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ABSTRACT: TeaABC from the moderate halophilic bacterium Halomonas elongata belongs to the tripartite
ATP-independent periplasmic transporters (TRAP-T), a family of secondary transporters functioning in
conjunction with periplasmic substrate binding proteins. TeaABC facilitates the uptake of the compatible
solutes ectoine and hydroxyectoine that are accumulated in the cytoplasm under hyperosmotic stress to
protect the cell from dehydration. TeaABC is the only known TRAP-T activated by osmotic stress.
Currently, our knowledge on the osmoregulated compatible solute transporter is limited to ABC transporters
or conventional secondary transporters. Therefore, this study presents the first detailed analysis of the
molecular mechanisms underlying substrate recognition of the substrate binding protein of an osmoregulated
TRAP-T. In the present study we were able to demonstrate by isothermal titration calorimetry measurements
that TeaA is a high-affinity ectoine binding protein (Kd ) 0.19 µM) that also has a significant but somewhat
lower affinity to hydroxyectoine (Kd ) 3.8 µM). Furthermore, we present the structure of TeaA in complex
with ectoine at a resolution of 1.55 Å and hydroxyectoine at a resolution of 1.80 Å. Analysis of the TeaA
binding pocket and comparison of its structure to other compatible solute binding proteins from ABC
transporters reveal common principles in compatible solute binding but also significant differences like
the solvent-mediated specific binding of ectoine to TeaA.

The concentration of solutes (i.e., salt, sugar) in water
determines the amount of water available to a cell. Adding
salt or sugar to water leads to changes in the water’s
properties, such as osmotic pressure, which is caused by the
decrease in the water’s chemical potential (1). A nonadapted
microorganism exposed to an environment like brine or sap
must cope with its cytoplasmic water having a higher
chemical potential than the surrounding water. Because water
always flows from a higher to lower potential, a cell, with a
membrane freely permeable to water will lose its cytoplasmic
water until the potential gradient is abolished. In order to
regain sufficient water required for growth, the cell must
reduce the chemical potential of its cytoplasmic water. Many
bacteria, archaea, and eukaryotic microorganisms achieve this
through accumulation of large quantities of certain organic
compounds, such as sugars, polyols, and amino acids and
their derivatives, either by synthesis or by direct uptake from
the environment (2-5). These nonionic, highly water-soluble
molecules do not disturb the cell metabolism, even at high
cytoplasmic concentrations, and are therefore called compat-
ible solutes (6).

Many compatible solutes are beneficial for prokaryotic and
eukaryotic cells not only as osmoregulatory solutes but also
as protectants of proteins by mitigating detrimental effects
of UV radiation, freezing, drying, and high temperatures.
The beneficial effect is explained by the unfavorable interac-
tion of compatible solutes with the protein backbone. The
lower affinity of compatible solutes compared to water for
the protein surface is termed the osmophobic effect and
results in a thermodynamic force that contributes to protein
folding and increased protein stability (7, 8).

The aspartate derivative ectoine is a widespread compatible
solute among halophilic bacteria (9). Its protective properties
in stabilizing enzymes and even whole cells make ectoine a
valuable compound (10). Ectoine is marketed as an ingredient
in skin-protecting cosmetics and has even attracted interest
as a potential pharmaceutical (11). The halophilic γ-proteo-
bacterium Halomonas elongata can tolerate salt concentra-
tions well above 10% NaCl (12) and synthesize ectoine as
its main solute. The biosynthesis proceeds via aspartic-
semialdehyde, diaminobutyric acid, and Nγ-acetyldiaminobu-
tyric acid (7). The enzymes required for ectoine synthesis
in H. elongata are encoded by the genes ectABC (13). The
hydroxylated derivative of ectoine, hydroxyectoine, is syn-
thesized from ectoine by the ectoine hydroxylase EctD (9)
(Figure 1).

H. elongata does not rely only on de novo synthesis of
ectoine for adaptation to high saline environments but can
also take up compatible solutes or precursors from the
medium (17). To enable solute uptake, H. elongata is
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equipped with a set of compatible solute transporters of
which only one accepts ectoine as substrate, namely, the
ectoine-specific transporter for ectoine accumulation, TeaABC
(18). TeaABC is not only required for the accumulation of
external ectoine but also functions as a salvage system for
ectoine leaking out of the cell (18). This observation led to
the hypothesis that TeaABC might be involved in regulating
the cytoplasmic ectoine concentration (5). TeaABC is a
distinctive transporter in this respect and the first osmoregu-
lated compatible solute transporter belonging to the family
of tripartite ATP-independent periplasmic (TRAP)1 trans-
porters (18). TRAP transporters were characterized for the
first time in Rhodobacter capsulatus, where a system called
DctPQM has been shown to catalyze the nonosmoregulatory
uptake of C4-dicarboxylates (19). Homologues of the TRAP
DctPQM system of Rhodobacter have been identified in
numerous Gram-negative and Gram-positive bacteria, as well
as in archaea (20, 21). Similar to DctPQM, the osmoregu-
latory TRAP transporter TeaABC consists of three nonho-
mologous proteins (18): TeaC, a large transmembrane
protein, TeaB, a small transmembrane protein, and TeaA, a
periplasmic substrate binding protein (SBP) (22). Although
the transport of substrates is mediated by an SBP similar to
ATP-dependent ABC transporters, transport activity of TRAP
systems is not linked to ATP hydrolysis but is coupled to
the cotransport of ions (19, 23).

