and incubated with MalK specific antiserum. Detection was carried out by
a secondary antibody coupled to alkaline phosphatase.

Modelling of the E. coli MalK 3D-structure.
E. coli MalK and T. litoralis MalK were aligned based on a multiple sequence alignment of 60
bacterial and archaeal ABC-transporters that share the regulatory domain, i.e. have an extended
C-terminus (Figure 18). The alignment was carried out at the Clustal 1.81 server at
http://clustalw.genome.ad.jp/. The model of the highly conserved ATPase domain was generated
with the help of SWISS-MODEL (Guex and Peitsch, 1997) which modelled the N-terminal 243
residues of E. coli MalK against the published 3D-structure of T. litoralis MalK. The alignment
employed by SWISS-MODEL for this domain corresponds to our multiple sequence alignment.
The C-terminus was generated by manual modelling with „O“ (Jones et al., 1991). As a guide we
used the multiple sequence alignment and slightly shifted the positions of deletions and
insertions to position them between a-helices and b-strands of the T. litoralis MalK structure,
thereby avoiding disruption of secondary structure elements. The loop database of "O" was then
used to insert missing residues or to connect ends of segments where deletions occurred. No
extensive energy minimization was performed. The model of the E. coli MalK dimer was
generated accordingly, by building E. coli MalK models of chain A and chain B of the T.
litoralis MalK dimer separately and subsequently assembling both models. The coordinates as
PDB files are available on request.
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T.L. MalK
E.c. MalK

1 MAGVRLVDVWKVFGEVTAVREMSLEVKDGEFMILLGPSGCGKTTTLRMIAGLEE
1 MASVQLQNVTKAWGEVVVSKDINLDIHEGEFVVFVGPSGCGKSTLLRMIAGLET
______________________________________________________
b1

T.L. MalK
E.c. MalK

a1
Lid
55 PSRGQIYIGDKLVADPEKGIFVPPKDRDIAMVFQSYALYPHMTVYDNIAFPLKL
55 ITSGDLFIGEKRMND......TPPAERGVGMVFQSYALYPHLSVAENMSFGLKP
______________________________________________________
b4

T.L. MalK
E.c. MalK

T.L. MalK
E.c. MalK

b2

b3

b5

b7
Signature

a2
Walker B

109 RKVPRQEIDQRVREVAELLGLTELLNRKPRELSGGQRQRVALGRAIVRKPQVFL
103 AGAKKEVINQRVNQVAEVLQLAHLLDRKPKALSGGQRQRVAIGRTLVAEPSVFL
______________________________________________________
a3
a4
b8
Walker B D-loop
Switch
163 MDEPLSNLDAKLRVRMRAELKKLQRQLGVTTIYVTHDQVEAMTMGDRIAVMNRG
157 LDEPLSNLDAALRVQMRIEISRLHKRLGRTMIYVTHDQVEAMTLADKIVVLDAG
______________________________________________________
b8

T.L. MalK
E.c. MalK

a5
b9
a6
b10
RDM1
217 VLQQVGSPDEVYDKPANTFVAGFIGSPPMNFLDAIVTE..DGFVDFGEFRLKLLPD
211 RVAQVGKPLELYHYPADRFVAGFIGSPKMNFLPVKVTATAIDQVQVELPMPNRQQV
________________________________________________________
b11

T.L. MalK
E.c. MalK

a7

a8
b12
b13
b14
a9
RDM2
RDM3
271 QFEVLGELGYVGREVIFGIRPEDLYDAMFAQVRVPGENLVRAVVEIVENLGSERI
267 WLPVESRDVQVGANMSLGIRPEHLLPSDIAD......VILEGEVQVVEQLGNETQ
_______________________________________________________
a9

T.L. MalK
E.c. MalK

b15

b16

b17

b18

326 VHLRVG..GVTFVGSFRSESRVREGVEVDVVFDMKKIHIFDKTTGKAIF.......
316 IHIQIPSIRQNLVYRQNDVVLVEEGATFAIGLPPERCHLFREDGTACRRLHKEPGV
______________________________________________________
b18

b19

b20

b21

Figure 18. Alignment of T. litoralis MalK with E. coli MalK based on an extended sequence comparison.
Sequences of 60 non-redundant archaeal and bacterial binding protein-dependent ABC subunits harboring
extended C-terminal extensions were aligned to obtain an optimal alignment between T. litoralis MalK and
E. coli MalK. Amino acids that are more than 70% identical among the 60 sequences are colored red, amino
acids that represent conservative exchanges to more than 70 % are colored blue. Conserved motifs (Walker
A, Walker B, the signature motif, the Lid, the D-loop, the Switch and the three Regulatory Domain Motifs
(RDMs)) plus two additional amino acids that only occur in ABC subunits with extended C-termini are
highlighted in yellow. Below the sequences b-strands and a-helices are indicated that have been identified
in the structure of T. litoralis MalK. The same nomenclature as in Figure 13 is used. The alignment led to
the omission of b6 which in T. litoralis only consists of two amino acids (Ile, Phe). This position, consisting
of 6 amino acids, is deleted in E. coli MalK thus shortening the loop between b5 and b7. The other
deletions that are revealed in this alignment are two amino acids between b12 and b13 as well as b18 and
b19 in T. litoralis MalK and of six amino acids between b16 and b17 in E.coli MalK
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3.4 RESULTS

3.4.1 E. coli MalK and T. litoralis MalK have the same 3D-structure.
E. coli and T. litoralis MalK both belong to the same class of ABC-ATPases (Saier, 2000) and
catalyze maltose transport. Despite the fact that these two organisms are evolutionary distant and
have largely different growth temperature optima (37°C vs. 85°C), their MalK proteins are
overall 47% identical and 64% conservatively exchanged in their amino acid sequence and have
almost the same number of residues (371 versus 372). Sequence identity is mostly concentrated
in the N-terminal ATPase domain, up to amino acid 242 (Figure 18), and less pronounced in the
C-terminal regulatory domain. The PHD secondary structure prediction algorithm (Rost, 1996)
yields identical results for both proteins (data not shown) which in the ATPase domain is in
accordance with the experimentally determined secondary structure of T. litoralis MalK. The
only exceptions are a 6 amino acids long deletion in E. coli MalK which includes the very short
strand b6 of T. litoralis MalK and a stretch of approx. 50 amino acids that corresponds to the
N-terminal part of the regulatory domain. The prediction for this region is identical for both
proteins but some of the shorter b-sheets seen in the experimentally determined T. litoralis
structure were not predicted by the program. The modelling of the E. coli/S. typhimurium MalK
is based on the assumption that the folding of the protein in principle corresponds with the
determined structure of the T. litoralis MalK. Evidence for this assumption comes from a
number of facts: Up to now, all available ABC structures (some of them still unpublished) are
nearly superimposable in their monomeric form with the T. litoralis MalK structure. This
includes the HisP protein from S. typhimurium (Hung et al., 1998) and the ABC subunit of a
glucose transporter from Sulfolobus solfataricus (including the C-terminal regulatory extension)
(S. Albers, Ph.D. thesis, Groningen, 2001). Identical folding of proteins with similar function
despite low sequence identity has been recognized for some time and has been used successfully
for structural modelling (Russel and Sternberg, 1995), (Sali, 1995), (CAFASP-1, 1999). For
instance, we previously established the crystal structure of TMBP, the trehalose/maltose binding
protein from T. litoralis. In spite of only 26% sequence identity with the E. coli MPB, both
proteins are nearly identical in their 3D-structure (Diez et al., 2001). Therefore, we reasoned that
also the ABC subunits of the maltose transporters in E. coli and T. litoralis must indeed share the
same 3D-structure. Nevertheless, the sequence of T. litoralis MalK and E. coli / S. typhimurium
MalK is not identical and the placing of small insertions and deletions has to be at the correct
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position. We used a multiple sequence alignment of 60 non-redundant bacterial and archaeal
ABC-transporters that possess a regulatory domain to obtain the most reliable positioning of the
E. coli/S. typhimurium sequence onto the established structure of the T. litoralis protein
(Figure 18). Corroborating the reliability of this alignment is the appearance of three highly
conserved motifs and two highly conserved amino acids (G340, F355) that were identified in the
regulatory domain aside from the well established ABC motifs in the ATPase domain. These
C-terminal motifs were termed RDMs for Regulatory Domain Motifs and fall into into the linker
region between ATPase domain as well as in the regulatory domain. The alignment revealed that
E. coli MalK harbours two deletions of six amino acids and two insertions of two amino acids
each, when compared to T. litoralis MalK.

Figure 19 . Structural model of E. coli MalK. Ribbon representation of the E. coli MalK dimer.
The presentation and coloring (blue and yellow for the two monomers) are the same as for the T.
litoralis MalK structure in Fig. 11B. a-helices are numbered in red, b-strands in black. Note that b6
is not present in E.coli MalK. The view is perpendicular to the pseudo twofold axis relating the
individual monomers and the long axis of the dimer. The coordinates as PDB file are available on
request.

These deletions and insertions are positioned in loops between the conserved a-helices and
b-strands, with the exception of b6 that is deleted in E. coli MalK (Figure 18). Interestingly, the
region around b6 is also different in the structure of HisP (Hung et al., 1998) which is otherwise
superimposable in its monomeric form with MalK from T. litoralis. The alignment shown in
Figure 18 was used to obtain the atomic coordinates of the modelled E. coli MalK structure after
optimizing the atomic angles and distances in the alpha carbon backbone. The modelled 3Dstructure of E. coli MalK is shown in Figure 19.
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Table 9 . Comparison of structural quality between the experimental model (MalK T.
litoralis, PDB code 1G29) and the homology model (MalK of E. coli).

Resolution
Ramachandran Plot (statistics)

MalK of T. litoralis MalK of E. coli
(PDB code: 1G29)
(homology
model)
1.8 Å
2.5 Å
(estimated)
93.6% core
87.6% core
5.8% allowed
11.7% allowed
0.5% generously
0.6%
allowed
generously
allowed
0.2% disallowed

References

(Laskowski et al.,
1993)
(Ramachandran et
al., 1963)

Ramachandran Plot
(individual residues)

generously allowed:
Phe 87, Ala 91 Arg
156
disallowed: Lys 157

generously
allowed: Glu
257,
Val 275

(Laskowski et al.,
1993)
(Ramachandran et
al., 1963)

bond length variability:
RMS deviation in bond distances

0.018

0.015

bond angle variability:
RMS deviation in bond distances

1.831

2.448

(Engh and Huber,
1991)
(Hooft et al. 1996)
(Engh and Huber,
1991)
(Hooft et al. 1996)

All contacts: average / Z-score

0.208 / 1.53

-0.253 / -1.52

BB-BB contacts: average / Z-score

0.156 / 1.13

0.092 / 0.67

BB-SC contacts: average / Z-score

0.229 / 1.35

-0.396 / -2.09

SC-BB contacts: average / Z-score

0.013 / 0.25

-0.067 / -0.24

SC-SC contacts: average / Z-score

0.128 / 1.02

-0.413 / -1.96

112

122

Structural average packing Z-score:

overall structure estimation:
Morris et al. class

Abbreviations: BB, backbone; SC, side chain; RMS, Root Mean Square

(Hooft et al., 1996)
(Vriend and Sander,
1993)

(Laskowski et al.,
1993)
(Morris et al., 1992)
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In Table 9, indicators of structural quality are listed for the modelled structure in comparison to
the established structure of T. l. MalK. As has to be expected for a structure derived from
homology modelling, the quality indicators for the E. coli MalK model are not as favourable as
for the experimentally determined T. litoralis MalK structure; however, they are within the
ranges of values obtained for well-refined experimental structures, at a lower resolution (around
2.5 Å) than that of T. litoralis MalK (1.8 Å).

3.4.2 Mutations that specifically affect the regulatory function of E.coli MalK.
Strain Bre1162 (malK-lacZ) carrying plasmid pMR11 (malK+) is phenotypically Mal-, despite its
mal+ genotype. This is due to overproduction of plasmid encoded MalK protein which inhibits
any MalT dependent expression of other mal genes. To identify residues that are critical for this
regulatory function we devised a screening method to find mutants that would specifically be
affected in the regulatory function but not in the transport related functions of MalK.

