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ABSTRACT: The halophilic bacterium Halomonas elongata takes up the compatible solute ectoine via the
osmoregulated TRAP transporter TeaABC. A fourth orf (teaD) is located adjacent to the teaA BC locus that
encodes a putative universal stress protein (USP). By RT-PCR experiments we proved a cotranscription of
teaD along with teaABC. Deletion of teaD resulted in an enhanced uptake for ectoine by the transporter
TeaABC and hence a negative activity regulation of TeaABC by TeaD. A transcriptional regulation via DNA
binding could be excluded. ATP binding to native TeaD was shown by HPLC, and the crystal structure of
TeaD was solved in complex with ATP to a resolution of 1.9 A by molecular replacement. TeaD forms a
dimer—dimer complex with one ATP molecule bound to each monomer, which has a Rossmann-like a/f
overall fold. Our results reveal an ATP-dependent oligomerization of TeaD, which might have a functional
role in the regulatory mechanism of TeaD. USP-encoding orfs, which are located adjacent to genes encoding
for TeaABC homologues, could be identified in several other organisms, and their physiological role in
balancing the internal cellular ectoine pool is discussed.

The halophilic proteobacterium Halomonas elongata can
tolerate salt concentrations well above 100 g/L (1.72 M) NaCl (/).
To avoid dehydration in such environments and to maintain an
osmotic equilibrium, H. elongata amasses internally large quan-
tities of compatible solutes. These highly water-soluble molecules
do not disturb the cell metabolism even at molar concentrations
and are used for osmoregulation by diverse groups of bacteria
originating from various environments (2). A clear trend was
observed in which the least salt-tolerant organisms synthesize
disaccharides for osmoregulation, whereas marine (halotolerant)
species accumulate sugar polyols, and halophilic bacteria employ
nitrogen containing compatible solutes such as glycine betaine
and ectoine (3, 4). H. elongata synthesizes ectoine as its main
compatible solute (5) but does not rely only on de novo synthesis.
It can also take up ectoine from the medium. H. elongata is
equipped with only one ectoine-specific transporter TeaABC (6),
which was shown to be a new type of osmoregulated transport
system belonging to the family of tripartite ATP-independent
periplasmic transporter (TRAP-T) (6) evolutionarily placed
between the families of secondary and ABC transporters. The
key distinguishing feature of TRAP transporters is the presence
of a periplasmic substrate binding protein (SBP) as found in ABC
systems, but with transport being driven by an electrochemical
ion gradient as found in secondary transporters. TRAP-Ts have
two integral membrane subunits, a 12 TM helix subunit (TeaC)
that probably harbors the substrate and ion binding sites and a
4 TM helix protein (TeaB) of unknown but essential function.
These subunits can also be found as a single fused protein (7).
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The physiological role of TeaABC is not only to import exoge-
nous ectoine from the environment but also to salvage endoge-
nous ectoine leaking through the cytoplasmic membrane, which
would be otherwise lost to the medium (6).

A 15.5 kDa universal stress protein (USP)' encoding orf of
441 bp was found immediately downstream of reaC (6) and was
named feaD accordingly. Genes encoding homologues of USPs
adjacent to a transporter have been observed not only in TRAP
systems (7) but also for a wide range of secondary transporter and
channel genes (&), but their role in transport has not yet been
explored (8). This might also be related to the fact that although
USPs form an ancient and conserved family of proteins found in
all kingdoms of life (9), their biochemical activities and functional
mechanisms are still not fully understood (/0). USPs were sepa-
rated into two classes depending on their capability to bind ATP
(11). Many of the USPs are expressed in response to stress, such
as starvation, oxidative stress, or DNA damage (/2). Genes of
ATP-binding USPs are sometimes located in the same operon
together with genes encoding transporters (/3), and it was
suggested that these USPs sense internal energy pools to regulate
transporter activity (/3).

Here, we report on the function of the TRAP-T-associated
USP TeaD. Our study reveals that TeaD regulates the internal
ectoine concentration in H. elongata upon hyperosmotic stress.
We have determined the crystal structure of TeaD in complex
with ATP to 1.9 A resolution. Furthermore, we could show that
dimeric TeaD sequesters ATP during expression and that addi-
tional ATP stabilizes a dimer—dimer complex of TeaD. We dis-
cuss a regulatory mechanism of TeaD on the ectoine transport by
TeaABC in H. elongata, which we extend based on genome
sequence analysis to other high-affinity TRAP transporters with
different substrate specificity.
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MATERIALS AND METHODS

Bacterial Strains and Growth Conditions. Cells of H. elon-
gataDSM 25817 (DSMZ, Braunschweig, Germany) and H. elon-
gatamutant strains KB1 (AectA), KB1-3 (AectA, Atead), KB1-5
(AectA, AteaD), and AFE (ectC::Tnl732) were grown aerobi-
cally at 30 °C on mineral salt medium MM®63 with glucose as
carbon source. For analysis by chromatography and nucleic acid
isolation cells were grown in 100 mL of saline MM63 liquid
medium contained in 250 mL flasks.