The unique organization of the TRAP-T transmembrane
domain consisting of two proteins is explained by the need
for a membrane-based partner protein for the periplasmic
SBP (21, 24). Recently, the first crystal structures of SBPs
belonging to the TRAP transporter family were determined,
namely, SiaP from Haemophilus influenzae (25), DctP6 and
DctP7 from Bordetella pertussis (26), TakP from Rhodo-
bacter sphaeroides (27), TrGluBP from Thermus thermo-
philus (28), and a SBP from Thermotoga maritima (PDB
entry 2hpg). SiaP and TakP are involved in the binding and
transport of sialic acid and R-keto acids, respectively, while
DctP6 and DctP7 facilitate the uptake of pyroglutamic acid.
The structural analysis of Siap and TakP with and without
their respective substrates bound revealed that these proteins

follow the Venus fly trap mechanism observed in binding
proteins from ABC transporters. None of these binding
proteins of TRAP transporters are involved in osmoregulatory
processes, as TeaABC is. The biological relevance of TeaA
is more similar to EhuB, an SBP from the ABC transporter
EhuABCD from Sinorhizobium meliloti (29). Although not
synthesized to function at high salinities, EhuB is a compat-
ible solute binding protein that enables the high-affinity
uptakeofectoineandhydroxyectoineviatheEhusystem(29,30).

In order to gain a deeper insight into the structure-function
relationship of SBPs from a TRAP system functioning at
high salinity, we determined the X-ray structure of TeaA
from H. elongata in complex with ectoine and hydroxyec-
toine at a resolution of 1.55 and 1.80 Å, respectively. Our
studies revealed a monomeric structure of TeaA. A binding
motif employing solvent as a “co-ligand” characterizes the
binding site for ectoine in TeaA. The binding motif allows
for the high-affinity binding of ectoine (Kd ) 0.19 µM)
exceeding the affinity of EhuB for ectoine. This finding is
in agreement with the biological function of TeaABC that
takes over the role as a transporter for exogenous ectoine
and a salvage system for ectoine leaking out of the cell.

EXPERIMENTAL PROCEDURES

Purification of TeaA. The gene teaA (AY061646) was
amplified from genomic DNA that was extracted from H.
elongata (31) with the primers 5′-ggaaccacacatatgaag-
gcatacaagc-3′ and 5′-ggagaggcaagctttcagccctcgctctcgc-3′
using the GC-RICH PCR System (Roche Applied Sci-
ence). The PCR product was cloned in the pET22b vector
(Novagen) using the NdeI and HindIII restriction sites on
vector and PCR product. The resulting vector pET22b-
TeaA was transformed into Escherichia coli BL21(DE3)
C41 cells (Avidis). Synthesis of TeaA was performed at
30 °C in M9 minimal medium after induction with 50 nM
IPTG at an OD600 of 0.6. TeaA is exported into the
medium as described by Tetsch and Kunte (22). Cells were
discarded after 16 h growth and TeaA containing medium
was purified by anion-exchange chromatography using
Q-Sepharose (GE Healthcare). TeaA was eluted by a
gradient from 360 mM to 1 M NaCl in 25 mM Tris-HCl,
pH 7.5, and concentrated to 10-20 mg/mL. To complex
TeaA with the ligand, it was incubated with an equimolar
amount of ectoine or hydroxyectoine at 37 °C for 1 h.

1 Abbreviations: TRAP-T, tripartite ATP-independent periplasmic
transporter; ITC, isothermal titration calorimetry; Tea, transporter for
ectoine accumulation; SBP, solute binding protein; SeMet, seleno-
methionine.

FIGURE 1: Biosynthetic pathway of the compatible solute ectoine (1,4,5,6-tetrahydro-2-methyl-4-pyrimidinecarboxylic acid) and hydroxyectoine
based on enzymological and genetic studies (13-16): 1, L-2,4-diaminobutyric acid transaminase (encoded by ectB); 2, L-2,4-diaminobutyric
acid Nγ-acetyltransferase (encoded by ectA); 3, ectoine synthase (encoded by ectC); 4, ectoine hydroxylase (encoded by ectD).
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Sodium chloride was removed by size exclusion chroma-
tography (Superdex 200) in 25 mM Tris-HCl, pH 7.5.

Selenomethionine-substituted (SeMet) TeaA was synthe-
sized in methionine auxotroph BL21(DE3) codon plus RP-X
cells. Purification was performed as described above in the
presence of 2 mM DTT. Purity was about 98% after size
exclusion chromatography as checked by SDS-PAGE. TeaA
has a N-terminal leader sequence for the transport by the
Sec pathway. The processed form of TeaA with 316 amino
acid residues has a molecular mass of 36 kDa (22).