Figure 20 . Mutant and wt MalK proteins were synthesized in equal amounts.
Western blots of total cells with MalK specific antiserum. Equal amounts of
total cells were loaded. The arrow heads indicates the bands that correspond
to MalK.
Figure 20 A. malK mutants screened for regulatory defects; MalK was
expressed from the constitutive promoter on pMR11.
Figure 20 B. malK mutants constructed as deduced from the structure. MalK
was expressed form the IPTG-inducible promoter on pAB204 (10µM IPTG).
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We transformed the malK mutant Bre1162 with 12 independently mutagenized plasmid pools
and screened about 80,000 transformants for a Mal+ phenotype on MacConkey maltose plates
(plasmid encoded wild type (wt) malK confers a Mal- phenotype under these conditions). Red,
Mal+ colonies appeared with a frequency of about 10-3. Approx. 50 such colonies that showed a
fully Mal+ phenotype on MacConkey and minimal maltose plates were isolated, and it was
confirmed that the mutation conferring this phenotype was plasmid associated.

Figure 21 . Repression of mal gene expression by mutant MalK proteins.
Figure 21 A. b-galactosidase activity of strain Bre1162 (malK-lacZ) overexpressing
wt MalK or different mutant MalK proteins. Activity is given in per cent of the vector
control.
Figure 21 B. For pAB204 derived vectors (panel B) IPTG was added to a final
concentration of 10 µM to induce protein expression.
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Our screen also led to the accumulation of mutants that showed a reduced MalK expression
level, presumably due to “promoter down“ mutations or folding defects. To identify these
undesired mutants we carried out Western blots of total cell protein with MalK specific
antiserum. Of 50 tested mutants, only 11 showed expression levels that corresponded to the wt
control. 8 of these clones were derived from different plasmid pools and subject to further
analysis. Western blots of total cells overexpressing either wt MalK protein or mutant variants,
are shown in Figure 20A.
To test whether the mutations displayed the expected property of increased MalT dependent
transcription, we measured the specific b-galactosidase activity of the malK-lacZ reporter fusion
and compared plasmid encoded malK point mutants and one deletion mutant (expressing the
C-terminal 156 amino acids of E. coli MalK) to wt malK. While high level expression of wt
malK or the deletion mutant completely abolished the activity of the malK-lacZ fusion, all point
mutants allowed transcription from the malK promoter. b-galactosidase activities of the
malK-lacZ reporter fusion of the various point mutants were between 10% and 50% of the
control strain that expresses no MalK protein (Figure 21A). All plasmid encoded MalK mutant
proteins allowed growth on minimal maltose plates indicating that no cross defect in transport
activity had occurred.

3.4.3 Mutations that cause a regulation minus phenotype define the MalT
interaction patch on the regulatory domain of MalK.
Subcloning and subsequent sequencing revealed that all eight mutants have a single amino acid
substitution (Table 10). In addition, one more mutation (W267G) conferring this phenotype had
been published previously (Kühnau et al., 1991). Two pairs of mutants were affected in the same
amino acid but carried different substitutions (G346S/D and D297N/G) and G346S has been
reported before (Kühnau et al., 1991). Except for P72L all mutations affect residues that are in
the C-terminal domain of MalK. These C-terminal mutations fall into 4 different regions of the
primary structure that are not conserved among ABC-ATPases. When the side chains of the
mutated amino acids are highlighted on the 3D-structure of MalK, most are located at the
peripheral face of the regulatory domain that is turned away from the N-terminal ATPase domain
(Figure 22). The patch consists mainly of polar residues that form an irregularly shaped cleft-like
structure. Both subdomains, that together form the regulatory domain (Diederichs et al., 2000),
contribute residues to this surface element. We propose that this structure is the site in MalK that
interacts with MalT.

65
Structural model of MalK, the ABC subunit of the maltose transporter of Escherichia coli: Implications for
mal gene regulation, inducer exclusion and subunit assembly (Böhm et al., 2002)
_____________________________________________________________________________________________

Figure 22 . The MalT interaction site.
Stereo representation of the model of monomeric E. coli MalK. Shown in blue is the
a-carbon ribbon of the molecule. The Van der Waals surface of the protein is represented
as a grey translucent surface. Highlighted in green are amino acids that cause a regulatory
phenotype when mutated. Light green coloring indicates that the residue is buried
(Gly346, Trp267, Pro72) or partly turned away from the chosen view (Ala248). Dark
green coloring indicates amino acid positions that were chosen for mutagenesis from
their location within the putative interaction patch (Asn262, Leu 268, Leu291, Gly350).
The view is onto the regulatory domain and perpendicular to the pseudo twofold axis and
at an angle of approximately 70° to the long axis of the dimer with the helical region at
the bottom (Figure 19). Note the position of Pro72 in the ATPase domain.

66
Structural model of MalK, the ABC subunit of the maltose transporter of Escherichia coli: Implications for
mal gene regulation, inducer exclusion and subunit assembly (Böhm et al., 2002)
_____________________________________________________________________________________________

Table 10 Summary of mutations in E. coli or S. typhimurium malK that are the
subject of this work. Mutations, their location (secondary structure element), phenotype
and reference are given. „<>“ indicates that the particular residue is located in a loop
region between two secondary structural elements.
Mutations in malK
Ala85 -> Met
Val117 -> Met

Maps to
b7 <> a2
(the Lid)
a3

Val149 -> Met/Ile

a4

Lys106
Val114
Ala124 -> Thr
Phe241 -> Ile
Gly278 -> Pro
Gly284 -> Ser
Glu119 -> Lys
Arg228 -> Cys
Gly302 -> Asp
Ser322 -> Phe
Trp267 -> Gly
Gly346 -> Ser
Pro72 -> Leu
Ala248 -> Ile
Ala250 -> Ser
Ile251 -> Thr
Asp297 -> Asn/Gly
Gly346 -> Asp/Ser

a3
a3
a3 <> a4
b12
a9 <> b15
b15
a3
a8
b17
b18 <> b19
a9
b20
b5 <> b7
b12 <> b13
b12 <> b13
b12 <> b13
b16 <> b17
b20

Asn262->Asp
Leu268->Gln
Leu291->Glu
Glu350->Gln
Glu308->Gln
Gly340->Ala
Phe355->Tyr

b14
a9
b16
b19 <> b20
b17
b19 <> b20
b21

Phenotype
suppressor of EAA loop
mutation
and cross-linkable to EAA loop
after change to Cys
suppressor of EAA loop
mutation
crosslinkable to EAA loop after
change to Cys

Reference
(Mourez et al., 1997)
(Hunke et al., 2000)

(Mourez et al., 1997)
(Hunke et al., 2000)
(Dean et al., 1990)

Inducer exclusion
insensitivity
(Kühnau et al., 1991)
Inducer exclusion
insensitivity
MalT regulation negative

(Kühnau et al., 1991)

MalT regulation negative

This work

MalT regulation negative; from
structure directed mutagenis

This work

Mutations in the RDM domain

This work
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Among the regulatory mutations G346S/D is an exception. It is not surface exposed but is in
close proximity to Asp297 and a mutation to Ser or Asp is easily imaginable to cause local
disruptions of the secondary structure that is necessary for interaction with MalT. The P72L
mutation is another exception since it displays a regulation negative phenotpye but is located in
the ATPase domain. Pro72 is conserved in the T. litoralis MalK protein and resides in a large
loop between b-sheets 5 and 7 (Figure 18). In the T. litoralis dimer it is located in the dimer
interface where the two proline residues are in close proximity to each other. This proline residue
may be instrumental in relocation of the regulatory domain, which in the wt protein is presumed
to decrease the affinity for MalT.

Figure 23 . The EIIAGlc interaction site.
Figure 24 Stereo representation of the model of monomeric E. coli MalK. The view is
perpendicular to the long axis and the pseudo twofold axis of the dimer (as in Figure 19).
The a-carbon trace is shown in blue in the ribbon representation; the Van der Waals
surface of the protein is shown in translucent grey. Positions of amino acids that cause an
a-MG resistant (inducer exclusion insensitive) phenotype when mutated are highlighted
in gold; light gold coloring indicates that the residue is buried (Gly284), or surface
exposed on the opposite side of the molecule (Glu119, Ala124), or away from the chosen
view (Gly302).

3.4.4 Structure-directed mutagenesis of MalK.
To test the validity of the modelled structure of E. coli MalK, we changed amino acids in the
regulatory domain that were predicted from the 3D model to participate in the interaction with
MalT. These amino acids were N262D at the end of b14, L268Q at the beginning of a9, L291Q
at the beginning of b16, and E350Q in the loop between b19 and b20 (see Figures 18, 19 and 22
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for positioning). N262D, L291Q, and E350Q exhibited a weak regulatory phenotype
(Figure 21B), whereas L268Q appeared strongly defective in regulation (not shown in
Figure 21B). This mutation, however, was omitted from further experiments since the amount of
protein produced was significantly lower than for the wt protein, while the protein amounts of
the other three mutants were indistinguishable from wild type expression levels (Figure 20B).
All three mutants appeared to be normal in maltose transport as judged from complementation
studies on McConkey indicator plates. The structure-directed mutagenesis clearly demonstrates
the validity and the usefulness of the model. It is noteworthy that the regulatory function of
MalK is strongly dependent on its expression level. Therefore we replaced pMR11, which
expresses malK from a strong constitutive promotor, with the inducible pAB204. This allowed us
to observe even weak regulatory effects that could not have been observed with pMR11 derived
malK.

3.4.5 Residues that are affected in a-MG resistant MalK mutants define the EIIAGlc
interaction site.
There are two publications describing a class of point mutations in MalK that enable the
respective mutants to transport maltose under conditions of strong inducer exclusion (in the
presence of a-MG). Dean et al. (Dean et al., 1990) have found the following mutations to cause
an a-MG resistant phenotype: A124T, F241I, G278P, G284S, whereas Kühnau et al. (Kühnau et
al., 1991) have found E119K, R228C, G302D, S322F (see also Table 10). It has been proposed
that these MalK variants are affected in the binding of the dephosphorylated form of EIIAGlc and
that the interaction site in MalK is conserved among a wide variety of proteins that are subject to
inducer exclusion (Dean et al., 1990), (Sondej et al., 1999). Six of eight a-MG resistance
causing mutations fall into the regulatory domain of MalK. As for the MalT regulation minus
mutations, five a-MG resistant mutations define an area on the surface of the protein. Residues
Phe241, Gly302, Arg228 and Ser322 participate to form an irregularly shaped surface, whereas
Gly278 is not in very close proximity of this structure, albeit on the same face of the regulatory
domain and also surface exposed (Figure 23). We propose that these five mutations define the
site of MalK that interacts with the EIIAGlc protein. The interaction site is on a face of the
regulatory domain that is roughly perpendicular to the MalT interaction site as well as to the
ATPase domain. Another mutation in the regulatory domain that leads to a-MG resistance
(G284S) is affecting a highly conserved residue that is part of RDM2 (see below) but not surface
exposed. Two additional mutations (A124T, E119K) have been described (Kühnau et al., 1991),
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(Dean et al., 1990) that cause inducer exclusion insensitivity; however, the affected residues are
in the helical part of the ATPase domain. Glu119 is at the end of a-helix 3 in close contact with
Ala124, and both mutations are in the vicinity of the ABC signature motif. Mutations in these
amino acids may affect intramolecular allosteric signal transduction events that connect EIIAGlc
interaction to ATPase activity.

Figure 25 . The interaction between the regulatory and ATPase domains.
Stereo view of the model of monomeric E. coli MalK. The view is perpendicular to the
long axis of the dimer and from below (Figure 19) at an angle of approximately 30°
relative to the pseudo twofold axis. The a-carbon backbone is shown in yellow in the
ribbon representation, the Van der Waals surface of the protein is shown in translucent
grey. The individual RDMs and two highly conserved residues are highlighted in the
following colours: RDM1 in cyan; RDM2 in purple, RDM3 in blue, Phe355 in red, and
Gly340 in green.

3.4.6 Interaction between ATPase and regulatory domain involves the highly
conserved Regulatory Domain Motifs (RDMs).
We have identified three highly conserved motifs that were termed RDM (Figure 18) and are
only present in nucleotide binding proteins that possess a regulatory C-terminal domain. When
the residues that contribute to these motifs were visualized on the model of E. coli MalK, it
became likely that RDM1 (consisting mainly of a-helices 7 and 8 of the ATPase domain) may
contact RDMs 2 and 3, as well as the highly conserved phenylalanine 355 of the regulatory
domain (Figure 25) by a hinge motion. Thus, these motifs appear to represent communication
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modules between the two domains of MalK-type ATPases. Interestingly, RDM1 is also in close
contact with the conserved a-helix 6 which follows the switch region.
To give evidence for the important role of the newly described RDMs we changed amino acids
within the RDM region located within the C-terminal extension of MalK. We chose positions
that were furthest away from the ATPase domain of the protein. E308Q (within b17) is part of
RDM3, G340A (positioned in the loop between b19 and 20) and F355Y (within b21) are single,
highly conserved amino acids at the extreme C-terminus of MalK (Figure 18). Of these mutant
MalK proteins E308Q was no longer able to complement a malK null mutation for a red
phenotype on McConkey maltose plates while, G340A and F355Ydisplay an intermediate light
pink phenotype on McConkey plates that is clearly distinguishable from wt (data not shown).
These mutant MalK proteins were fully active as MalT regulators and produced the same protein
amounts as wt MalK (Figure 20B). This demonstrates that the RDMs are not merely a folding
motif that facilitates proper folding of the regulatory domain but play an important role for
substrate translocation.