RNA Isolation. For RNA isolation, exponentially growing
cells were harvested by centrifugation, and 100 mg wet cell mass
was resuspended in 4 mL of buffer (50 mM sodium acetate, 10 mM
EDTA) containing 0.5 mL of SDS (10%). After addition of
5 mL of hot phenol, the sample was incubated at 65 °C for 4 min
and then frozen in liquid nitrogen. The frozen sample was thawed
(37°C) and centrifuged (2700g) to enhance phase separation. The
top layer was removed and mixed with an equal volume of
phenol/chloroform/isoamyl alcohol. After centrifugation at
8000g (5 min, 4 °C), the aqueous top layer was transferred to a
microfuge tube, and RNA was precipitated in the cold (=70 °C).
The precipitated RNA was further purified using the RNeasy kit
from Qiagen (Germany) according to the manufacturer’s ins-
truction.

RNA Hybridization Experiment. For the construction of a
teaA-specific RNA antisense probe, an intragenic tead DNA
fragment was PCR-amplified from H. elongata DSM 2581"
genomic DNA using a reverse primer (5'-ggatcctaatacgactcacta-
tagggctcgecggtcatttcgat-3'), which carried the promoter sequence
for T7 RNA polymerase. The DNA template was applied to
invitro transcription (2 h, 37 °C) to generate DIG-11UTP-labeled
antisense fea4 RNA. Influence of TeaD on the transcription of
teaA was tested by RNA hybridization experiments using the
DIG-labeled read antisense RNA. For that purpose, 0.5 ug of
total RNA was transferred onto a nylon membrane using a
vacuum slot-blot apparatus (Consort NV, Turnhout) and cross-
linked by UV irradiation. Probe hybridization and chemi-
luminescence detection were carried out according to the DIG
application manual (Roche Molecular Biochemicals, Germany).
Chemiluminescence was detected by commercially available
X-ray films or, in the case of a densitometric quantification,
recorded with the help of a CCD camera (Fuji Luminescent
Image Analyzer LAS-1000) and quantified using the software
package Aida, version 2.11. To analyze the transcriptional
organization of tea4BCD by Northern hybridization, approxi-
mately 5 ug of total RNA was electrophoretically separated on a
denaturing agarose gel (0.8%), transferred to a nylon membrane,
and covalently bound to the membrane by UV irradiation.
Bound RNA was hybridized with a DIG-labeled antisense teaA
RNA probe for 12 h at 68 °C according to the DIG application
manual (Roche Molecular Biochemicals, Germany). Probe
hybridization was detected by chemiluminescence via X-ray film.

Promoter Mapping by 5’ RACE-PCR. Toidentify putative
promoter sequences, the transcriptional initiation sites were
mapped by a modified RACE-PCR procedure using RNA from
exponentially growing cells adapted to 680 mM NaCl. Transcrip-
tion initiation sites of teaABCD were mapped by generating
cDNA using reverse transcriptase (Superscript III; Invitrogen,
USA) and reverse primer RACE-teaAl (5'-ccgaagegatagacct-
gaac-3'). Applying terminal deoxynucleotide transferase, a poly-
(C) tail was attached to the 3’ end, and the modified cDNA was
PCR-amplified with forward primer AAP (abridged anchor
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primer; ggccacgegtcgactagtacgggiigggiigggiig) from Invitrogen
and reverse primer RACE-teaA2 (5'-aacggtatggtcggaattate-3').
Finally, PCR-amplified cDNA was sequenced.

Determination of Cytoplasmic Ectoine by HPLC. For
identification and quantification of intracellular ectoines, cells
were harvested, freeze-dried, and extracted with methanol/
chloroform/water as described by Galinski and Herzog (14).
Cellular extracts containing water-soluble solutes were separated
by isocratic HPLC on a NH; column using acetonitrile (80% v/v)
as solvent. Eluted solutes were monitored with an UV detector
at 220 nm.