Isothermal Titration Calorimetry (ITC). TeaA was pre-
pared as described above without the addition of ligand and
rebuffered with 50 mM sodium phosphate buffer, pH 7.3,
using dialysis tubes with 10 kDa molecular mass cutoff. The
concentration was determined with the BCA protein assay
microplate kit (Pierce, Bonn, Germany). Gravimetrically
determined amounts of ligands were dissolved in the same
buffer. Solutions were degassed under vacuum prior to use.
Isothermal titration calorimetry was performed on a VP-ITC
microtitration calorimeter from Microcal, MA (32), equipped
with the VPViewer software and a origin-based software
adapted to ITC measurements for data acquisition and
analysis. In a typical titration experiment one injection of
3 µL and 28 injections of 10 µL of ligand solution (600 µM)
were injected to the sample cell containing 1.42 mL of TeaA
(61 µM). The first injection was not included in data
processing. To ensure fast and complete mixing of the ligand
and TeaA, the sample cell was stirred continuously at 307
rpm. Before injection the instrument was equilibrated to
attain a stable baseline at the desired temperature at 25 °C
if not indicated otherwise. Control experiments to verify the
heat of dilution were performed by titrating ligand to buffer.
The heat of dilution for ectoine or hydroxyectoine pipetted
in buffer was considered to be negligible and not included
in data processing. Each experiment consists of three
independent measurements.

3D Crystallization. Initial crystallization conditions were
found by Hampton I, II, and Index screen in Greiner 96 three-
well sitting drop plates using a Cartesian pipetting robot.
All crystallization trials were performed at 18 °C with a
protein concentration of about 60 mg/mL as determined by
the Bradford protein assay (Sigma). Usually crystals grew
within 5 days. Crystals of TeaA in complex with ectoine
grew in 0.1 M HEPES, pH 8.0, 0.1 M MgCl2, and 30% PEG
3350 in sitting drops. Those crystals in complex with
hydroxyectoine were obtained in similar conditions as for
ectoine crystals, but with 0.04 M MgCl2 and 35% PEG 3350.
Crystals of SeMet-derivatized TeaA in complex with ectoine
were obtained by microseeding in a hanging drop in 0.1 M
Hepes, pH 7.5, 0.1 M MgCl2, and 25.5% PEG 3350.

Data Collection, Structure Determination, and Refinement.
For data collection the crystals were flash frozen without
additional cryoprotectant in liquid nitrogen. All data were
collected at beamline PXII at the Swiss Light Source (SLS).
The data were reduced and scaled with the programs XDS
and XSCALE (33). For the SeMet data the positions of
selenium sites were determined with the program HKL2MAP
(34). Refinement of the sites and first automated model
building with native data of crystals of TeaA in complex
with ectoine were done with AutoSHARP (35) and ARP/
wARP (36). Iterative rounds of manual building in COOT
followed by refinement with REFMAC5 (37) improved the

initial model to the final one. The structure of TeaA with
hydroxyectoine was solved with rigid body refinement of
the polypeptide of ectoine structure. The restraint dictionaries
of ectoine and hydroxyectoine were built with Sketcher from
the CCP4i suite (38) as described from Cialla et al. (39).
All molecular drawings were produced with Pymol (40).

Sequence and Structure Alignments. A search for similar
structures to TeaA was done with DALI (41). RMSD values
and rotation axes were determined with LSQKAB (42) of
the CCP4 suite (38). Sequences of putative ectoine binding
proteins were found with BLAST (43) and aligned with
ClustalW (44). Sequence alignment was drawn with Bioedit
(45) and ESPript (46).

RESULTS AND DISCUSSION

TeaA Is a High-Affinity Ectoine Binding Protein. Ther-
modynamic parameters for the binding of TeaA to ectoine,
hydroxyectoine, and glycine-betaine were determined by
isothermal titration calorimetry (ITC). The binding of ectoine
and hydroxyectoine to TeaA shows exothermic signals with
a stochiometry factor corresponding to 1 using a one-site
binding model. Both interactions are enthalpy driven with
an unfavorable entropic contribution (Figure 2 and Table 1).
TeaA binds ectoine with high affinity, and a dissociation
constant (Kd) of 0.19 µM was determined. In contrast, the
affinity for hydroxyectoine is approximately 20-fold lower
with a Kd value of 3.8 µM. This is reflected by an increase
of free energy of 1.8 kcal/mol arising solely from decreased
enthalpy, from ∆H of -11.5 to -8.6 kcal/mol. The entropical
contribution for the binding of hydroxyectoine to TeaA is
with a T∆S value of -1.2 kcal/mol even less unfavorable
than the binding of ectoine with a T∆S value of -2.4 kcal/
mol (Table 1). Titration of glycine-betaine to TeaA at 25
°C (Figure 2) and 5 °C (data not shown) revealed small peaks

FIGURE 2: Typical ITC raw data for binding of ectoine to TeaA
(upper panel) and integrated ITC curves (lower panel) for the
binding of glycine-betaine (triangles), hydroxyectoine (squares), and
ectoine (diamonds) to TeaA, respectively, and corresponding fits
(solid lines) considering a one-site binding model.
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identified as dilution peaks, but no binding of glycine-betaine
to TeaA could be determined (Figure 2). In addition,
specificity of TeaA to ectoine was tested by a modified
retention HPLC assay with alanine and proline (14, 15) as
control. It can be concluded that TeaA is a specific, high-
affinity ectoine and hydroxyectoine binding protein.