3.4.7 Residues involved in the interaction of MalK with the membrane components.
By suppressor mutation studies, Mourez et al. (1997) have identified residues that are involved
in the interaction of MalK with MalF and MalG. The authors proposed that MalK docks to the
so-called EAA loop that is conserved among members of the MalF/G family. Amino acids in
MalK that are involved in EAA loop interaction were shown to be Ala85, Val117, Val149,
Val154 and Met187. The latter two were only complementing when overexpressed requiring an
unknown secondary mutation. Because of their complex behaviour they are omitted from this
analysis. By cysteine crosslinking experiments, Hunke et al. (2000) have confirmed Ala85 and
Val117 and identified two additional residues (Lys106, Val114) that are probably in close
contact with the membrane components. From these experiments it is clear that the a-helical
region of the ATPase domain is critical for interaction with the transmembranous components.
Since MalK occurs as a dimer in the intact transport complex it is desirable to map the amino
acids relevant for the interaction with the membrane components in the dimeric structure of
MalK. We used the dimeric form of the T. litoralis protein as a model for the E. coli dimeric
structure (Figure 19). The strongest argument for the validity of this operation is the ability of
alanine 85, when changed to cysteine, to crosslink the dimer (Hunke et al. 2000). When the
„interaction residues“ are highlighted on the structure of the dimeric ATPase domain, only Ala85
is part of the dimer interface but others (Lys106 being an exception) are deeply buried in the
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monomeric molecule (Figure 26). Surprisingly, most of these residues are accessible through a
deep tunnel that has its entry on the face of the molecule that consists of b-sheets. The
tunnel-like structure is in part formed by residues that were shown to be involved in the
interaction with MalF/G and it has Ala85 at its deepest end. From the mouth of the tunnel,
a-helix 3 protrudes, with Lys105 (highly conserved) and Lys106 (not conserved) at its tip.
Lys106 was shown to be crosslinkable with MalF/G (Hunke et al., 2000) and its susceptibility to
trypsin cleavage was shown to change in the presence of ATP and MalF/G (Mourez et al., 1998).
In the MalK homodimer the two tunnels are in a relative position to each other that resembles a
„straddled“ V. Both Ala85 residues, which are part of the lid, are in close proximity to each other
at the bottom of the V and the Lys106 residues are in great distance from each other and form the
top of the V-like structure. The highly conserved lid region is directly underneath this putative
MalF/G interaction site and it is conceivable that conformational changes in the lid region might
have direct consequences for the transmembranous subunits (Figure 27).

Figure 26 . Positioning of amino acids known to interact with the membrane components
MalF and MalG.Stereo representation of the model of dimeric E. coli MalK; only the
N-terminal ATPase domains are shown. The a-carbon backbones are shown as ribbons of
the individual monomers in yellow and blue. The Van der Waals surfaces of the proteins
are translucent grey. Positions of amino acids that are involved in the interaction with the
transmembrane subunits are highlighted in red in both monomers and their nature and
position in the primary structure are indicated for the “blue” monomer only. The view is
perpendicular to the long axis of the dimer but at an angle of approximately 30° relative
to the pseudo twofold axis and onto the b-sheet region of the protein (from the top in
relation to Figure 19). The tilting against the pseudo twofold axis allows a better view
into one of the two “tunnels” (see text).
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3.5 DISCUSSION
We present a three-dimensional model for E. coli / S. typhimurium MalK to combine data
obtained by the powerful genetic techniques available for E. coli and S. typhimurium with
structural information obtained from MalK of the hyperthermophilic archaeon T. litoralis. The
validity of the modelled 3D structure is high. It is based on the overwhelming body of evidence
that proteins of analogous functions even with a rather low level of sequence identity exhibit
nearly the same three dimensional folding (Russell and Steinberg, 1995), (Sali, 1995),
(CAFASP-1, 1999). One of the most striking examples for this conclusion is the structural
identity of the many different periplasmic substrate binding proteins (Quiocho and Ledvina,
1996). Also, the crystal structure of the HisP monomer of S. typhimurium, another ABC protein,
is nearly identical to the N-terminal ABC domain of T. litoralis MalK, despite the relatively low
sequence similarity (30% identical and 55% similar residues) (Hung et al., 1998). Interestingly,
the only deviation between the N-terminal domains of T. litoralis MalK and S. typhimurium HisP
(around b-strand 6 of T. litoralis MalK) coincides with the only significant difference between
the E. coli MalK model and T. litoralis MalK structure. Apparently, this region is variable
among the various members of the group of nucleotide binding proteins. The validity of the E.
coli MalK model is corroborated by the secondary structure prediction for the E. coli and T.
litoralis MalK proteins which (with the exception of b6) are nearly identical and match the
experimentally determined secondary structure of T. litoralis MalK. Nevertheless, small
alterations in the amino acid sequence (deletions and insertions) between the E. coli and T.
litoralis sequence had to be placed correctly to obtain an optimal match between the two
structures. Therefore, we used a multiple alignment of 60 non-redundant procaryotic ABC
sequences with extended C-termini. The validity of this alignment is born out not only by the
appearance of all known ABC motifs but also by the appearance of highly conserved sequences
in the C-terminal portions of the molecules (now called RDM’s), part of which have been
recognized previously in other alignments (Hunke et al., 2000), (Diederichs et al., 2000). The
optimal alignment shown in Fig. 1 was used to model the three-dimensional atomic coordinates
of the E. coli MalK structure (Fig. 2). The usefulness and validity of these coordinates was
demonstrated by targeted mutagenesis: Based on the 3D model we were able to identify residues
that are involved in the regulatory function of MalK. These residues would have been very
difficult to identify in a random screen for mutants because of a relatively weak phenotype.
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3.5.1 The MalK-MalT interaction patch.
A clear result was obtained when the positions of the regulatory mutations were visualized on the
E. coli MalK structure (Figure 22). Even though the six affected amino acids in the regulatory
domain are separated into four different regions of the primary structure, they come together in
the three-dimensional model to form a cleft-like structure on opposite front faces of the dimeric
protein. Obviously, this must be the MalT interaction site. Since the activation of MalT is
accompanied by oligomerization (Schreiber and Richet, 1999) and binding of MalT to MalK
causes inactivation of MalT, it is likely that two copies of MalT bind as monomers to the
assembled MalF/G/K2 complex via the regulatory domains of the MalK subunits.
Pro72, the alteration of which also causes a regulatory phenotype, is not in the regulatory domain
and not surface accessible in the MalK homodimer. The homologous conserved proline residue
of T. litoralis MalK is located in the dimer interface (Diederichs et al., 2000). How can a
mutation of Pro72 still cause a regulation negative phenotype? Maltose transport is thought to
involve a complex signal transduction cascade that is triggered by docking of substrate loaded
MBP to MalF/G and ultimately leads to substrate translocation and ATP hydrolysis by MalK.
Treptow and Shuman (Treptow and Shuman, 1985) and Covitz et al. (1995) reported a class of
mutations in MalF/G that allow maltose transport in the absence of MBP. These MBP
independent mutants display a partial constitutivity for MalT dependent transcription. This
suggested that the MBP independence as well as the partial constitutivity is brought about by
constant ATP hydrolysis of the MalK subunit which in turn originates from a signal transduction
defect that mimics the MBP bound state of the maltose transporter (Panagiotidis and Shuman,
1998). It is conceivable that Pro72 plays a role in this signal transduction chain and, like the
MBP independent mutations, mimics the MBP bound state. It would be interesting to study the
ATPase activity of the reconstituted complex in order to see whether or not the ATPase activity
in this mutant is uncoupled of MBP.
We showed that the expression of the liberated regulatory domain causes mal gene repression
(Table 10). In addition, Schmees and Schneider (Schmees and Schneider, 1998) have shown that
expression of a slightly larger peptide (consisting of the C-terminal 193 residues of S.
typhimurium MalK) causes half-maximal mal gene repression. This is in agreement with a model
where the regulatory domain of the transporting ABC-transporter is inaccessible for an
interaction with MalT, whereas the regulatory domain of the resting transporter is accessible for
MalT. There are at least two ways to picture this event. In the first, the regulatory domain itself is
rigid but its position in relation to the ATPase domain is variable. During transport, repositioning
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of the regulatory domain would leave it sterically unapproachable for an interaction with MalT.
This is reminiscent of elongation factor EF-Tu where a b-barrel like domain is relocated upon
ATP hydrolysis (Vale, 1996). Alternatively, the two subdomains of the regulatory domain could
undergo a conformational change during transport, altering their proper arrangement for binding
of MalT.

3.5.2 Do MalY and MalK utilize a similar structure to bind MalT?
MalY is an E. coli enzyme exhibiting cystathionase (b-CS-lyase) activity (Zdych et al., 1995)
and has been shown to inhibit MalT-dependent transcription activity by binding to the
monomeric form of MalT (Schreiber et al., 2000). The crystallization of MalY revealed the
MalT interaction site (Clausen et al., 2000). The latter can be described as a convex patch of
hydrophobic residues that are surrounded by highly polar residues. This structure does not
resemble the MalT interaction site of MalK that we present here. Also, there is no detectable
sequence similarity between MalY and MalK. These observations argue for the presence of two
different binding sites in MalT for MalY and MalK. Nevertheless, from the observation that two
monomeric MalT molecules bind a dimeric MalY protein it appears likely that the same
stoichiometry holds true for the MalK-MalT interaction.

3.5.3 EIIAGlc mediated inhibition of the maltose transporter might involve the
RDMs and two residues in the ATPase domain.
Most of the mutations causing inducer exclusion insensitivity are in the regulatory domain. As
for the MalT interaction patch, they define a surface area in the regulatory domain that is,
however, positioned roughly perpendicular to the MalT interaction site.
Glu119 and Ala124 are not in the regulatory domain but in the helical region of the ATPase
domain. How can their alteration cause an a-MG resistant phenotype? Since both residues are
well surface-exposed and are in close proximity to each other, it at first appears possible that
they contribute to EIIAGlc binding. Given the small size (18 kDa) and the globular shape of
EIIAGlc and the considerable distance between the putative EIIAGlc interaction patches in the
regulatory domain and the ATPase domain of E. coli MalK, one would have to postulate that
EIIAGlc has two interaction sites for MalK that are on opposite surfaces of the protein. Feese et
al. (Feese et al., 1994), (Feese et al., 1997) and Hurley et al. (1993) propose in a number of
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papers where they report the co-crystallization of EIIAGlc with glycerol kinase, that EIIAGlc
associates with its various target proteins via one hydrophobic patch that surrounds the active
site histidine residue. Glycerol kinase utilizes a protruding a-helix to bind EIIAGlc. We have
failed to detect any sequence or structural similarities between this a-helix of glycerol kinase and
MalK. Yet, Feese et al. (1997) proposed that EIIAGlc has a relatively loose target recognition site
that is not dependent on a conserved structure. It is unclear how EIIAGlc inhibits maltose
transport. But it is reasonable to speculate that EIIAGlc binding interferes with ATP hydrolysis
and thus abolishes maltose transport. Therefore, we envision a scenario where mutations of
Glu119 or Ala124 in the neighbourhood of the ABC signature motif overcome an EIIAGlc
binding dependent signal transduction event that normally leads to inhibition of ATP hydrolysis.
Another mutation (G284S) affecting inducer exclusion might confer its phenotype by a similar
mechanism. G284 is not surface exposed and thus not accessible for an interaction with EIIAGlc
but is part of the highly conserved RDM2. It is conceivable that this mutation interrupts a signal
transduction event between the regulatory domain and ATPase domain that involves the RDMs.
Sondej et al. (1999) have reported consensus binding motifs for proteins that bind EIIAGlc,
among them MalK. Their report is based on experiments with lactose permease (which is subject
to EIIAGlc mediated inducer exclusion) and sequence comparison between lactose permease and
other proteins. They propose the existence of two interaction regions. One of them, region II
(residues 272-286 in MalK) overlaps largely with the interaction site in the regulatory domain
that is defined by a-MG resistant mutations. Yet, no a-MG resistant mutations have been found
in the putative Region I which is in the ATPase domain and was proposed to consist of the
following residues: V206, A209, R211, G216 and K217. Even though the putative Region I
would partly overlap with RDM1, A209 and R211 would be located on opposite faces from
G216 and L217 while V206 would be buried. Thus, we find no compelling evidence that Region
I of E. coli or S. typhimurium MalK contributes to EIIAGlc binding. From the work of van der
Vlag et al. (van der Vlag et al., 1994) who observed cooperative inhibition of maltose uptake by
increasing EIIAGlc concentration one may conclude that two molecules of EIIAGlc have to be
bound to the dimeric MalK within the MalF/G/K2 complex to inhibit transport. It is unclear
whether or not MalT and EIIAGlc can be bound to MalK simultaneously. From the location of
the respective interaction patch within the regulatory domain it seems possible.
MalK from T. litoralis does carry the C-terminal domain which in the E. coli/S. typhimurium
MalK has been identified as regulatory in two ways: active regulation in controlling mal gene
expression by sequestering the central activator MalT, and passive regulation by being subject to
inhibition by EIIAGlc. The archaeon T. litoralis does not contain the PTS. Thus, inducer
exclusion as observed in E. coli does not occur in T. litoralis. Also, up to now, there is no