Purification. The gene teaD was amplified from genomic
DNA that was extracted from H. elongata (15), with the primers
5'-ggatgtaaggtcatatgttcaatcggatcatgg-3' and 5'-cgggaagctttcaga-
cgaccaggacggg-3' using the GC-rich PCR system (Roche Applied
Science, Germany). The PCR product was cloned into pET22b
vector (Novagen, Germany) using the Ndel and HindIII restric-
tion sites on vector and PCR product. The resulting vector
pET22b::teaD was transformed into Escherichia coli host BL21-
(DE3) (Novagen, Germany) for autoinduction protein expres-
sion (/6). The LB medium preculture, which was grown for 6 h
at 37 °C, was used to inoculate autoinduction medium. The
recombinant TeaD protein was synthesized for 18 h at 28 °C.
Cells were harvested by centrifugation at 5018¢ for 15 min at4 °C
and resuspended in 25 mM Tris, pH 7.5, and 150 mM NaCl. The
crude cell extracts were disrupted in the cell disrupter (Constant
Cell Disruption) and treated with DNase (Sigma-Aldrich,
Germany) and | mM PEFABLOC protease inhibitor (Biomol,
Germany). After centrifugation (140000g, 1 h at 4 °C), the
supernatant was incubated in batch overnight with 10 mL of
preequilibrated (25 mM Tris, pH 7.5, 150 mM NaCl) cation-
exchanger Sepharose (SP-Sepharose Fast Flow; GE Healthcare,
USA). After washing with 25 mM Tris, pH 7.5, and 250 mM
NaCl, TeaD was eluted by a gradient against 1 M NaCl and
immediately dialyzed against 25 mM Tris, pH 7.5, and 250 mM
NaCl to remove high salt concentration. The sample was loaded
onto a Superdex 75 10/300 GL (GE Healthcare, GE Healthcare
Akta-Explorer 10) in 25 mM Tris, pH 7.5, 500 mM NacCl, and
optional 600 nM and 2.5 mM ATP. Buffer exchange was carried
out on a PD10 column (GE Healthcare, USA) with 25 mM Tris,
pH 7.5, and 150 mM MgCl,. The protein was directly used for
crystallization or flash frozen in liquid nitrogen at —80 °C.

Determination of ADP|JATP with HPLC and ATPase
Activity. To determine ATP-binding via HPLC (high-
performance liquid chromatography), TeaD was purified via
size exclusion chromatography against 25 mM Tris, pH 7.5, and
500 mM NaCl; afterward, the protein sample was denatured
(2 min, 95 °C), followed by centrifugation (1 min, 13000g). Nucleo-
tides in the supernatant were then analyzed by HPLC using a
Spherisorb ODS (octadecyl-SiO»)-1 column (Phenomenex, USA).
A buffer containing 100 mM potassium phosphate, pH 6.4,
10 mM tetrabutylammonium bromide, and 7.5% acetonitrile
was used as mobile phase. The detection occurred at absorption
of 254 nm. The C-18 column was calibrated with a nucleotide
ATP—ADP standard. ATPase activity of tetrameric TeaD was
measured as described (/6). Therefore, 10 uL of a 250 mM ATP
solution was mixed with 10 uL of TeaD of 10 mg/mL. The
reaction was started by adding 25 uL of 10% LDAO. The
decrease in NADH concentration was monitored at 340 nm
(Cary WIN UV; Varian, Germany) at 30 °C.

Blue Native Gel Electrophoresis. Purified protein was
mixed with Native PAGE 4x Sample buffer (Invitrogen, USA)
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and loaded onto a 4—16% polyacrylamide gradient gel
(Invitrogen, USA). A mixture of seven different proteins was
used as a standard: IgM pentamer (1048 kDa), apoferritin band I
(720 kDa), apoferritin band II (480 kDa), B-phycoerythrin (242
kDa), Lactate dehydrogenase (146 kDa), bovine serum albumin
(66 kDa), soybean trypsin inhibitor (20 kDa) (Native Mark
Unstained Protein Standard Invitrogen, USA).The anode buffer
contained 50 mM Bis-Tris, pH 7, and 50 mM Tricine, 15 mM
Bis-Tris, pH 7, and 0.02% Coomassie G-250 was used as cathode
buffer. The blue native PAGE was performed for 30 min at 80 V
and 4 h at 200 V at 4 °C and fixed with a mixture of 10% acetic
acid and 10% ethanol.

Crystallization. Crystals of TeaD were grown at 18 °C by the
conventional hanging drop vapor diffusion method. The hanging
drops of 300 nL size contained 4 mg/mL protein. Five millimolar
ATP was added prior to crystallization. The mother liquor
consisted of 100 mM Tris, pH 7.5, 200 mM (NH,4),SO,, and
15% polyethylene glycol (PEG) 3350. The crystals typically grew
to dimensions of 0.4 mm x 0.1 mm X 0.1 mm within 7—10 days.
The crystals were washed in mother liquor and flash-frozen in
liquid nitrogen before exposure to X-ray.

Data Collection, Structure Determination, and Refine-
ment. All diffraction data were collected at beamline PXII at the
Swiss Light Source (SLS). The data were reduced and scaled with
the programs XDS and XSCALE (/7). Initial phases were gained
by molecular replacement with a polyglycine model of the
structure of an USP of Thermus thermophilus (PDB code 2z09),
available at the Protein Data Bank (http://www.rcsb.com) with
the program PHASER (18) of the CCP4i suite (19); 64% of the
sequences were docked in the initial map by ARP/wARP (20).
Iterative rounds of manual building in COOT followed by
refinement with REFMACS (2/) including NCS and TLS were
used to improve the initial model. NCS (noncrystallographic
symmetry) was defined for the four chains in the asymmetric unit
excluding the two flexible regions of the protein (residues 40—64
and 131—147). For TLS (translation screw libration) refinement
each chain was divided into four groups, which were determined
by TLSMD (21, 22). All molecular drawings were produced with
PYMOL (23).