OVerall Structure of TeaA. TeaA in complex with ectoine
or hydroxyectoine crystallizes in space group P1. The three-
dimensional structure of TeaA in complex with ectoine was
determined using the multiple-wavelength anomalous disper-
sion (MAD) method with a SeMet derivative refined against
native data to 1.55 Å resolution. The inflection data set, as
taken as last, suffered from radiation damage reflected by
an Rmeas of 58% (Table 2). The positions of 20 selenium
sites were found immediately with the program HKL2MAP.
After refinement of the sites and processing with Au-
toSHARP about 80% of the sequence was traced automati-
cally. Refinement and manual building improved the initial
model to a resolution of 1.55 Å with Rwork of 15.8% and
Rfree of 20.3%. The structure of TeaA in complex with ectoine
displays two TeaA monomers with 310 residues and one

ectoine each, 659 solvent molecules, and 8 magnesium ions
in the unit cell. The structure of TeaA in complex with
hydroxyectoine to 1.8 Å was solved via rigid body refinement
of the ectoine structure (Table 2). The refined model with
Rwork of 17.1% and Rfree of 22.4% has the same overall fold
like the ectoine structure. The two monomers with 310
residues each have both one hydroxyectoine bound. There
are 301 solvent molecules and 2 magnesium ions in the unit
cell. In both structures the C-terminus is disordered from
residue 311 to 316. Residues 42 to 46 are disordered in one
monomer (A) of the asymmetric unit but ordered in the other
monomer (B), due to stabilizing crystal contacts. Main crystal
contacts are mediated via Mg2+ ions added prior to crystal-
lization. Eight ions in the structure of TeaA in complex with
ectoine and two in that with hydroxyectoine were unambigu-
ously identified by their hexagonal coordination. They form
crystal contacts directly to protein atoms or via solvent
molecules. Notably, one magnesium ion has a key role in
connecting residues Ala259 of monomer A and Gly55 of
monomer B in both structures. Main crystal contacts are also
formed by Mg2+ ions being coordinated by residues Glu255

Table 1: Thermodynamic Parameters of Ligand Binding to TeaAa

ligand Ka (µM-1) Kd (µM) ∆G (kcal/mol) ∆H (kcal/mol) T∆S (kcal/mol) n

ectoine 5.19 ( 0.44 0.19 ( 0.02 -9.15 ( 0.05 -11.52 ( 0.57 -2.37 ( 0.62 1.0 ( 0.1
hydroxyectoine 0.26 ( 0.05 3.80 ( 0.07 -7.39 ( 0.01 -8.57 ( 0.01 -1.18 ( 0.02 0.9 ( 0.0

a Each measurement represents the mean value of three independent measurements.

Table 2: X-ray Data Collection, Refinement, and Model Statistics

Crystal Data selenomethionine derivative
cell dimensions (Å; deg) a ) 48.8, b ) 52.3, c ) 63.8; R ) 80.5, � ) 85.6, γ ) 77.7
space group P1 P1 P1
Data Collection remote peak inflection
wavelength (Å) 0.9765 0.9798 0.9801
resolutiona (Å) 47-2.15 (2.25-2.15) 60-2.15 (2.25-2.15) 60-2.15 (2.25-2.15)
no. of observed reflections 307012 (9595) 258399 (7442) 106156 (3168)
no. of unique reflectionsa 58013 (3325) 57634 (3055) 56822 (3052)
completenessa (%) 89.5 (40.1) 88.9 (36.9) 87.7 (36.8)
Ι/σa (Ι) 15.8 (4.0) 13.96 (3.72) 7.91 (1.74)
Rmeas

a,b (%) 9.7 (30.6) 9.8 (29.6) 10.6 (58.0)
MAD phasing power iso/anoc na/0.934 0.618/1.127 0.425/0.396
MAD phasing figure of merit 0.445
Crystal Data ectoine hydroxyectoine
cell dimensions (Å; deg) a ) 48.3, b ) 52.2, c ) 63.5;

R ) 80.8, � ) 85.8, γ ) 77.9
a ) 48.6, b ) 52.1, c ) 63.7;
R ) 80.8, � ) 85.7, γ ) 78.0

Data Collection P1 P1
wavelength (Å) 0.9781 0.9789
resolutiona (Å) 20-1.55 (1.65-1.55) 20-1.80 (1.84-1.80)
no. of observed reflectionsa 251318 (25830) 207782 (11881)
no. of unique reflectionsa 81024 (13680) 53752 (3315)
completenessa (%) 93.3 (92.3) 96.2 (94)
Ι/σa (Ι) 9.2 (2.3) 8.83 (2.39)
Rmeas

a,b (%) 9.3 (47.5) 14.3 (81.7)
Refinement
resolution (Å) 1.55 1.80
Rwork (98% of total reflections) (%) 15.8 17.9
Rfree (2% of total reflections) (%) 20.3 22.5
no. of protein atoms 4977 5292
no. of ligand atoms 10 11
no. of solvent molecules 659 301
no. of magnesium ions 8 2
RMSDd from ideal bond length (Å) 0.01 0.01
RMSDd from ideal bond angles (deg) 1.3 1.4
average B factor model atoms (Å2) 16.5 16.8
Wilson B factor (Å2) 20.9 24.8
Ramachandran plot favored (%) 93.7 93.7
Ramachandran plot allowed (%) 6.3 6.3
a Data in parentheses represent highest resolution shell. b For definition of Rmeas see Diederichs, K., and Karplus, P. A. (1997) Improved R-factors for

diffraction data analysis in macromolecular crystallography, Nat. Struct. Biol. 4, 269-275. c na, not applicable. d RMSD, root mean square deviation.
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(monomer A) and Glu286 (monomer B) and Asn140
(monomer A) with Asp88 (monomer B). It can be assumed
that ectoine or hydroxyectoine binding is not Mg2+ depend-
ent, because no Mg2+ was detected in the binding pocket.