76
Structural model of MalK, the ABC subunit of the maltose transporter of Escherichia coli: Implications for
mal gene regulation, inducer exclusion and subunit assembly (Böhm et al., 2002)
_____________________________________________________________________________________________

indication for a MalT-like homologue in T. litoralis. Nevertheless, the regulatory domain
including the RDM’s is well conserved. As with other ABC subunits harboring an extended
C-terminus this structure must be involved in regulation in general. We picture the RDM
structure as a link in a signal transduction pathway connecting yet unknown cellular signals to
the regulation of transport activity.
Mutating the conserved amino acid Glu 308 in RDM3 to Gln, positioned well within the
regulatory domain, as well as changing the single highly conserved amino acids Gly 340 to Ala,
and Phe 355 to Tyr at the extreme C-terminus, affect transport without reducing the ability of the
protein to interact with MalT. This is consistent with an active involvement of the RDMs in the
transport process. But since only a subclass of ABC transporters possess RDMs, we favor a
model in which the RDM region acts as signal transduction module. The particular mutations
(being far away from the ATPase domain) actively lock the protein in the inhibited mode,
mimicking inducer exclusion. This must mean that transport inhibition, for instance initiated by
the binding of EIIAGlc to MalK, is an active process mediated via the RDM linker. In contrast,
inhibition of MalT by the regulatory domain must be the default setting that is actively overcome
by transport. This can be deduced from the observation that separately expressed regulatory
domain strongly interferes with MalT. At the moment, the available experimental data do not
allow to conclude that RDMs participate in this process as well even though this appears likely.

3.5.4 Interaction with the transmembrane subunits.
Diederichs et al. (2000) have suggested that helices 2 and 3 and the signature motif are involved
in the interaction with the transmembrane subunits and that therefore the helical part of MalK
faces towards the membrane, whereas the b-sheets face towards the cytoplasm. The basis for
their suggestion is (i) that residues 89-140 were shown to be crucial for interaction with MalF/G
(Wilken et al., 1996), (ii) that the signature motif might play a role in activating the ATPase
activity of MalK upon conformational changes in MalF/G (Schmees et al., 1999) and, (iii) that
two valines (Val114, Val117) in helix 3 are cross-linkable to MalF/G (Hunke et al., 2000). Here
we mapped these mutations that were experimentally shown to be involved in the interaction
with the transmembrane components on the E. coli MalK structure (Mourez et al., 1997), (Hunke
et al., 2000). Surprisingly, we found that most of the mutated residues (Lys106 being an
exception) are not accessible for protein-protein interactions in the dimeric structure. Of those,
only Ala85 would be surfaced exposed in the monomer. Instead, these interaction-prone amino
acids are buried in the protein and are all in close proximity to a tunnel-like structure (Figure 25).
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Figure 27 . Position of amino acids known to interact with the membrane components MalF and
MalG shown in relation to conserved ABC motifs. The stereo view along the interface
perpendicular to the twofold axis (Figure 19) of the ATPase domain only is shown. From top to
bottom the three layers of the dimeric molecule are seen: antiparallel sheet; mixed sheet with P-loop
and helix 1 (the Walker A motif); and the helical layer. Coloring is as in Figure 19 except that the
conserved regions from the “yellow” monomer (Walker A, Walker B, Signature motif, D-loop, and
Switch) as well as the Lid from the “blue” monomer are marked in red. Labels indicate the numbers
of strands and helices according to the numbering in Figure 19. Amino acids Lys106, Val114,
Val117 and Val149, experimentally found to interact with the membrane components MalF/G, are
indicated in their correct orientations in ball and stick representation (grey, carbon; red, oxygen;
blue, nitrogen) only in the “blue” monomer. Ala85 of the Lid region known to interact with MalF/G
as well as to crosslink MalK after changing to cysteine is shown in both monomers.

It has been suggested that the T. litoralis MalK structure which has been used as the template for
the E. coli MalK structural model represents a „snapshot“ of the working ABC-transporter
subunit and that the T. litoralis MalK protein has mobile subdomains (e.g. the helical region) that
may undergo large conformational changes (Diederichs et al., 2000). Taken together, these
observations support a model where the interaction face between MalK and MalF/G changes
drastically during the transport process, possibly involving alternating cycles of opening and
closing of the MalK dimer interface (Chen et al., 2001) which in turn could deliver energy for
channel opening and closing. The recently published crystal structure of MsbA (Chang and Roth,
2001), an ABC transporter of E. coli, analogous to multidrug exporters, shows a V-like structure
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in which the two nucleotide binding domains (NDB) are far apart. The authors suggest that the
transport mechanism is based on the opening and closing of this structure. ATP bound to both
NDBs in the open structure would represent the high energy form of the transporter. Triggered
by substrate binding, the structure would close, causing translocation of substrate which in turn
is followed by ATP hydrolysis. The closed structure (ADP bound or free of nucleotide) would
thus represent the low energy state of the transporter. It is tempting to speculate that the dimeric
MalK structure represents the low energy state of the protein.
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4. Newer Results of the T.l. MalK Structure and the E.c. MalK
model

4.1 Purification of T.l. Malk
During this work, it turned out, that T.l.MalK tends to precipitate after the red sepharose column
(purification as described in Diederichs et al., 1999). In addition, a constant loss of MalK during
both chromatographic purification steps was observed. Therefore the purification was revised.
In a first approach, chelating sepharose (Pharmacia, Freiburg, Germany) loaded with Co2+ was
used instead of Ni2+-NTA-agarose (Qiagen, Hilden, Germany). After the final concentration step,
the supernatant was applied to a Co2+ -chelating sepharose column (equilibrated with 50 mM
Tris-HCl, pH 7.5, 5 mM MgCl2, 200 mM NaCl and 50 mM imidazol) in the same buffer.
T.l.MalK was eluted after an additional equilibration step with the same buffer using a step wise
gradient of 50 mM, 100 mM and 250 mM imidazol. The protein eluted at 250 mM imidazol in a
tinier and higher peak (in higher concentration) as observed with the Ni2+-NTA-agarose. In addition, the loss of T.l.MalK during this chromatographic step was reduced (from 20% to 10% of
total amount of protein). Thus, in further experiments Co2+ -chelating sepharose was used
instead of the Ni2+-NTA-agarose.
The main loss of T.l.MalK occurred during and after the purification step using the red sepharose
column. A loss of up to 70% of total amount of protein was observed during the chromatographic step. In addition, the protein started to precipitate in the last concentration step after the dialysis against the crystallization buffer (50 mM Tris-HCl, pH 7.5, 5 mM MgCl2, and 200 mM
NaCl) when a concentration of 4 mg/ml was reached. Problems with precipitating MalK were
known for purified E.c.MalK, too (personal communication Alex Böhm).
To avoid the precipitation during concentration NaCl was added in different concentrations (1 M,
2 M, 2.5 M), but did not prevent precipitation.
Due to the high loss of T.l.MalK during and after the purification with the red sepharose column
and because subsequent crystallization was possible with the known crystallization conditions,
this chromatographic step was left out. Precipitation did, however, also occur during concentration after chromatography with Co2+ -chelating sepharose material.
To avoid this precipitation three different NaCl concentrations were tested:
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1. Concentration of the eluted protein solution to 10 mg/ml and dialysis against 50 mM Tris-HCl,
pH 7.5, 5 mM MgCl2, and 200 mM NaCl
2. Concentration of the protein solution to 10 mg/ml and dialysis against 50 mM Tris-HCl, pH
7.5, 5 mM MgCl2, and 2.5 M NaCl
3. Concentration of the eluted protein solution to 10 mg/ml
All three experiments were performed at room temperature. The solutions resulting from experiment 1 and 2 showed precipitation. The solution resulting form experiment 3 precipitated to a
much lower extent. When this solution was stored at 4°C, the precipitation could be delayed for
more than 5 hours.
In a last optimization step the MgCl2 in the chromatographic buffer during purification with the
Co2+ -chelating sepharose column was left out. The T.l.Malk resulting from that purification
didn’t show any precipitation when stored at 4°C for more than two weeks and had the same
crystallization behaviour as described in Diederichs et al., (1999).

4.2 Thermostability of T.l.MalK
Due to the fact, that in former studies, which compared mesophilic and thermophilic proteins
(Auerbach et al., 1997a), (Auerbach et al., 1997b), (Auerbach et al., 1998), (Maes et al., 1999),
(Szilágy and Závodsky), (Diez et al., 2001), only subtle differences could be observed, structures
solved at high resolutions (2 Å or better) are required for such a detailed comparison. Due to
fact, that only structures of ABC-type ATPases without regulatory domain were solved at comparable resolution, HisP from E.coli was chosen as target of the comparison with the ATPase
domain of T.l.MalK (for a detailed description see chapter 2.5.3).
The first examined putative factor for thermostability was the amino acid composition. This was
carried out as in the examinations performed with TMBP/MBP (details see above in the TMBP
chapter). However, the comparison of the differences in amino acid composition in T.l.MalK and
HisP leads to an inconsistent result. On the one hand, in the distribution of the thermostable
amino acids valine, leucine, isoleucine, tyrosine and alanine no obvious tendency can be determined towards a higher amount in T.l.MalK. On the other hand, there is a strong tendency in
T.l.MalK to avoid polar-uncharged residues and to prefer charged and apolar residues.
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Table 11 . Amino Acid Composition of T.l.MalK and HisP
MalK
HisP

Charged Polar Apolar
Val
Leu
Ile
Tyr Ala
33.7 % 13.2 % 52.1 % 10.5 % 10.1 % 4.9 % 2.4 % 6.5 %
27.6 % 23.6 % 48.8 % 8.9 % 12.0 % 5.4 % 1.2 % 5.8 %

Gly / Pro / Phe / Asn / Gln
25.1 %
25.6 %

The second examined factor for thermostability were internal cavities. HisP possesses 4 internal
cavities with a total volume of 113.82 Å3 whereas T.l. MalK possesses only one cavity with a
volume of 19.2 Å3 (Table 11)(Figure 28). Although this is not as significant as in the TMBPMBP comparison, a contribution to thermostability can be ascribed to it. For a graphical
representation of the cavities of both molecules see Figure 28.

Table 11. List of the Cavities of HisP and T.l.MalK
cavities of HisP

cavities of T.l.MalK

cavity 1: volume= 49.60 Å 3
cavity 2: volume= 26.75 Å 3
cavity 3: volume= 19.90 Å 3
cavity 4: volume= 19.57 Å 3

cavity 1: volume= 19.20 Å3

Figure 28 .
Figure 28 A. Representation of the internal cavities of HisP. The protein model is shown in ball and stick
illustration. The van der Waals surfaces of the cavities are shown as coloured spheres.
Figure 28B. Representation of the internal cavities of the ATPase of T.l.MalK. The protein model is
shown in ball and stick illustration. The van der Waals surfaces of the cavities are shown in coloured
spacefill representation.Figure 2
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However, if the two structures are compared with respect to their amount of surface located salt
bridges (Table 12) (Figure 29) there is a significant difference between MalK and HisP. MalK
has in total 12 salt bridges on the surface, whereas HisP has only 7. These salt bridges are
supposed to stabilize secondary structure elements (mostly helices) (Auerbach et al., 1997a)
(Macedo-Ribeiro et al., 1996) and the overall tertiary structure, as seen in other thermostable
proteins. This stabilizing effect is even stronger at higher temperatures. At higher temperatures
the dehydratization level of charged amino acids (and therefor the mentioned salt bridges) is
much higher than at temperatures typical for mesophilic proteins. This network of salt bridges
and hydrogen bonds appears to be one of the main stabilizing factors for T.l.MalK at high
temperatures (Auerbach et al., 1997a), (Yip et al., 1995), (Yip et al., 1998). Although the effect
is not as strong as compared to the TMBP - MBP comparison, the effect is nevertheless rather
significant.