Sequence and Structure Alignments. A search for similar
structures of TeaD was done with DALI (24). Structural align-
ments were performed with TCOFFEE (25). Sequences of similar
USPs were found with BLAST (26) and aligned with ClustalW (27).
Sequence alignment was drawn with BioEdit (28) and ESPript (29).

RESULTS AND DISCUSSION

teaD Is Cotranscribed along with teaABC. To analyze the
transcriptional organization of the tea4BCD locus (Figure 1A),
total RNA from H. elongata cells grown in minimal medium
containing 690 mM NaCl was isolated and applied to Northern
hybridization and RT-PCR experiments. Gene fead, which
encodes the substrate binding protein (SBP), can be transcribed
separately from tea4 BCD, being the major transcript of the fea-
ABCD cluster as shown by Northern hybridization (Figure 1B).
Furthermore, the analyses revealed that teaABC is transcri-
bed together with the orf teaD located downstream of teaC
(Figure 1C). A similar transcription pattern was found for the
TRAP transporter genes dctPQM from Rhodobacter capsulatus,
where the SBP encoding dctP is also the abundant transcript
when compared to the dctPQM mRNA (/1). The increased
mRNA level for the SBP is caused by the location of tea4 and
detP, respectively, at the -end of their corresponding gene
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FIGURE 1: (A) Genetic and physical organization of the teaABCD
locus. The transcription initiation sites were mapped by 5 RACE-
PCR, and inspection of the DNA sequences upstream of the initia-
tion sites revealed the presence of a o”°-dependent promoter (P1) and
a 6>-dependent promoter (P2). (B) Total RNA from H. elongata was
separated by agarose gel electrophoresis (B II) and transferred onto a
nylon membrane (B I). Northern blot analysis of RNA from H. elongata
wild type (WT), AteaC mutant KB2 (2), and the teaA deletion mutant
KBI1-3 (1.3) was carried out using a teaA-specific RNA probe (B I).
A single transcript of approximately 1.2 kb corresponding to the calcula-
ted size of a teaA transcript was detected by hybridization with the WT
RNA, while no hybridization signal was detectable with the RNA of
control strain KBI1-3 (AteaA). (C) RT-PCR analysis of teaABCD pro-
ving that feaD is cotranscribed along with reaA BC. A 2400 bp PCR pro-
duct was amplified from cDNA and separated by agarose gel electro-
phoresis (lane 8), which matched the size of the calculated teaABCD
PCR product (2452 bp). cDNA synthesized from orfwas only detectable
by PCR with forward and reverse primers binding inside orf (lane 1) but
not if the corresponding forward primer (white right-pointing arrow-
head in Figure 1A) was binding to feaD (lane 4), proving that teaABCD
transcription is terminated behind feaD. The same primers (lane 4) led to
a teaD-orf PCR product only if chromosomal DNA was used as
template (lane 3, positive control). No DNA was amplified with the
primers used in lanes 1, 4, and 8 from purified total RNA prior to cDNA
synthesis (lanes 2, 5, and 7, negative control), proving that the tea-
ABCD (8) and orf (1) products were indeed amplified from cDNA and
not from contaminating chromosomal DNA. Key: S, stem—loop; P1,
P2, promoter; left-pointing arrowheads, forward primers for PCR;
right-pointing arrowheads, reverse primers for cDNA synthesis and
PCR (white arrowheads stand for no PCR product and black arrow-
heads for DNA amplified); > - - - <, PCR product.

cluster in combination with a termination sequence following
teaA and dctP. To allow for the transcription of the entire
teaABCD gene cluster, an imperfect transcriptional terminator
sequence is located between fea4 and teaB. The stem—loop struc-
ture of reaA is followed by an AGTT GTTT sequence. A similar
repeated CTTT motif has been found at the stem—loop structure
of DctP (and other R. capsulatus operons) and is thought to act as
a partial termination sequence (//), permitting read-through into
genes dctQ and dctM coding for the membrane proteins (/7).
However, the transcript of the tea locus comprises not only the
genes for the transporter proteins but also teaD, an orf coding for
a putative USP. Interestingly, deletion of feaD resulted in a
mutant strain of H. elongata that grew as well as the wild type,
when the cells had to transport ectoine from the medium for
osmoregulation (6). To clarify the function of teaD, we examined
the uptake of ectoine via TeaABC in more detail.