The structure of TeaA shares the major features of
substrate binding proteins (SBPs) possessing two distinct
globular R/� domains separated by a deep cleft (Figure
3A,B). Domain 1 stretches from residues 2 to 120 and 208
to -222 while domain 2 comprises residues 121-207 and
261-302. Domain 1 is composed of a five-stranded mixed
�-sheet (�2-�1-�3-�10-�4) surrounded by five R-helices (R1,
R2, R3, R4, R8), where �10 runs antiparallel to the other
�-strands. Domain 2 comprises six R-helices (R5, R6, R7,
R9, R10, R11) enclosing a six-stranded mixed �-sheet with
the topology �7-�6-�8-�5-�9-�11 and �5 oriented in op-
posite direction to the others. The N-terminus linked to �1
is located in domain 1, whereas the C-terminus can be found
in domain 2. The two domains are hinged together by a set
of R-helices (R8-9) and two sets of �-sheets (�10-9 and �5-
4), and the cleft formed between them constitutes the ligand
binding site. Helices 9-11 fold across the base of the
molecule and pack against both domains, with helices 8 and
9 spanning the whole molecule.

TeaA Is Adapted to High Salt Concentrations. The
calculation of the surface potential indicates clearly a
pronounced negative surface charge for TeaA (Figure 3C,
and sequence analysis shows an acidic character of TeaA
due to an excess of 42 acidic (Asp/Glu ) 61) over basic
(Arg/Lys ) 19) residues. The acidic nature and exposure of
the negative charge to the surface are common among
proteins of extremely halophilic archaea (19, 47) that
maintain high salt concentrations inside their cytoplasm with

potassium and chloride being the dominating ions. The
predominance of charged amino acids on the surface of
enzymes is thought to stabilize their tertiary structure when
exposed to high ionic surroundings (48-51). Extracellular
proteins of halophilic bacteria, even those accumulating
compatible solutes and keeping the intracellular salt con-
centration low, show an excess of acidic amino acids as
known from proteins of extreme halophilic archaea.

The negative surface charge of TeaA (pI 4.14; net charge
-42) is similar to those of extracellular proteins from
halophilic bacteria (e.g., Halomonas meridiana amylase: pI
4.65; net charge -32) and extreme halophilic archaea
(Natrialba asiatica serine protease: pI 4.11; net charge -49;
Natronococcus sp. amylase: pI 4.12; net charge -82) (52),
suggesting that TeaA is specifically adapted to high salt
concentrations. In those halophilic bacteria performing
osmoregulation by compatible solute accumulation, homo-
logues of TRAP transporters and their corresponding TeaA
were found, which exhibit most likely a similar negative
surface potential.

TeaA Is a Type II SBP. The ectoine/TeaA complex displays
a closed conformation, which is characteristic for periplasmic
binding proteins in their ligand-bound state. The organization
of the two hinged domains relative to each other allows for
the characteristic “Venus fly trap” mechanism (53) of SBPs.
This hinge-bending conformational change involves a sig-
nificant rotation of single backbone torsion around the hinge
region by which the open form of the protein closes around
its ligand.

The domain topology (Figure 4) shows a dislocation of
one �-strand in each �-sheet. This dislocation occurs at the
joint position between domains 1 and 2 when the respective

FIGURE 3: Overall structure of monomer B of the TeaA/ectoine complex. (A, B) TeaA shown as spiral model with an ectoine molecule
(black) bound to the protein between domain 1 (residues 2-120 and 208-222, colored in green) and domain 2 (residues 121-207 and
258-302, colored in yellow). (C, D) Corresponding views of the electrostatic potential surface plot, with negative charges indicated in red
and positive charges indicated in blue, show that TeaA is highly negatively charged. (D) The view in the interior of the proteins reveals
ectoine fitting perfectly to the binding pocket, leaving just a narrow connection to the solvent surrounding the protein.
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�-strand adapts to the orientation of the corresponding strand
in the other domain. SBPs have been classified into two
groups depending on the topology of the �-sheets present in
the two globular domains (54). Based upon this classification,
TeaA is a member of the type II SBP (also called ESR for
extracytoplasmic solute receptor) family, as it displays two
domain crossovers involving strands �5 and �10 and a
domain dislocation of one of the �-strands in each of the
�-sheets.

A comparison of the three-dimensional structure of TeaA
against the Protein Data Bank with DALI indicates a high
similarity with a large number of SBPs, mainly from ABC
transporters in their ligand-bound state and to four of the
six currently available structures of TRAP-T SBPs. Structural
similarity was found for the recently published structures of
DctP6 and DctP7 (26), two homologous SBPs from B.
pertussis, to SiaP from H. influenzae (25), and to the SBP
of T. maritima (PDB entry 2hpg).

Compared to the topology of ABC type II SBPs TeaA
has an additional structural element which is unique for
TRAP-T SBPs and was also found in SiaP, DctP6, DctP7,
and TakP (25-27). Located after the C-terminal part of
domain 1, both domains are linked together by two to three
R-helices separated by a short �-strand being parallel to the
last �-strand of domain 2. This tight conformation may limit
the flexibility of the opening movement and increase the
rigidity of the whole Venus fly trap mechanism of SBPs of
TRAP-Ts compared to that of type II SBPs of ABC
transporters. The exposed and separated position of this
additional structural element in all structures of TRAP-T
SBPs supports the hypothesis that they have evolved from
an ancestral type II SBP which was modified to specifically
catalyze uptake of organic solutes with high affinity (25) and
to bind to TRAP-T systems.