Table 12 . Surface located salt bridges
MalK (< 3.5 Å)
Residue
21 Glu OE1
25 Glu OE2
30 Glu OE1
30 Glu OE2
53 Glu OE1
71 Glu OE2
100 Asp OD1
117 Asp OD1
139 Glu OE1
199 Asp OD2
208 Asp OD1
214 Asn OD1

Residue
20 Arg NH2
5 Arg NE
209 Arg NE
209 Arg NH2
47 Arg NH2
57 Arg NE
107 Lys NZ
121 Arg NE
135 Arg NH2
179 Arg NH2
183 Lys NZ
215 Arg NH1

HisP (< 3.5 Å)
negative Residue
56 Glu OE2
60 Glu OE1
173 Asp OD2
191 Glu OE1
202 Glu OE1
238 Glu OE1
238 Glu OE2

positive charged Residue
50 Arg NH2
74 Arg NH2
94 Arg NH2
161 Arg NH2
139 Lys NZ
217 Arg NH2
217 Arg NE

* hydrogen bonds between arginines and backbone carbonyl oxygens
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Figure 29 . Illustration of the surface located salt bridges
Figure 29A. surface located salt bridges of HisP. The respective amino acids are
represented in CPK presentation. The negatively charged residues are coloured red, the
positively charged residues are coloured blue. The backbone of HisP is shown in ribbon
presentation. a-helices are coloured yellow, b-sheets are coloured green and random
coil parts are coloured grey.
Figure 29B. surface located salt bridges of MalK. The respective amino acids are
represented in CPK presentation. The negatively charged residues are coloured red, the
positively charged residues are coloured blue. The backbone of HisP is shown in ribbon
representation. a-helices are coloured yellow, b-sheets are coloured green and random
coil segments are coloured grey.

84
Newer Results of the T.l. MalK Structure and the E.c. MalK model
_____________________________________________________________________________________________

4.3 Recent data on dimerization of MalK
At the time the structure of T.l. MalK was solved, it was the second ABC-Type ATPase solved
and the first one with a regulatory domain. Because the dimer of HisP (Hung et al., 1998)was not
found in the T.l.MalK crystals and because the buried surface area of the HisP dimer was rather
low, the search for a more physiological dimer was necessary (for a detailed discussion please
look in chapter 2.5.1).
The two most reasonable possibilities of dimerization are represented below graphically (Figures
30 and 31).

Figure 30
Figure 30 A. The dimer with the largest buried surface area in
the crystal (2755 Å 2). The two monomers are represented as a
ribbon model and are coloured yellow and blue, respectively.
The residues forming the buried surface are are shown in CPKpresentation and are coloured red and grey.
Figure 30 B. Model of the opened dimer. The yellow monomer
is rotated clockwise around the y-axis (when seen from the top
of dimer), whereas the blue monomer is in the same orientation. The colouring is equal to that of the not-opened dimer.
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Locher et al. (2002) have shown the structure of the vitamin B12 ABC transporter of E.coli,
ABC-type ATPases in complex with their corresponding transmembrane parts. The dimer structure is different from that proposed in Diederichs et al. (2000). It is possible, that the latter dimer
is the form in which MalK is “stored” in the cell prior to the docking to the transmembrane parts
of the maltose transporter.
The dimer in the crystal structure with the second largest buried surface area was originally discarded. Nevertheless a more detailed look to this dimer is necessary because it is much more
similar with the dimer of the ATPase of BtuCD as the formerly preferred dimer.

Figure 31
Figure 31A. The dimer with the second largest buried surface
area in the crystal (1715 Å 2). The two monomers are
represented as a ribbon model and are coloured yellow and
blue, respectively. The residues forming the buried surface are
shown in CPK-presentation and are coloured red and grey.
Figure 31B. Model of the opened dimer. The yellow monomer
is rotated counter-clockwise around the y-axis (when seen from
the top of the dimer), whereas the blue monomer is in the same
orientation. The colouring is equal to that of the non-opened
dimer.
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The next goal was now to find a dimer structure in our crystals that looks similar to those of the
BtuCD dimer.
In a first step one ATPase domain (residues 1-253) of T.l.MalK was superimposed with ATPase
domains of BtuCD separately (see Figure 32A). In a second step, a similar looking dimer was
searched in the crystal structure of T.l.Malk and was found (see Figure 32B). It is obvious that in
the ATPases dimers of BtuCD and T.l. MalK the monomers are orientated similarly to each other.

Figure 32
Figure 32A. Dimer resulting form the superimposition of two ATPase domains of T.l.MalK with the
ATPase domains of BtuCD. The backbone of monomer A is coloured white, whereas the backbone of
monomer B is coloured yellow. The b-strands of monomer A are coloured red and the a-helices are
coloured grey. The b-strands of monomer B are coloured blue and the a-helices are coloured orange.
Figure 32B. Dimer found in the T.l.MalK crystal. The backbone of monomer A is coloured white, whereas
the backbone of monomer B is coloured yellow. The b-strands of monomer A are coloured red and the
a-helices are coloured grey. The b-strands of monomer B are coloured blue and the a-helices are coloured
orange.
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4.4 Mapping of E.c.MalK mutants to the new dimer
To learn more about the function of the regulatory domain and of the interaction between
E.c.MalK and its regulatory counterparts MalT and EIIaGlc, a dimer of the modelled E.c.MalK
(see Chapter 3.3.2) arranged like the dimer in the crystal (and therefor similar to the dimer in
BtuCD) was obtained by superimposition of E.c.MalK monomers with the monomers of the
dimer found in the crystal. Afterwards, the mutants listed in Table 9 (in Chapter 3.4.1) were
mapped to the resulting dimer of E.c.MalK.

4.4.1 Interaction of E.c.MalK with MalF/G
In contrast to the previously proposed model by Diederichs et al. (1999), in the new proposed
model the residues known to interact with the transmembrane subunits are freely accessible at
the top of the dimer (Figure 33).

Figure 33 . Representation of known MalF/G interaction mutants in the E.c.MalK model
The MalK dimer is shown in the ribbon presentation. The monomers are coloured yellow
and blue respectively. The MalF/G interaction mutants are shown in CPK-representation
and are coloured red.
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4.4.2 Interaction of MalK with EIIAGlc
The interaction patch for EIIAGlc is at the inside of the E.c.MalK dimer (Figure 34). It is also
partially covered in the active form by contacts between the two regulatory domains of the
dimer. When EIIAGlc binds to MalK, the monomers have to be separated from each other. How
this separation works cannot be deduced from the mutants mapping. One possibility is, that
during the transporting cycle of maltose the two monomers of MalK are separated from each
other and EIIAGlc can bind to the monomers and stabilize any inactive form of the maltose transporter. It appears plausible, that when the MalK monomers are separated from each other by
EIIAGlc, further transport of maltose through maltose transporter is impossible. This could
explain how inducer exclusion on the maltose transporter is affected.

Figure 34 . Representation of the known EIIA Glc mutants in the E.c.MalK model
The malK dimer is shown in the ribbon presentation. The monomers are coloured yellow
and blue respectively. The EIIA Glc interaction mutants are shown in CPK-representation
and are coloured magenta. In this representation the transmembrane parts of the maltose
transporter would be on top the shown dimer.
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4.4.3 Interaction of E.c.MalK with MalT
The interaction patch for MalT is on the bottom of the E.c.MalK dimer (Figure 35). Most residues are freely accessible, thus it seems, that MalK is able to bind MalT in its active form. This
would explain the effect, that a high amount of MalK acts as a transcription inhibitor; all available MalT molecules would be complexed by MalK and no further transcription would be possible. In addition, the constitutive expression of mal gene expression in malK null mutants would
also be explained.

Figure 35 . Representation of the known MalT interaction mutants in the E.c.MalK
model
The MalK dimer is shown in the ribbon presentation. The monomers are coloured yellow
and blue respectively. The MalT interaction mutants are shown in CPK-representation
and are coloured green. In this representation the transmembrane parts of the maltose
transporter would be on top the shown dimer.
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An assumed separation of the monomers during the maltose transport could explain why expression of mal genes is still possible when equal amounts of MalK and MalT are present in the cell.
If, during transport, the two E.c.MalK monomers are separated from each other, the binding site
for MalT is destroyed and transcription of mal genes can occur. When the amount of MalK molecules is so high, that all MalT molecules are complexed with MalK (due to lack of substrate or
due to the high amount of MalK), the transcription of mal genes would be suppressed.
A further hint for the existence of the separation of the MalK monomers during transport is
Pro72 (Figure 22). Pro72Leu (the only mutant in the ATPase domain) seems to play a central
role during the transport of maltose. Pro72 could function as a leverage between the transmembrane domains and the ATPases. It could bind to the transmembrane domains and could push (or
pull) the MalK monomers in such a way, that they are separated from each other. When this residue is mutated, this would have consequence for the MalT interaction site, too: This could lead
to a permanent disturbance of the MalT-interaction patch, although transport could be still possible.
In addition, the fact, that two monomers of MalK form one common MalT-interaction patch,
could explain the usefulness of a second dimer structure like that proposed in Diederichs et al.
(1999). This alternative dimer would prevent complexation of free (not attached to MalF/G)
MalK with MalT. Thus a inhibition of the transcription of mal genes would be prevented until all
transmembrane subunits are assembled with ATPases.
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5. Crystallization and preliminary X-ray structure analysis of
a-D-glucose-1-phosphate uridylyltransferase GalU from
Escherichia coli
5.1 INTRODUCTION
GalU is the gene product of the galU gene of E.coli. This enzyme catalyses the reaction of a-Dglucose-1-phosphate and UTP to UDP-glucose and pyrophosphate. UDP-glucose plays a central
role in the synthesis of the cell envelope of E.coli. It is also necessary in galactose and trehalose
metabolism. UDP-glucose is the glycosyl donor during the biosynthesis of lipopolysaccharides
(Fukasawa et al., 1962, Sundararajan et al., 1962), membrane-derived oligosaccharides (Schulman and Kennedy, 1977) and capsular polysaccharides (Markovitz 1977). UDP-glucose is an
essential intermediate for growth on trehalose (Boos et al., 1990), synthesis of trehalose (Giaever
et al., 1988) and growth on galactose (Kalckar 1958). In addition, UDP-glucose interferes with
the expression of ss during steady state growth (Böhringer et al., 1995)
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5.2 MATERIAL AND METHODS