TeaD Is a Negative Regulator on the Activity of TeaABC.
To examine the role of teaD and the TeaD protein in ectoine
transport via TeaABC, ectoine uptake following osmotic upshift
was determined (Figure 2A). While H. elongata strain KB1 mis-
sing the ectoine synthesis gene (AectA4) accumulates 0.41 ymol
of ectoine (mg of protein) " in 60 min following upshock by the
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FIGURE 2: (A) Cells of H. elongata KBl (AectA), strain KBI-5
(AectA, AteaD::Q), and transport mutant AFE35 (AectA, teaC::
Tn/732) were grown in minimal medium MM63 containing 170 mM
NaCl and 1 mM hydroxyectoine. At time zero, cells were exposed to
osmotic stress by increasing the salt concentration to 690 mM,
inducing osmoregulatory uptake of ectoine via TeaABC. The uptake
of hydroxyectoine was monitored for 60 min by analyzing the
cytoplasm of KB1, KB1-5,and AFE35 by HPLC with a UV detector.
At minimum, all experiments were carried out three times. Symbols:
@, KBI1-5;0,KBI1; A, AFE35. (B) Changes in feaA transcript level of
teaD mutant KB1-5 (black bars) and teaD™ strain KB1 (white bars)
in response to hyperosmotic shock. Cells were grown in minimal
medium containing 170 mM NaCl. In exponential growth phase
salinity was increased to 680 mM NaCl. At 25 and 10 min before
hyperosmotic shock and 15 and 30 min after shock cells were
harvested and RNA was isolated and transferred to a membrane.
Membrane-bound RNA was hybridized with reaA-specific antisense
RNA probe, and RNA—RNA hybridization was determined by
chemiluminescence. An antisense 16S rRNA probe was used as con-
trol. Emitted light was recorded by camera and quantified. Highest
signal intensity was set to 100%.

TeaABC system, the reaD mutant H. elongata KB1-5 transported
0.95 umol of ectoine (mg of protein) ', exceeding the ectoine level
of the teaD cells by more than 2-fold. The knockout of teaD had
no obvious phenotypic effect and did not hamper growth of
H. elongata KBI at elevated salinity. It was proposed earlier that
USPs contain DNA-binding motifs (30). To test whether TeaD is
a DNA-binding protein and involved in transcriptional regula-
tion of the tea locus, we quantified the teaA transcript in teaD™
and teaD mutant strains. H. elongata KB1 and mutant strain
KBI-5 (AteaD) were grown in minimal medium and exposed to
sudden osmotic upshifts from 170 to 680 mM NaCl during
exponential growth. Total RNA was isolated from cells before
and after osmotic shock, and the mRNA of teaA was analyzed by
dot RNA hybridization experiments (Figure 2B). The RNA
hybridization experiments revealed that the rea4 mRNA level
increases in response to increasing osmolarity (approximately
70% increase). However, since the 16S rRNA is affected by the
osmotic upshift as well (approximately 30% increase), it still has
to be determined whether transcriptional overexpression alone or
also a decrease in degradation of mRNA is the cause for the
increase in mRNA. Importantly, the zea4 mRNA level in the
teaD knockout strain KBI-5 was identical to the tea4 RNA
content found in the teaD* strain KB1 (Figure 2B). On the basis
of this result and the structural features of the TeaD protein
presented below, we exclude a role of TeaD in transcriptional
regulation of teaABC. Instead, we suggest that TeaD might act
either as a translational regulator or as a direct or indirect regu-
lator of TeaABC transport activity.
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F1GURE 3: ATP binding of TeaD. ATP—ADP standards (black) are
compared to the supernatant of denatured TeaD protein (red) on a
high-pressure liquid chromatograph (HPLC). ADP has a retention
time of 12 min and ATP 14.3 min. The supernatant of heat-shocked
TeaD shows a retention peak at 14.4 min, which is comparable to the
ATP standard.

TeaD Is an ATP-Binding Protein. The nucleotide-binding
capacity of a subset of USPs was discovered when the structure of
M1J0577, an USP from Methanococcus jannaschii, was solved in
complex with ATP (31). A GX,GXoG(S/T) motif was assigned
for ATP binding in USPs (/7). The presence of this motifin TeaD
suggests its ATP-binding ability, which was examined by HPLC
(Figure 3). TeaD was expressed in E. coli and purified to homo-
geneity by cation exchange (SP-Sepharose), subsequently fol-
lowed by size exclusion chromatography (Superdex 10/300)
against 25 mM Tris, pH 7.5, and 500 mM NaCl. Supernatants
from boiled samples of TeaD were loaded onto the octadecyl-
SiO, (ODS) C 18 Hypersil column. Compared to the ADP and
ATP standards (Figure 3) the supernatant of denatured TeaD
eluted always with ATP. We assume that TeaD binds ATP from
its expression host E. coli. The association was sufficiently tight
that nearly 35% of the nucleotide-binding sites were occupied
upon purification assuming a 1:1 binding stoichiometry (ATP/
monomer). However, a complete dissociation from TeaD could
not be observed even after extensive washing steps during cation-
exchange chromatography. TeaD was incubated with increasing
ATP concentrations up to 10 mM ATP and investigated by
HPLC, resulting in a dissociation constant of 0.8 uM for ATP
binding. ADP was not present in the supernatants from boiled
samples of TeaD, consistent with the fact that no ATPase activity
could be detected for TeaD. However, TeaD might require an
additional binding partner to hydrolyze ATP.