Substrate Binding Site. The structure of TeaA was solved
in complex with ectoine and hydroxyectoine, compounds
with similar chemical structure. The analysis of the 2Fo -
Fc and Fo - Fc electron density maps could unambiguously
identify ectoine and hydroxyectoine. Both substrates are
tightly bound to the protein, and there is just a narrow

channel connecting the binding pocket with the solvent
surrounding the protein (Figure 3D).

Ectoine binding in TeaA (Figure 5A,B) is mediated by a
salt bridge to Arg144 and by hydrogen bonds to Glu9 and
Asn184. Arg144 is the only highly conserved residue in
TRAP-T SBPs and is found in all of the four structures of
TRAP-T SBPs coordinating the carboxyl group of the
substrates (25-27).

In addition, ectoine is sandwiched through van der Waals
interactions in an aromatic binding pocket involving residues
Trp188, Phe66, and Phe209. Trp188 is forming a cation-π
interaction with the delocalized positive charge in ectoine.
Residues Phe187 and Trp167 stabilize the aromatic box
around ectoine, with Trp167 forming a π-π interaction to
Trp188 (Figure 5B). Phe209 is stabilized by van der Waals
contacts to Met146 as well as Phe187 to Met124. Asn184 is
hydrogen bonded to Gln15, Glu121, and Gln182 as well as
Arg144 to the main chain nitrogen of Leu165.

The hydroxyectoine binding pocket (Figure 5C,D) is
similar to that of ectoine but shows an altered hydrogen-
bonding network; e.g., one solvent molecule exhibits a double
conformation Wa T Wb (Figure 5A) in the ectoine binding
site that is fixed in the hydroxyectoine binding pocket. Instead
of contributing to the binding of the carboxyl moiety, the
solvent molecule is now bound to the additional hydroxyl
group of hydroxyectoine via a hydrogen bond.

Notably, loop 2 from residues 43 to 46 containing these
important residues appears extremely flexible and is only
resolved in monomer B due to stabilizing crystal contacts.
Therefore, binding interactions of ectoine and hydroxyectoine
shown in Figure 5A,C display one possible conformation of
this loop segment (residues Glu44 and Ser45). Nevertheless,
the pattern of solvent molecules can be traced back also in
monomer A. It can be speculated that this flexible loop plays
a role in the translocation of the ligand from TeaA to the
transporter unit TeaBC. Further structural and functional
studies on the whole transporter TeaABC together with site
directed mutagenesis studies in this loop region of TeaA are
required.

Comparison of TeaA with SBPs Specific for Ectoine and
Glycine-Betaine. A BLAST was performed to identify
putative ectoine TRAP transporters and their binding pro-
teins. The BLAST was executed against the sequence of
TeaC, because the transporter unit (DctM) represents the
highest conserved part in the TRAP transporter complex.
Organisms were chosen with respect to the role of ectoine
as the main compatible solute and their capability of ectoine
synthesis. Chromohalobacter salexigens is a close relative
to H. elongata and its DctP exhibits a sequence identity of
33% to TeaA. The DctP proteins from Halobacillus halo-
philus and Bacillus halodurans show comparable identity
levels of 35% and 34%, respectively. The highest sequence
identity of 82.1% was found for DctP from the γ-proteo-
bacterium Marinobacter aquaeolei. An alignment of these
four putative ectoine binding proteins is shown in Figure 6
with the structural elements of TeaA displayed on top of
the TeaA sequence. It reveals that charged residues involved
in ectoine binding, Glu8-9 and Arg144, are highly conserved.
Interestingly, Trp188, forming the strong cation-π interac-
tion with ectoine, is not conserved and replaced by pheny-
lalanine or alanine. Phe187 is highly and Phe209 is mostly
conserved; the latter can also be replaced by tyrosine. Asn184

FIGURE 4: Topology of TeaA. Helices are represented with barrels
and �-strands with arrows. The amino and carboxytermini are
indicated with N and C, respectively. Structure elements homolo-
gous to ABC transporter binding proteins are located right of the
dotted line, whereas structure elements left of the dotted line indicate
evolutionarily unique structural features attributed exclusively for
TRAP transporters.

9480 Biochemistry, Vol. 47, No. 36, 2008 Kuhlmann et al.



is replaced by glutamine in two organisms. Only the
nonconserved aromatic residue Trp188 is located in an
R-helical part of the structure; the others are located in
�-strands or in the adjacent loop before the next R-helical
segment. The highly conserved glutamate cluster (Glu 8-9)
is positioned in the center of the TeaA structure.

Most interestingly, the highly conserved arginine residues
are all located in that region. The other residues involved in
ligand binding are located in both domains for TeaA and
ProXAf whereas in EhuB they are arranged concentrated in
domain 1. In all three structures, the observed protein-ligand
interactions have different degrees of asymmetry in domain
population (EhuB (6:1), TeaA (2:4), and ProXAf (4:4)). In
EhuB a single interaction of the bound ligand with domain
2 is enough to shift the equilibrium from the open conforma-
tion to the closed conformation of the Venus fly trap, while
in TeaA this is caused by two interactions with domain 1.
The consequences of such a highly asymmetrical distribution
of residues involved in substrate binding are mentioned
already in (30, 55) but are not completely understood up to
now.