5.2.1 Expression and Purification of GalU, using Nickel-NTA Chromatography.
E.coli strain SF120 was transformed with the plasmid pRHoGalU selecting for ampicillin resistance. The transformants were pooled and aliquoted, frozen in liquid nitrogen, and stored at
–70°C. These aliquots were used to inoculate overnight cultures subsequently used for largescale cultures. Cells were cultivated at 30°C in 10 liters of NZA-Medium (10 g NZ -Amine A, 5
g yeast extract and 7.5 g NaCl per liter) containing 400 mg ampicillin per liter. After an optical
density of 0.5 was reached, expression of the galU gene was induced by adding isopropyl-b-Dgalactopyranoside (IPTG) to a final concentration of 100 mM. The cells were incubated for 5 h
and afterwards harvested by centrifugation (6 min at 18000 x g). The cells were resuspended in a
buffer containing 25 mM Tris/HCl, pH 8.0, 200 mM NaCl, 50 mM Imidazol to a final volume of
160 ml. The cell suspension was aliquoted to a volume of 40 ml. DNAse I, RNAse I and lysozyme were added to the resuspended cells and this solution was frozen immediately and stored at
-20°C.
Thawed cells were ruptured in a French press cell at 10000 psi and centrifuged for 20 min at
75000 x g. The supernatant was afterwards applied to a nickel-NTA-column equilibrated with the
resuspension buffer mentioned above. After the application of the supernatant containing GalU,
the column was equilibrated again with the same buffer (10 column volumes). Afterwards the
column was washed with 25 mM Tris/HCl, ph 8.0, 200 mM NaCl, 100 mM Imidazol (10 column
volumes). For elution of GalU, the column was eluted with ten column volumes of the buffer
mentioned above containing 250 mM Imidazol. The fractions of the elution peak were pooled
and prepared for crystallization (see chapter 5.2.3).
During optimization of purification it turned out, that an amount of nickel-NTA-material below
the maximum binding capacity for galU (12 mg GalU/ml nickel-NTA material) was preferable
for crystallization: the crystals became larger and grew more reliable. For an aliquot containing
cells originating from 2.5 liter of cell culture, a column volume of 5 ml was used. Routinely 60
mg of GalU was obtained from such an aliquot.
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5.2.2 Expression and Purification of GalU, using the Nickel-NTA batch method
Crystals could be obtained with very fresh protein preparations only. During the optimization of
purification it turned out that the ability of crystallization of GalU is strongly time limited. Protein preparations stored overnight at 4°C, were not able to form crystals any more. To speed up
purification, a batch method was developed. Expression and cell treatment was performed as
described above. But instead of applying the supernatant of the centrifugation step to the nickelNTA-column, 10 ml of the nickel-NTA-material (in the resuspension buffer described above)
was mixed with the supernatant. This solution was incubated for 20 minutes at 4°C. Afterwards
it was applied to a Sarcolab vacuum filtration unit, and the solution was filtrated through the
membrane with the help of a water-jet vacuum pump. The nickel-NTA material with bound GalU
was then washed with 250 ml of resuspension buffer and afterwards incubated for 20 minutes at
4°C in the same buffer containing 100 mM Imidazol. (As described in chapter 5.2.1 an Imidazol
concentration of 100 mM was not sufficient to elute GalU from the nickel-NTA column material.) Next it was again filtrated and washed with 250 ml of the resuspension buffer containing
100 mM Imidazol. At last 25 ml of the elution buffer (as described above) were added, and the
nickel-NTA material with bound GalU was incubated for additional 20 minutes at 4°C. The protein solution was then separated from the nickel-NTA material by filtration with two additional
washing steps with 25 ml of elution buffer.

5.2.3 Sample preparation and Crystallization of GalU
The protein solution obtained from both purification methods was concentrated in an Amicon
steering cell to a volume of 10 ml using a membrane with a cutoff of 30 kDa. The protein concentration was calculated from the UV-absorption at 280 nm, using a theoretical extinction coefficient (obtained from the ProtParam tool at www.expasy.ch, based on the formula of Gill and
Hippel (1989)) for GalU of 0.6 (Extinction units)/(mg/ml).
Buffer exchange was accomplished by three cycles of dilution and concentration in an Amicon
ultra filtration cell with a 30kDa cutoff membrane using 100 ml of 10 mM Tris/HCl ph 8.0. After
concentrating to 10 ml in the third cycle, the protein concentration was again determined as
described above. The protein solution was then concentrated in Microcon separators (30 kDa
exclusion volume) to a final protein concentration of 15 mg/ml.
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This protein solution was then used for crystallization using the hanging drop method. 10 µl of
protein solution were mixed with 10 µl of fresh prepared and unbuffered 2 M Ammonium sulfate. As reservoir solution, 500 µl of 2M Ammonium sulfate were used.
Crystals appeared after 5 to 10 days when incubated at 18°C. Crystallization was not possible at
4°C and 30°C.

5.2.4 Heavy atom derivatization
Standard MAD / MIR(AS) methods were initially tried to determine the phases, because no suitable model for molecular replacement was available.
Heavy atom derivatives were obtained by soaking and co-crystallization.
Heavy atom derivatization by soaking methods
Two kinds of soaking methods were used:
1) In the first set of experiments, 2µl of a solution of the respective heavy atom compound were
added to a 20µl “pre-soaking” drop. These drops were achieved by equilibrating crystallization
drops containing 10 µl of 10 mM Tris/HCl ph 8.0 (the buffer used for the storage of GalU) and
10 µl of 2M Ammonium sulfate (the crystallization buffer) for one week at 18°C. After the addition of the heavy atom compound one to three crystals were added to the drop. The crystals were
soaked for a period of between 8h and 72h in these drops and afterwards frozen for data collection.
2) In the second set of experiments, crystals were directly added to 20 µl of the respective solutions (for a list see Table 17 and Table 19) prepared with the appropriate heavy atom compound in
5% glycerol without any addition of Ammonium sulfate or Tris-buffer. The crystals were soaked
between 5 and 30 minutes and subsequently frozen for data collection.
Heavy atom derivatization by co-crystallization
Two different heavy atom compounds were tried for co-crystallization. The first substance was
thioauroglucose, hoping that this glucose derivative might bind to the glucose-1-phosphate binding site. The second compound, sodium tungstate, was chosen for two reasons:
1) Because tungstate is known to bind in ATP binding pockets of other enzymes, it might also
bind to the UTP binding pocket of GalU.
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2) Binding of tungstate to GalU had previously been observed by conventional soaking experiments.
Because crystals did not grow, further co-crystallization experiments were not carried out.

5.2.5 Crystal preparation and data collection
Because the GalU crystals were very susceptible to radiation damage (crystals started dissolving
after 30 minutes of irradiation with X-rays at Cu-Ka wavelength during room temperature measurements) and because of the long exposure times needed due to the low symmetry space group
(P21), crystals were routinely frozen before data collection and thus all datasets were collected at
100K. To achieve rapid freezing, the crystals were soaked in crystallization buffer containing
glycerol as a cryoprotectant. The concentration of glycerol was increased in 5% steps (v/v) to a
final concentration of 25% and the crystals were soaked for 5 minutes in each of the respective
solutions. In case of heavy atom soaked crystals, this procedure also served to remove the
unbound heavy atom molecules. The crystals were afterwards rapidly frozen by dipping in liquid
nitrogen and stored in liquid nitrogen. The step wise increase of the glycerol concentration proved necessary to preserve the diffraction quality of the crystals.

5.2.6 Data reduction
The diffraction data were processed using the XDS program suite (Kabsch, 1993) or with the
HKL program suite (Otwinowski and Minor, 1996). Scaling and merging of the XDS-integrated
intensities was performed using XSCALE (Kabsch, 1993). For the use with CNS (Bruenger et
al., 1998), the datasets were transformed with XDSCONV (Kabsch, 1993) and for the use with
CCP4 (Collaborative Computational Project Number 4, 1994) the datasets were transformed
with XDSCONV and f2mtz (Collaborative Computational Project Number 4, 1994). The Denzointegrated intensities were scaled and merged with Scalepack (Otwinowski and Minor), 1996).
For the use with CNS (Bruenger et al., 1998) the datasets were transformed with “to_cns”
(Bruenger et al., 1998) and for the use they were transformed with TRUNCATE and CAD (Collaborative Computational Project Number 4, 1994).
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5.2.7 Search for heavy atom sites and phasing
To search for potential heavy atom derivatives, datasets were collected over an angular range of
5 degrees. The number of frames depended on the mosaicity of the crystals. Routinely 10 frames
each sweeping a half degree were collected.
The frames were compared to the native datasets with the “scalepotderiv” script from SCALEPACK (Otwinowski and Minor). If the data indicated a potential derivative a complete dataset
was collected for further examination.
Heavy atom sites were searched using the programs SOLVE (Terwilliger and Berendzen, 1999),
CNS (Bruenger et al., 1998) SHELXD (Uson and Sheldrick, 1999). Further refinement of the
heavy atom sites was performed using SHARP (De La Fortrelle and Bricogne, 1997).
After experimental phases of the tungstate derivative (see below) were available, sites from other
derivatives were searched with difference fourier analysis. Therefore, difference pattersons of the
putative derivative with the native dataset were calculated with FFT (Collaborative Computational Project Number 4, 1994). These difference Pattersons were compared to the anomalous Pattersons of the same derivative, which was calculated with FFT, too. These Pattersons were routinely calculated to a resolution of 3 Å. The peaks of the patterson maps were searched with
PEAKMAX (Collaborative Computational Project Number 4, 1994). A derivative with an isomorphous difference peak of 5s and a reasonable anomalous peak (depending on the expected
anomalous signal) was used for further analysis.
In addition, further derivative sites were searched using both the tungstate sites and their respective phases with the program SOLVE (Terwilliger and Berendzen, 1999).

5.2.8 Phased molecular replacement
After experimental phases of the tungstate derivative were available, phased molecular replacement was performed using the structure of the glucose-1-P thymidyltransferase (RBA1, Pdbcode: 1H5T) (Zuccotti et al., 2001) as template. RBA1 was chosen for two reasons: first, it has
the highest amount of conserved and similar residues of all known structures in the pdb compared to GalU and second, it is also nucleotidylyl-transferase and forms a tetramer like assumed
for GalU. Molecular replacement has been carried out using the programs molrep (Collaborative
Computational Project, Number 4, 1994), CNS (Bruenger et al., 1998) and essens (Kleywegt and
Jones, 1997). With molrep, several modifications of the template were used:
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1) monomer (chain A)
2) monomer poly-serine chain
3) monomer poly-alanine chain
4) monomer with truncated loops
5) monomer with truncated loops and poly-alanine chain
6) the central beta-sheet of one monomer
7) first 70 residues of one monomer
8) whole tetramer
9) tetramer poly-serine chain
10) tetramer poly-alanine chain
11) tetramer with truncated loops
12) monomer with truncated loops and poly-alanine chain
All templates were used for phased translation search at 5Å, 3.5 Å and 2.0Å maximum
resolution.
With CNS, only one monomer was used in the first cycle. After the first cycle the best solution
was entered as fixed model and an additional monomer was searched for. This was repeated four
times, leading to 4 placed monomers, because a tetramer for GalU was most reasonable and
RBA1 forms a tetramer also. The phased translation search was performed at 4Å.
With ESSENS, a monomeric poly-serine-model was used to find monomers in the 3.0Å map.
Both, an NCS-averaged and solvent flattened map and an experimental map were used. Both
maps were extended over the whole unit cell.
Unfortunately none of the above described approaches lead to a satisfying solution.
In a further approach, only one monomer was searched with MOLREP (Collaborative
Computational Project, Number 4, 1994) and the missing monomers were placed with the help
of the known non crystallographic symmetry operators.
In a last approach it was tried to place a monomer of the model in an NCS-averaged map (resolution 3Å). Afterwards the three missing monomers were placed with the help of the non
crystallographic symmetry operators. Again, a solution with extensive steric clashes was
obtained, which had to be rejected.

5.2.9 Determination of the NCS-Operators
Our efforts to determine NCS-operators of the GalU tetramer were substantiated by the potential
of improving the experimental phases. At the start, it was unclear if GalU is arranged as a
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tetramer or a pentamer in the crystal. A tetramer agreed with earlier chromatographic data
(Weissborn et al., 1994) and the known structures of other nucleotidylyltransferases
(Blankenfeldt et al., 2000), (Sivaraman et al., 2002) and (Barton et al., 2001).
Therefore a self rotation function was calculated with the program molrep using both native
datasets with a radius around the origin of 30Å.
In the following, the two fold axes were searched with the program GETAX (Vonrhein and
Schulz, 1999) which performs a real space correlation search with selfrotation peaks.
In the first step, a map with a resolution of 6Å was calculated with FFT (Collaborative
Computational Project, Number 4, 1994) using the experimental phases. The maps were calculated for the whole unit cell. Because FFT has known problems with the grid of a map extending
over the whole unit cell, the grid and the order of the axes were changed in the next step using
the program MAPMASK (Collaborative Computational Project, Number 4, 1994). This
calculation resulted in a map, which had the axis order “X Y Z” which is the axis order used by
the program GETAX (Vonrhein and Schulz, 1999).
In the next step, for each unique solution of the self rotation function the rotation axis was searched in real space with the program GETAX using the beforehand calculated map (see above).
During the calculations, increasing of the “SKIP AUTO” value to 5000 and increasing of the
“SPHERE” value to 30 Å was necessary. For each self rotation solution a correlation map
extending through the unit cell was obtained.
To find out, which rotations of the self rotation solutions are perpendicular to each other, again,
the program getax was used. Therefor real space correlations of the solutions of the self rotation
function were calculated pair wise using the same parameters as described above. This lead to
three correlation maps, each with two two-fold axes which were perpendicular to each other. To
find out the centre of the tetramer, the point of intersection of the two-fold axes was both calculated with PEAKMAX (Collaborative Computational Project, Number 4, 1994) and searched graphically with O (Jones et al., 1991). For the calculation with the program peakmax, the three correlation maps (see above) were normalized and added with mapman (Kleywegt and Jones, 1996).
The parameters of the program peakmax were “THRESHOLD = 4 RMS” and the number of
peaks in the output was 100. For a look at the whole shell script see Table 13.