ATP-Dependent Tetramerization of TeaD. TeaD showed
a tendency to form aggregates at concentrations above 2 mg/mL
in the absence of 500 mM NaCl, which was an issue in crystal-
lization. However, salt could be replaced by 2.5—5 mM ATP and
50—150 mM MgCl, to increase solubility of TeaD, suggesting a
stabilizing effect upon ATP binding. Therefore, we investigated
the aggregation/oligomerization behavior of TeaD dependent on
the ATP concentration by size exclusion chromatography (SEC)
and blue native (BN) gel electrophoresis.

SEC analysis (Figure 4A, red curve) of purified TeaD showed
a monodisperse peak without aggregates (expected in the void
volume at 8§ mL), when 500 mM NaCl or 150 mM MgCl, was
present in the running buffer, respectively. Compared to six
standard proteins (Figure 4A, right) the elution volume corres-
ponds to a TeaD dimer at 32 + 3 kDa. However, incubation of
TeaD with 2.5 mM ATP revealed the appearance of an additional
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FiGURE 4: (A) Size exclusion chromatography of TeaD. TeaD eluted as a dimer in 25 mM Tris, pH 7.5, and 500 mM NacCl (red curve). A partial
shift to tetramer could be observed when ATP was added to the gel filtration buffer depending on the ATP concentration (600 nM, green curve;
2.5 mM, blue curve). A calibration curve to determine the molecular mass was obtained from the six standard proteins: aldolase (158 kDa),
albumin bovine from bovine serum (67 kDa), albumin from chicken egg (43 kDa), carboamylase (29 kDa), myoglobin equine from horse muscle
(18 kDa), and ribonuclease (14 kDa). (B) Blue native PAGE (4—16%) of TeaD in the presence of varying amounts of ATP. The molecular masses
of the standard proteins (M) are indicated on the left side. Lanes: (1) TeaD without ATP incubation, (2) TeaD incubated with 2.5 mM ATP,
(3) TeaD incubated with 2.5 mM ATP and 150 mM MgCl,, and (4—7) TeaD incubated with 500 nM, 100 uM, 675 uM, 1 mM, 2.5 mM, 5mM, and
10 mM ATP, respectively. A calibration curve of the run length was determined using seven different proteins as a standard: IgM pentamer (1048
kDa), apoferritin band I (720 kDa), apoferritin band 11 (480 kDa), B-phycoerythrin (242 kDa), Lactate dehydrogenase (146 kDa), bovine serum
albumin (66 kDa), soybean trypsin inhibitor (20 kDa) (Native Mark Unstained Protein Standard Invitrogen, USA).

higher oligomeric state (Figure 4A, blue curve). This state was
assigned as a tetramer with a molecular mass of 62 £ 3 kDa accor-
ding to the calibration curve. A tetrameric state, although with a
lower occupancy (1:3) than the dimeric state, appeared already at a
concentration of 600 nM ATP (Figure 4A, green curve). BN gel
electrophoresis (Figure 4B) confirmed the dimeric state of TeaD
(lane 1) by comparison to seven standard proteins (Figure 4B,
right), with a molecular mass of 37 & 3 kDa which is comparable to
that determined by size exclusion chromatography. Upon incuba-
tion with 2.5 mM ATP (lane 2) and 150 mM MgCl,/2.5 mM ATP
(lane 3) a 1:1 distribution of dimers and tetramers (66 kDa) was also
observed in the BN gel, suggesting that Mg>", which stabilizes
TeaD at higher concentrations, does not play a role in TeaD tetra-
merization. Different ATP concentrations ranging from 500 nM to
10 mM (lanes 4 and 5) providing a 10—160-fold excess of ATP show
that the ATP-saturated TeaD forms always a dimer—tetramer
equilibrium with an apparent stoichoimetry of 1:1.

Crystal Structure of TeaD: Tetrameric Assembly and
ATP Binding. TeaD crystals grew in 100 mM Tris, pH 7.5,
200 mM (NH4),SO4, 15% polyethylene glycol (PEG) 3350, and
SmM ATP. The crystals exhibit P2,2,2, symmetry. The structure
of TeaD was solved by molecular replacement to 1.9 A resolu-
tion. The final TeaD model has an Ry, of 21% and an R, of
25% (Table 1). The asymmetric unit in TeaD crystals comprises
four tightly bound TeaD molecules (Figure 5A). The TeaD
monomer consists of a five-stranded parallel 5-sheet surrounded
by five a-helices and binds one molecule of ATP (Figure 5B). The
structure is resolved from residue 1 to residue 147 missing residues
42—46 and 57—60 (corresponding to o2 and #1) in monomers

C and D and residues 123—129 of monomer C, suggesting that
these are highly flexible regions. Monomer—monomer contacts
(Figure 5B) are formed through hydrogen bonds involving the
main chains of Vall44 and Vall46 and through hydrophobic
interactions mediated by f-strand 5 and o-helix 5 with a buried
surface of 3700 A” between monomers A and B or monomers C
and D (Figure 5B). The buried surface of the dimer—dimer
contacts of 5770 A” is build by a2 and y1. The dimer—dimer
contact region of monomers B and D is shown in Figure 5C. The
hydrogen bonds and their lengths are varying for each dimer—
dimer contact region (D to B, A to C, C to A). However, the
hydrogen bonds between Ser50 and Glyll and between Serd8
and Lys13 are conserved throughout the tetrameric structure.