Interestingly, all of these structures (irrespective of their
bacterial or archaeal origin) reveal similar solutions for
binding of compatible solutes that are normally excluded
from protein surfaces. Substrate binding is stabilized via salt
bridges and/or hydrogen bonds and cation-π interactions
between a special set of aromatic residues and the delocalized
positive charge of the substrate. However, each protein has

its own architecture of the substrate binding site. In EhuB
the delocalized positive charge of the ligand interacts via
cation-π interactions with three aromatic amino acid
residues, two phenylalanines and a tyrosine. The binding of
ectoine or hydroxyectoine in TeaA follows the described
principle of compatible solute binding. A salt bridge and
hydrogen bonds bind ectoine. Aromatic residues sandwich
the ligand with cation-π and van der Waals interactions in
the ligand binding site.

To compare the ligand binding of EhuB and TeaA, the
ectoine molecules of both structures were overlaid and shown
together with the aromatic residues of the binding pockets
in Figure 7. The overlay reveals significant differences of
ligand binding in EhuB and TeaA. However, the principal
hydrogen bonds to ectoine and the coordination of the
delocalized positive charge of the ligands via cation-π
interactions are comparable in both structures. Arg144-TeaA
and Arg85-EhuB form a similar salt bridge to the carboxyl
group of ectoine in the same orientation. Glu 9-TeaA and
Glu21-EhuB exhibit different orientations but a comparable
hydrogen bond in both structures. Both binding pockets
contain two phenylalanines. The aromatic amino acids Phe24,
Tyr60, and Phe80 in EhuB correspond to the amino acids
Phe187, Phe209, and Trp188 in TeaA, respectively. All
hydrogen bonds in TeaA have a comparable counterpart in
EhuB with similar length and angles and therefore also
comparable binding energy. However, the carboxyl group
of ectoine in TeaA forms hydrogen bonds to three amino

FIGURE 5: Architecture of the binding site of TeaA/ectoine as top view (A) and as corresponding side view (B) and structure of the binding
site of TeaA/hydroxyectoine (C, D). The substrates ectoine and hydroxyectoine and the interacting amino acids are drawn by stick
representation; solvent molecules are shown in red. Wa and Wb indicate low occupancy electron density regions, which are most likely
populated by a water molecule oscillating between the two sites. The Fo - Fc omit map of the solvent molecules and the substrates
contoured at 2.0σ is displayed in blue. Dotted lines indicate hydrogen bonds and the numbers their length in Å. The orientation of residues
Ser45 and Glu44 is one of several possible conformations. These residues are only ordered in monomer B, but not in monomer A.

High-Resolution Structure of Ectoine Binding Protein TeaA Biochemistry, Vol. 47, No. 36, 2008 9481



acid residues in contrast to four amino acid residues in EhuB.
In TeaA the fourth hydrogen bond is established with a water
cluster inside the binding pocket (Figure 5C). This feature
is new for compatible solute binding proteins and contradicts
the hypothesis that ligand binding site architectures of SBPs

involved in osmoprotection are optimized for selectivity
without relying on additional “co-ligands” such as water
molecules (30).

Ligand binding affinities of EhuB determined with tryp-
tophan quenching have Kd values of 1.6 and 0.5 µM for

FIGURE 6: Sequence alignment of TeaA with selected putative TRAP transporter ectoine binding proteins, identified by a BLAST search
against the corresponding transporter unit TeaC (proteins are named TeaA to simplify matters), and the glycine-betaine/proline-betaine
binding ProX from A. fulgidus and the ectoine binding protein EhuB from S. meliloti. Structural elements of TeaA are shown on top of the
TeaA sequence following the color coding of Figure 3A to distinguish between the domains and of EhuB below the EhuB sequence (color
coding was adopted from ref 25). Conserved residues in all proteins are highlighted in red and labeled (b), and residues that are separately
conserved in TRAP transporters and ABC transporters are highlighted in green; blue boxes indicate a 65% consensus in the multiple
sequence alignment. Residues involved in ligand binding are highlighted in yellow (TeaA), magenta (ProX), and cyan (EhuB). Arginines
highly conserved in the binding pocket of all SBPs are colored in blue and labeled (2). Different labels show residues which are conserved
simultaneously in TeaA and EhuB (O), in TeaA and ProX (f), and in EhuB and ProX (9).
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ectoine and hydroxyectoine, respectively. The contribution
of individual amino acid residues involved in ligand binding
in EhuB was investigated by site-directed mutagenesis to
gain insights into their role in complex stabilization by
measuring the steady-state affinities of ectoine and hydroxy-
ectoine. Phe80 was found to be very important for stabilizing
the bound ligand. Increasing the strength of the cation-π
interaction by placing a tyrosine or tryptophan at position
24 or 80, or a tryptophan at position 60, creates a protein
with a 10-50-fold higher affinity (30). Interestingly, this
result is in clear contrast to ProXEc (56) where a substitution
of any tryptophan with an aromatic amino acid is tolerated
within the tryptophan box without significantly altering the
affinity of the ligand.