99
Crystallization and preliminary X-ray structure analysis of a-D-glucose-1-phosphate uridylyltransferase
GalU from Escherichia coli
_____________________________________________________________________________________________

Table 13 . shell script for the calculation of correlation maps with getax
fft hklin eden.mtz mapout eden_g.map << end_ip
xyzlim asu
scale F1 1.0
scale F2 1.0
resolution 20.000 6.0
labin F1=FP PHI=PHIB
end
end_ip
mapmask mapin eden_g.map mapout eden_gcell.map << end_ip
XYZLIM CELL
AXIS X Y Z
end_ip
getax mapin eden_gcell.map mapout getax_sphere1.map <<end_ip
POLAR 96.22 -33.28 180.00
SPHERE 30.0
SKIP AUTO 5000
END
end_ip
getax mapin eden_gcell.map mapout getax_sphere12.map <<end_ip
POLAR 96.22 -33.28 180.00 108.60 60.11 180.00
SPHERE 30.0
SKIP AUTO 5000
END
end_ip
Annotations: both calculations with the program GETAX have been carried out three times.

Next, the symmetry operators between the monomers had to be determined (Figure 36). In an
ideal case, such a symmetry vector is composed of a translation vector with one rotation. These
two together would describe the operation, which is necessary to map each atom in one monomer onto the corresponding atom in another monomer. Therefore the coordinates of the point of
intersection of the two-fold axes (the centre of the tetramer) were written out in pdb-format. The
atomic coordinates have to be transformed, so that the origin corresponds to the point of intersection. This is achieved by shifting the point of intersection with the negative values of his coordinates and the angles of the self rotation function using the program PDBSET (Collaborative
Computational Project, Number 4, 1994). The resulting values for each translation function had
to be multiplied by -1 to get the symmetry operators as used by DM (Collaborative
Computational Project, Number 4, 1994).
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Figure 36 . Determination of the symmetry
operators

For ncs-averaging the program DM (Collaborative Computational Project, Number 4, 1994) was
used. In the first run no monomer mask was provided (The program dm is able to calculate a
multimer mask automatically). To monomerize the resulting multimer mask, the program mapmask (Collaborative Computational Project, Number 4, 1994) was used. With this monomer
mask the ncs-averaging with histogram matching in perturbation mode has been carried out. The
solvent content was set to 50% v/v, as calculated by the program MATTHEWS_COEF
(Collaborative Computational Project, Number 4, 1994). It turned out, that it was better to not
use solvent flattening in the first step. In a second step, the ncs-averaged phases of the first step
were used and were solvent flattened with ncs-averaging.
The appearance of the resulting map was better than the appearance of the map which was ncsaveraged and solvent flattened in the first step. It seemed to have better connectivity and better
separated solvent and protein areas. For the shell script used in ncs-averaging and solvent flattening see Table 14.
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Table 14 . shell script for ncs-averaging and solvent flattening
First cycle of ncs-averaging
dm hklin eden.mtz hklout dm_t.mtz ncsout galu_multimer.msk
SOLC 0.5
NCSMASK NMER 4 NCYC AUTO
MODE HIST AVER
COMBINE PERT
AVER REFI
ROTATE EULER
0.000
0.000
0.000
TRANSLATION
0.000
0.000
0.000
AVER REFI
ROTATE POLAR
a
b
g
TRANSLATION
a
b
c
AVER REFI
ROTATE POLAR
a´ b´ g´
TRANSLATION
a´ b´ c´
AVER REFI
ROTATE POLAR
a” b” g”
TRANSLATION
a” b” c”
LABI FP=FP SIGFP=SIGFP PHIO=PHIB FOMO=FOM
LABO FPDM=FPDM PHIDM=PHIDM FOMDM=FOMDM
END
MY-DATA

<< MY-DATA

second cycle of ncs-averaging and solvent flattening (only the deviant lines are shown)
dm hklin dm_t.mtz hklout ncsin1 galu_monomer.msk dm_t2.mtz ncsout
galu_monomer2.msk << MY-DATA
MODE SOLV HIST AVER
LABI FP=FPDM SIGFP=SIGFP PHIO=PHIDM FOMO=FOMDM
LABO FPDM=FPDM2 PHIDM=PHIDM2 FOMDM=FOMDM2

5.2.10 Model Building
Model building was performed with several automated, semi-automated and manual methods.
Automated model building was performed with the programs ARP/wARP (Perrakis et al., 2001),
MAID (Levitt 2000), resolve (Terwilliger 1999) (Terwilliger 2000), fffear (Cowtan 1998) and
essens (Kleywegt and Jones, 1997).
Semi automated and manual model building was done with “O” (Jones et al., 1991).
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5.3 RESULTS

5.3.1 Data collection
The crystals grew in space group P21 (a = 64.17, b=109.14, c=100.10 and b=94.108) with four
molecules per asymmetric unit.
Data sets were measured using synchrotron and a rotating anode x-ray source at 100 K using
Mar345 and Mar CCD image plate detectors. Native crystals diffracted to better than 1.8 Å at
beamline X11 (DESY/ EMBL, Hamburg) (Figure 27) and better than 2.3 Å at SLS (SLS, Villigen (CH)). In total 14 complete datasets were collected. For details about data reduction statistics
see Table 15, Table 16 A,B,C.

Table 15 . Statistics on Data Reduction for native GalU datasets
Native Dataset
l=1.54 Å

Native Dataset

l=0.909 Å (DESY)

Native Dataset

l=0.9805 Å (SLS)

Both native
Datasets merged
DESY + SLS

Resolution Å

50 – 2.9 (3.0 - 2.9)

20 – 1.70 (1.8 - 1.7)

20 - 2.3 (2.4 - 2.3)

20 – 1.7 (1.8 - 1.7)

No. of unique
Observations
Completeness

30129 (2361)

149722 (23374)

57919 (7025)

150029 (23378)

94.4 % (74.5 %)

99.5 % (99.2 %)

94.9 % (96.8 %)

99.9 % (99.7 %)

R-merged

9.0 % (35.3 %)

15.0 % (67.8 %)

11.0 % (34.0 %)

15.9 % (67.5 %)

The values for the highest resolution shell are given in parenthesis

Table 16 A. Statistics on Data Reduction for tungstate-derivatized GalU datasets
Tungstate Dataset
l=1.54 Å
Resolution Å
No. of unique
Observations
Completeness
R-merged

20 – 2.9 (3.0 - 2.9)
30552 (2826)

Tungstate Dataset
l=0.8459 Å (DESY)
50 – 2.34 (2.5 - 2.34)
111302 (19249)

Tungstate Dataset l=0.154
Å
20 - 3.0 (3.5 - 3.0)
53309 (19262)

99.4% (93.5 %)
97.6% (93.8 %)
98.5% (96.1 %)
6.4% (31.4 %)
15.2% (49.6 %)
12.9% (20.9 %)
The values for the highest resolution shell are given in parenthesis
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Table 16 B. Statistics on Data Reduction for other derivatized GalU datasets

Resolution Å
No. of unique
Observations
Completeness
R-merged

Bromide Dataset
l=0.91822 Å (SLS)

Bromide Dataset

Uranyl Acetate Dataset

l=1.542 Å

l=1.542 Å

50 – 2.34 (2.5 - 2.34)
111887 (20009)

50 – 2.61 (2.7 - 2.61)
81634 (7692)

30 - 3.5 (3.62 - 3.5)
16564 (1650)

98.1 % (97.5 %)
10.6 % (37.0 %)

97.0 % (91.9 %)
7.0 % (44.9 %)

96.1 % (97.8 %)
12.9 % (35.3 %)

The values for the highest resolution shell are given in parenthesis

Table 16 C. Statistics on Data Reduction for other not derivatized GalU datasets
Platinum Dataset

l=1.0722 Å
Resolution Å

Iridate Dataset

Gadolinium

l=0.98051 Å (SLS) Diamide Dataset
l=1.542 Å

50 – 2.4 (2.49 - 50 – 3.1 (3.30 - 3.10) 50 - 3.0 (3.5 - 3.0)
2.40)
104272 (10504)
49109 (8171)
53810 (19763)

No. of unique
Observations
Completeness
96.5% (97.4%)
98.1% (97.2%)
99.4% (98.6%)
R-merged
6.3% (23.0%)
12.1% (32.3%)
10.9% (18.7%)
The values for the highest resolution shell are given in parenthesis

Ammonium Selenate
Dataset l=0.9805 Å
(SLS)
50 – 2.6 (2.8 - 2.6)
82957 (16583)
99.7% (99.6%)
9.3% (35.6%)

Figure 37 . Diffraction pattern of a GalU crystal at beamline X11 (DESY/Hamburg). The
resolution at the rim of the detector is 1.71 Å
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5.3.2 Heavy atom derivatization and phasing
During the search for an appropriate heavy atom derivative 128 different soaking conditions (17
different heavy atoms in total) have been tested (For a detailed list see Table 17, Table 18 and
Table 19). As a result of these experiments, it became obvious, that galU is very sensitive to
heavy atom compounds. In future experiments, compounds containing lead, gold, mercury, silver, osmium, cesium, palladium and cadmium should be avoided. A possible cause for this sensitivity against certain heavy atom compounds could be the high percentage of methionines (12,
4.0% of total amino acids), cysteines (5, 1.7% of total amino acids) and histidines, (9, 3.0% of
total amino acids), which form preferred sites for heavy atom compounds.

Table 17 . Heavy atom compounds which gave no derivatization
heavy atom
compound
Barium (II) chloride

Final concentration

soaking time

phenotype

0.01mM

8h, 24h, 72h

Potassium tetrachloro
platinate (II)

0.01mM, 0.1mM,
1mM
1mM

8h, 24h, 72h
8h, 24h
72h

no derivatization, Resolution 4.5 Å,
high mosaicity
not determined
not determined
no derivatization, Resolution 2.8 Å

Potassium hexachloro platinate (IV)

0.01mM, 0.1mM,
1mM

8h, 24h, 72h

no derivatization, Resolution 2.6 Å
(at DESY1) - 3.2 Å

Gadolinium diamide

100mM

0.5 h, 4h, 21h

no derivatization, Resolution 2.6Å 3.0 Å

Thio auro glucose

1mM

8h, 24h, 72h

no derivatization Resolution 3.5 Å4.5Å, high mosaicity

Trimethyl lead (IV)
acetate
Uranyl acetate

100mM

10 minutes

0.01mM, 0.1mM,
1mM
1mM

8h, 24h, 72h
8h, 24h
72h

no derivatization, Resolution 2.8 Å,
high mosaicity
not determined
not determined
no derivatization, Resolution 3.5 Å,
high mosaicity

100mM

10 minutes

Potassium
hexachloroiridate(III)
Ammonium selenate

no derivatization, Resolution 3.5 Å
(at SLS2)
1.2M
10 minutes
no derivatization, Resolution 2.4 Å
(at SLS2)
1 Deutsches Elektronen Synchrotron, Hamburg (D)
2 Swiss Light Source, Villigen (CH)
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Table 18 . Heavy atom compounds which lead to destruction of the crystal lattice
heavy atom
compound
Barium (II)
chloride
Lead (II) nitrate
Lead (II) acetate
Potassium
dicyano aureate
(I)
Potassium
tetraido
mercurate (II)

Mercuric (II)
chloride

Silver nitrate

Potassium
tetraoxo osmiate

Cesium (II)
chloride
Potassium
tetrachloro
palladate (II)
Cadmium (II)
sulfate

Final
concentration
0.1mM
0.1mM
1mM
0.01mM
0.1mM, 1mM
0.01 mM,
0.1mM, 1mM
0.01mM
0.1mM
0.1mM
1mM

soaking time

phenotype

8h
24h, 72h
8h, 24h, 72h
8h, 24h, 72h
8h, 24h, 72h
8h, 24h, 72h
8h, 24h, 72h
72h
8h
24h, 72h
8h, 24h, 72h

Resolution 5 Å, Spacegroup P1
Resolution 12 Å, no spacegroup determinable
not determined
Resolution 20 Å, no spacegroup determinable
not determined
Resolution 20 Å, no spacegroup determinable
not determined
Resolution 6 Å, Spacegroup P1
Resolution 16 Å, no spacegroup determinable
not determined
not determined