The TeaD protein possesses an ATP-binding Rossmann fold
with alternating a-helices and f-strands. Details of hydrogen-
bonding interactions are shown in Figure 6A,B. Interestingly,
Argl35is provided by a neighboring dimer and forms a hydrogen
bond to the Py of ATP. Electron density observed close to the
phosphate groups of each ATP was assigned as Mg”*-ion based
on its characteristic hexagonal coordination in the structure.
Mg”" was present during size exclusion chromatography and
crystallization. The interaction of Mg*" with the Pocand the P of
ATP is stronger than with the Py. In monomer D the Py is not
coordinating the Mg*"-ion. Three water molecules complete the
octahedral coordination of the magnesium ion.

TeaD shares a common overall fold with other USPs (Table 2,
Figure 7), which differ mainly in the poorly conserved regions
a2 and #71. The short a2-helix observed in TeaD is also present in
the structure of the eukaryotic USP of Arabidopsis thaliana (2dum),
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Table 1: X-ray Data Collection, Refinement, and Model Statistics of TeaD

data collection

unit cell (A) a=741,b=747, ¢ =970
space group P2,2,2,
wavelength (A) 0.9765

resolution? (A)
no. of obsd reflections”
no. of unique reflections”

20-1.9 (1.95-1.90)
208028 (11146)
42968 (3183)

completeness” (%) 99.8 (99.6)
I/o(D)* 13.2(2.2)
Rineas™” (%) 8.1 (73.4)

refinement
resolution (A) 1.9
Ryork (%) 25.2
Rfree (%) 219
no. of protein atoms 4388
no. of ATP atoms 124
no. of solvent molecules 97
no. of magnesium ions 6
rmsd¢ from ideal bond length (A) 0.006
rmsd‘ from ideal bond angles (deg) 1.08
average B factor model atoms (/Q\z) 29.0
Wilson B factor (Az) 40.4
Ramachandran plot favored (%) 96
Ramachandran plot allowed (%) 4

“Data in parentheses are for the highest resolution shell. For definition of Ryeas. see ref 38. “Root mean square deviation. The fraction of Ry is 5% of the

total reflections.

FIGURE 5: Overall structure of TeaD and dimer—tetramer contacts. (A) TeaD crystals have four tightly packed molecules in the asymmetric unit.
A dimer of dimers is formed by interaction from one dimer (monomer A in green and B in yellow) with the other dimer. One ATP (black) is bound
to each monomer exhibiting a Rossmann fold. (B) The dimer contacts are formed by f3-sheet 5 and a-helix 4. The dashed lines and the numbers
indicate the hydrogen bonds and their lengths. (C) The dimer—dimer contact region of monomers B and D. The main interactions are coordinated

by a-helix 2 and the loop region #1.

as well as in the archaeal USPs from Pyrococcus horikoshii (2dum),
M. jannaschii (1mjh), and Aquifex aeolicus (1q77), while no
helical secondary structure element can be observed in that
region in USPs of Mycobacterium tuberculosis (3cis) and Archae-
globus fulgidus (3dlo). Monomer—monomer interaction regions
(a5 and f5) are highly conserved in all USPs, while a similar
tetrameric assembly as in TeaD was observed only in crystal
structures of the USP—ATP complexes from T. thermophilus
(2208), M. jannaschii (1mjh), Klebsiella pneumoniae (3fdx), and
M. tuberculosis (3cis). The majority of USPs without bound ATP
or in complex with ADP or AMP crystallizes as dimers. This
indicates that an ATP-dependent formation of a dimer—dimer
complex is found also in other USPs. A structural comparison
reveals very similar coordination of ATP-binding. The ATP-
binding residues are clustered in four areas (Figure 7). The highly
conserved adenosine-binding residues are located between 51 and
al (PVDXXSXGA 8—16, X indicating nonbinding residues), on
p2 (LXV 36—38), and on a4 (P 98). The less conserved phos-
phate-binding residues IGXQGXNG 116—123 and GSVAXR
130—135 are on the loop between 54 and a5 (Figure 7). Together

with TeaD (Figure 7), they all share the GX,GXyG(S/T) sequence,
which was defined as the ATP-binding motif for M. tuberculosis
USPs (12). However, the USP from K. pneumoniae lacking
the motif in its sequence was crystallized in complex with ADP
(3fh0) and ATP (3fdx), showing that the absence of this motif is
not a criterion to classify an USP as a non-ATP-binding USP.
Interestingly, in the structures of TeaD and the USPs of
K. pneumoniae and T. thermophilus, the binding of Py of ATP
is mediated by a positively charged residue arginine or lysine of an
adjacent dimer (Figures 6A,B and 7), reminiscent of the R-finger.
The R-finger was described for ATPases (32) and the GTPase
activating enzyme (GAP) in complex with Ras (33). The arginine
is believed to compensate developing negative charges accumu-
lating during phosphoryl transfer. Thus the transition state in ATP/
GTP hydrolysis is stabilized and the hydrolysis is favored (33),
which is enhanced by formation of a dimer of dimers, when Argl35
interacts with ATP. This finding suggests that TeaD and the
other described USPs might have an ATPase activity. However,
no ATPase activity could be detected for TeaD in vitro, indicating
that there might be an additional reaction partner.
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chain C (pink) binds to ATP in chain A (green) and vice versa. (C) Schematic drawing of the ATP-binding site in monomer A. The dashed lines
indicate hydrogen bonds with their lengths and the coordination of the Mg>* ion. CHEMDRAW was used to create this figure.