An inherent problem of this strategy of mutating residues,
especially in tightly constructed binding sites, is that
substituting a residue might cause structural changes that in
turn can affect the affinity of the mutant protein for its
ligands. As a matter of fact, TeaA exhibits a Trp188 at the
same position as Phe80 within the ligand binding site in
EhuB, which would correspond to the mutation F80W, with
an affinity of 0.02 µM to ectoine. Compared to the wild-
type EhuB (1.6 µM) the affinity of TeaA to ectoine (0.2 µM)
is indeed elevated. TeaA has, compared to EhuB, a higher
amount of aromatic residues in the binding pocket (Figure
7). This can be an additional reason for the higher binding
affinity of TeaA to ectoine compared to EhuB.

The binding of hydroxyectoine in TeaA shows a different
water cluster compared to the binding of ectoine (Figure 5).
While a solvent molecule is involved in binding to the
carboxyl group of ectoine, the additional hydroxyl group
expels this solvent molecule when hydroxyectoine is attached
to the binding pocket. Instead, another solvent molecule of
the cluster forms a hydrogen bond that is linked to the
hydroxyl group of hydroxyectoine. In EhuB the same
hydroxyl group is bound to Glu134, which seems to take
over a crucial role in the high-affinity binding of hydrox-
yectoine. This was shown by the replacement of Glu134 for
Ala134, which abolished any detectable hydroxyectoine
binding to EhuB. The binding pocket of TeaA employing
solvent interaction and direct amino acid interaction in
binding ectoine makes TeaA a highly specific binding
protein. However, while TeaA displays a higher affinity to
ectoine than EhuB, the affinity to hydroxyectoine is com-
paratively low. Interestingly, NMR measurements revealed
that hydroxyectoine in aqueous solution is existent in half-
chair conformation with an axial hydroxyl group (57). Bound

to EhuB and TeaA, however, hydroxyectoine was displaying
a flipped conformation with an equatorial hydroxyl group.

It is tempting to speculate whether Glu134 in the binding
pocket of EhuB is promoting the conformational change and
allows for the better binding of hydroxyectoine compared
to ectoine. Apparently, the solvent molecules in the TeaA
binding pocket do not support binding of hydroxyectoine in
the same way as Glu134 does in EhuB. However, missing
the corresponding amino acid to Glu134, TeaA displays a
significantly higher affinity for ectoine than EhuB. The
negative influence of Glu134 on the binding of ectoine was
also shown for EhuB. Replacing Glu134 for alanine increased
the binding affinity of EhuB for ectoine to 1.2 µM. Thus
the ability of TeaA to bind ectoine with high affinity is based
on the reduced affinity for hydroxyectoine.

CONCLUSION

The structure of TeaA is a fundamental contribution
toward defining the important parameters for an efficient
osmoregulated compatible solute transport mediated by SBPs.
Contrary to the common opinion that SBPs specific for the
same substrate have to exhibit an identical architecture, the
comparison of EhuB and TeaA revealed a different archi-
tecture of the binding site and the potential interaction regions
of the SBPs with their corresponding transporters. Whether
these differences originate from the fact that EhuB and TeaA
belong to transporter systems, which have two completely
different ways to energize the transport, one by ATP
hydrolysis, the other by the electrochemical gradient across
the membrane, can only be speculated. As a matter of fact,
the choice of an organism for either an osmoregulated TRAP
transporter or an ABC transporter clearly depends on the
environmental conditions; e.g., TRAP-T that are ion coupled
are preferably found in marine and halophilic bacteria with
excess of environmental Na+ (20). An increased substrate
affinity of osmoregulated TRAP-T over conventional sec-
ondary transporters and the role of SBPs as an efficiency
enhancer can be postulated but has to be proven by uptake
measurements in vitro.

In the soil bacterium S. meliloti, the osmoprotectant
transport differs from that observed in H. elongata. The
EhuABCD transporter is responsible for the main ectoine
transport activity observed in S. meliloti showing an ectoine
transport activity that is induced only by its substrates ectoine
and hydroxyectoine but not by elevated osmolality (29).
Ectoine is not accumulated within the cell but rather is
degraded at all medium osmolalities (29). The mechanism

FIGURE 7: Stereoview of the ectoine binding sites of TeaA (green) and EhuB (blue), displaying the aromatic residues. Both ectoines were
superimposed.
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by which ectoine overcomes osmotic growth inhibition
remains unknown. The role of Ehu in osmoregulation is
therefore quite different from other compatible solute
transporters and more similar to nutrient transporters.
Contrary to Ehu, the TeaABC system functions as an
osmoregulatory uptake system for ectoine from the surround-
ing and as an effective salvage system for endogenous ectoine
leaking through the membrane. The purpose of ectoine
uptake via TeaABC is to amass ectoine in the cytoplasm in
order to achieve an osmotic equilibrium. Furthermore, there
is some evidence that TeaABC as a recovery system for
ectoine might be involved in regulating ectoine synthesis.
Since ectoine is the main compatible solute of H. elongata,
the reuptake of ectoine for regulatory purposes would require
a highly specific transporter. This would explain the 10 times
higher affinity of TeaA for ectoine compared to EhuB. A
similar conclusion can be drawn from the structural inves-
tigation of ProX from E. coli and ProX from A. fulgidus.
ProU from E. coli accumulates glycine-betaine and proline-
betaine as osmoprotectants, while ProU from A. fulgidus (50)
transports the same molecules as thermoprotectants. Finally,
it can be concluded that the affinity of the SBP is related to
the importance of its respective transporter in cell regulatory
processes.
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