0.01mM

8h, 24h

Resolution 12 Å, spacegroup P1

0.01mM

72h

not determined

0.1mM

8h, 24h, 72h

crystals have large cracks

1mM

8h, 24h, 72h

0.01mM, 0.1mM
0.01mM, 0.1mM
0.01mM, 0.1mM
1mM
0.01mM
0.01mM
0.1mM, 1mM
0.01 mM

8h
24h
72h
8h, 24h, 72h
8h, 24h
72h
8h, 24h, 72h
8h

crystals partially (8h), completely (24h,72h)
dissolved
Resolution 15 Å, no spacegroup determinable
crystals partially dissolved
crystals completely dissolved

0.01mM
0.1mM, 1mM
0.01mM, 0.1mM
0.01mM, 0.1mM,
1mM

24h, 72h
8h, 24h, 72h
8h
24h, 72h
8h, 24h, 72h
8h, 24h
72h
8h, 24h, 72h
8h, 24h, 72h
8h, 24h, 72h

0.01 mM
0.01mM
0.1mM, 1mM
0.01mM
0.1mM, 1mM

Resolution 7 Å, spacegroup P1
not determined
crystals have large cracks
Resolution 8 Å, spacegroup P1
not determined
crystals partially dissolved
crystals completely dissolved
crystals partially dissolved
crystals completely dissolved
crystals completely dissolved
Resolution 12 Å, spacegroup P1
not determined
not determined
crystals have large cracks
crystals partially dissolved

Unfortunately only 2 useful derivatives were obtained during this extended series of experiments. The two remaining derivatives were used in attempts to solve the structure. However, a
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further problem occurred. Due to the fact that the best diffracting native dataset (that one from
DESY) was not isomorphous with the tungstate derivative, the heavy atom refinement and phasing had to be performed with the native dataset from SLS.
Table 19 . Heavy atom compounds which lead to derivatives

1
2

heavy atom
compound
Sodium Bromide

Final concentration

soaking time

phenotype

200mM

30 minutes

Sodium tungstate

1mM

24h

Resolution 2.6 Å (SLS 2),
1 bromide site
Resolution 2.4 Å (DESY 1),
5 tungstate sites

Deutsches Elektronen Synchrotron, Hamburg (D)
Swiss Light Source, Villigen (CH)

After testing the different solutions of the search for the heavy atom sites with the programs
described in chapter 5.2.7, the sites from SHELXD seemed to be most reliable. The following
refinement with SHARP using these sites was more stable and reliable as with the sites from the
other programs. For a list of the sites of the tungstate and the bromide derivative after refinement
with SHARP see Table 20.

Table 20 . Overview of the used heavy atom sites during phasing
element
X
ATOM
1 W
HET 1
1
-60.387
ATOM
2 W
HET 1
2
-64.199
ATOM
3 W
HET 1
3
-33.509
ATOM
4 W
HET 1
4
-58.258
ATOM
5 W
HET 1
5
-33.135
ATOM
6 W
HET 1
6
-63.391
ATOM
7 BR
HET 2
7
-4.098
Annotations: Occ = Occupancy, Bfac = B-factor

Y
-92.903
-83.084
-99.897
-91.738
-94.050
-90.625
33.680

Z
-2.191
29.821
-5.116
35.388
8.817
-3.419
56.796

Occ B fac
2.76 74.52
9.44 15.90
2.63 1.00
1.88135.97
2.39 52.39
0.51 68.06
0.47 1.00

Due to the fact, that only seven heavy atom sites (among these, the low occupied bromide site)
could be found and that there are 1200 amino acids in the asymmetric unit, the phasing power
and the figure of merit after heavy atom refinement are rather low (Table 21, Table 22). Especially the fact that no native dataset was isomorphous with both sets of derivative datasets (the
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one with sodium tungstate and the one with sodium bromide) increased the problem of the missing phasing power. Although heavy atom refinement of a merged dataset of both native datasets
was possible with both sets of derivative datasets (Table 21), this only lead to a minor improvement of the phases. This is on the one hand caused by the higher internal R-factor of the merged
dataset compared to the independent native datasets (Table 15). On the other hand problems with
isomorphicity become obvious when comparing the anomalous phasing power of the two tungstate datasets: although the theoretical anomalous phasing power of the remote high dataset is
much higher than that one from the remote low dataset, the refined data behaved oppositely.
After all, it came as no surprise that model building with the experimental phases was impossible.

Table 21 . Statistics on MIRAS phasing for GalU datasets

wavelength
Sites used in heavy atom refinement
resolution used in heavy atom refinement
isomorphous phasing power (centric reflections)
isomorphous phasing power (acentric reflections)
anomalous phasing power (centric reflections)
anomalous phasing power (acentric reflections)
figure of merit (further details in Table 22)
centric reflections
acentric reflections

Sodium Tungstate
remote high
remote low
(DESY)
(CuKa)
0.8459
1.5418
6
6
20.0 2.3
20.0 3.0
1.813
2.235
2.155
2.835
0.0
0.7559

Sodium Bromide
remote high remote low
(SLS)
(CuKa)
0.91822
1.5418
1
1
20.0 2.3
20.0 2.5
0.43
0.467
0.5448
0.5602

0.0
1.365

0.0
0.3807

0.0
0.12

0.476
0.461

Table 22 . Statistics of Figure of merit after heavy atom refinement
BINS
1
2
3
4
5
6
OVERALL

Dmin
49.77
5.62
3.99
3.26
2.82
2.53

Dmax
5.62
3.99
3.26
2.82
2.53
2.31

Nacen
3993
7299
9513
11274
12791
14032
58902

FOMacen
0.76101
0.64112
0.55303
0.45654
0.28881
0.16854
0.476

Ncen
315
315
316
316
320
312
1894

FOMcen
0.74645
0.60617
0.57876
0.43700
0.26347
0.13686
0.461

108
Crystallization and preliminary X-ray structure analysis of a-D-glucose-1-phosphate uridylyltransferase
GalU from Escherichia coli
_____________________________________________________________________________________________

To improve the experimental phases several solvent flattening runs were performed, using the
programs SOLOMON (Abrahams and Leslie, 1996), dm (Collaborative Computational Project,
Number 4, 1994) and CNS (Bruenger et al., 1998). Although the figure of merit during all this
calculations raised above 0.8, the maps calculated with the improved phases were not suitable for
model building due the low connectivity of the electron density. Thus, further improvement of
the phases with ncs-averaging and combined solvent flattening was attempted.

5.3.3 NCS determination, NCS-averaging and solvent flattening
To determine the NCS-symmetry vectors, the self rotation function was calculated in a first step.
At that time, it was still not clear whether GalU is arranged as a tetramer or as a pentamer in the
asymmetric unit, although a tetramer was in accord with most of the data. From the solution of
the self rotation search (Table 23, Figure 38) it is obvious that the GalU arrangement in the
asymmetric unit cell is a tetramer (the peak of the c=90° rotation is not significant, because its
height is only about 1s). For both native datasets the same solution appeared.

Table 23 . Result of the self rotation function calculation of the native Dataset from
SLS
Sol_RF 1
Sol_RF 2
Sol_RF 8
Sol_RF 10

theta
phi
chi
Rf
Rf/sigma
90.00
90.00 180.00
0.6243E+05 19.30
94.89
31.37 179.79
0.1995E+05 6.17
107.43 -59.85 180.00
0.1465E+05 4.53
18.23
42.45 179.99
0.1406E+05 4.35
--- All symmetry related peaks ---theta
phi
chi
Sol_RF 1
90.00
90.00 180.00
Sol_RF 1
90.00
90.00 180.00
Sol_RF 2
94.89
31.37 179.79
Sol_RF 2
94.89 -31.37 179.79
Sol_RF 8
107.43 -59.85 180.00
Sol_RF 8
107.43
59.85 180.00
Sol_RF 10
18.23
42.45 179.99
Sol_RF 10
18.23 -42.45 179.98

Annotations: Only the unique self rotation function peaks are presented. Duplicated peaks and solutions with
chi ¹ 180° are not shown. The angles presented in the table are polar angles (theta, phi, chi). Rf is the peak
height of the rotation function.
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Figure 38 . Graphical representation of the solution of the self
rotation function.

The next step was to find out which of the two fold axes of the of the self rotation functions are
perpendicular to two others. The sets of perpendicular two fold axes are shown in Table 24. The
map, which was used to pick the centre of the tetramer (the point of intersection) is shown in
Figure 29. A detailed list of the peaks of this map calculated by peakmax is presented in Table
25.
Table 24 . Sets of perpendicular two fold axes
q
set 1
set 2

f

q´

f´

94.89 -31.37

107.43

94.89

107.43 -59.85

31.37

59.85

q”
18.23

f”
42.45

18.23 -42.45
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Table 25 . Result of the peakmax calculation of the added map from getax
Peak height fractional Coordinates
Coordinates
1
9.37
0.8677 0.0465 0.2932
53.77
5.08 29.35
2
9.14
0.9898 0.0070 0.9219
57.12
0.76 92.29
3
8.20
0.5414 0.1738 0.9532
28.01 18.97 95.42
4
8.10
0.2180 0.4486 0.7540
8.62 48.97 75.49
5
7.87
0.9516 0.0579 0.3006
59.12
6.32 30.10
6
7.80
0.9650 0.0906 0.4018
59.26
9.89 40.22
7
7.79
0.8816 0.0806 0.3132
54.53
8.80 31.36
8
7.78
0.5660 0.3637 0.9823
29.39 39.71 98.34
9
7.77
0.8152 0.0747 0.8762
46.20
8.16 87.71
10
7.76
0.5819 0.1223 0.8544
31.33 13.35 85.53
11
7.75
0.9172 0.0625 0.3291
56.70
6.82 32.95
12
7.69
0.4072 0.2605 0.9740
19.22 28.44 97.50
13
7.68
0.2126 0.4549 0.7901
8.01 49.67 79.10
14
7.66
0.8655 0.3124 0.5336
51.90 34.10 53.42
15
7.65
0.5855 0.0875 0.8343
31.71
9.55 83.52
16
7.63
0.1233 0.2901 0.8648
1.72 31.67 86.57
17
7.55
0.5371 0.1112 0.0631
34.14 12.14
6.32
18
7.54
0.9604 0.0397 0.0948
61.17
4.34
9.49
19
7.54
0.0000 0.0079 0.9239
-6.65
0.86 92.50
20
7.53
0.5192 0.3189 0.0095
33.37 34.82
0.95
Annotations: the columns of the original output file containing the grid points of the peaks are deleted.

In the next step the appropriate translations had to be calculated for set 1 as described in chapter
5.2.9. The translation vectors are listed in Table 26.

Table 26 . List of twofold rotations and their appropriate translation vectors
q
94.89
107.43
18.23

f
-31.37
59.85
42.45

a
79.270
-17.75
-33.15

b
89.596
83.58
93.60

c
160.40
189.03
-12.85
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Figure 39 . Representation of the correlation maps from getax. The maps are drawn at
4s. The maps shown here cover the whole unit cell

In the two last steps, NCS-averaging and solvent flattening was performed as described in
chapter 5.2.9. The final correlation of the NCS-vectors is listed in Table 27
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Table 27 . List of the correlations of the NCS-vectors
molecule 1
molecule 2
molecule 3
molecule 4

molecule 1
0.995
0.844
0.848
0.858

molecule 2
0.844
0.995
0.847
0.850

molecule 3
0.823
0.826
0.995
0.846

molecule 4
0.843
0.835
0.848
0.995

This table shows the correlation of the assumed density regions for every monomer to each
other

During the NCS-averaging and solvent flattening calculations, the overall figure of merit raised
to 0.85. The resulting map looked better than the map calculated with the experimental phases. It
was, however, not good enough to allow manual or automatic model building. Thus the need for
additional derivatives or at least for one MAD-dataset for the tungstun and the bromide
derivative became obvious.

5.3.4 Molecular replacement
All solutions obtained by molecular replacement were not suitable for further refinement. All
solutions obtained by the search for the whole tetramer of RBA1 were rejected due to high
R-factors and low accordance with the experimental map.
The solution which was obtained by searching one monomer with the program MOLREP and
afterwards placing the missing monomers with the help of the known non crystallographic symmetry operators (5.2.8Chapter 4.2.8) was rejected as it showed extensive steric clashes.
The same result was obtained when placing manually a monomer in an NCS-averaged map and
afterwards placing the missing monomers with help of the known non crystallographic symmetry
operators.
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