Table 2: Structures of USPs Available in the PDB Identified by a DALI Search against the TeaD Structure”

PDB-chain Z rmsd lali nres % organism cofactor protein
2709-A 20,2 1,3 119 124 33 T. thermophilus ACP USP (Q5SJV7)
2708-A 20,0 1,3 118 123 33 T. thermophilus ATP USP (Q5SJV7)
Iwjg-A 19,0 2,0 126 135 31 T. thermophilus no USP (Q5SJV7)
3cis-C 18,6 2,1 134 290 21 M. tuberculosis ATP Rv2623
Imjh-A 18,5 2,5 135 143 28 M. jannaschii ATP MIJ0577
3dlo-A 18,2 2,0 124 134 26 A. fulgidus no USP (029432)
3fdx-A 17,5 2,1 124 127 28 K. pneumoniae ATP KPN_01443
3fh0-B 17,5 2,3 124 125 27 K. pneumoniae ADP KPN_01444
3fg9-E 16, 3 2,2 129 150 23 Lactobacillus plantarum WCFS1 no USP (Q88RY8)
2¢m3-E 15,1 3,7 120 153 21 A. thaliana AMP USP (Q8LGGS)
2dum-C 15,0 3,4 137 146 26 P. horikoshii no PHO0823
2pfs-A 14,6 2,4 117 125 27 Neutrosomas europaea no USP (Q82 VNS)
1jmv-C 13,1 2,5 115 133 22 H. influenzae no USP A
1tg8-A 12,7 2,3 99 127 25 M. tuberculosis no Rv1636
1q77-A 11,5 3,0 125 138 19 A. aeolicus no AQ_178

“rmsd (root mean square deviation) and the sequence identities (%) over a range of matching residues (lali) out of the total number of residues (nres) of
12 different USPs are summarized up to a significant Z-score of 10. The Uni-Prot accession numbers are given in parentheses.

Role of USPs in Specific Ectoine TRAP Transporters.
A BLAST search for proteins that are related to the amino
acid sequence of TeaD revealed a number of USPs of up to
58% sequence identity to TeaD. Nevertheless, only the first 12 hits
comprise TeaD homologues, in the sense that they are organi-
zed in a common operon together with a TRAP transporter
(Table 3), while USPs with sequence identities to TeaD below

43% were genetically not organized next to any TRAP-T system.
All of these TeaD homologues stem from microorganisms that
belong to the proteobacteria. They comprise the heterotrophic
and phototrophic genera of the o-proteobacteria Oceanibulbus, Fulvi-
marina, Rhodobacterales, Silicibacter, Oceanicola, and Roseo-
bacter sp. and genera of y-proteobacteria Oceanobacter, Marino-
bacter, and Reinekea, of which Oceanobacter is the closest
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FIGURE 7: Sequence alignment, which resulted from a structural alignment of TeaD with structures of USPs available in the Protein Data Bank.
The two USP domains of M. tuberculosis Rv2623 protein were examined separately. Residues that are conserved in at least 60% of all sequences
are in red. All conserved residues are in blue boxes. ATP and, for A. thaliana, AMP interaction sites are highlighted in green. The R-finger arginine
and the comparable lysine are highlighted in pink. The black boxes indicate the clusters of the ATP-binding residues.

Table 3: Level of Sequence Identity of 12 TeaABC Homologues”

sequence identity to TeaD (%) TeaC (%) TeaB (%) TeaA (%) no. of TRAP
H. elongata 100 100 100 100 2
1 Oceanobacter sp. 58 78 66 72 1
2 Marinobacter algicola 55 84 71 78 6"
3 Marinobacter hydrocarbonoclasticus' 57 85 69 77 5#
4 Marinobacter sp. 54 83 69 74 6"
5 Reinekea sp. 51 83 68 74 4#
6 Aurantimonas 52 73 55 52 3
7 Oceanibulbus indolifex 48 75 60 57 10#
8 Fulvimarina pelagi* 48 73 59 53 4#
9 S. pomeroyi* 48 74 57 61 207
10 Oceanicola batsensis 45 77 61 60 14#
11 Roseobacter sp. AzwK-3b 48 74 57 61 7
12 Roseobacter sp. SK209-2-6 43 74 59 59 12
Vibrio sp. 64 49 40 3

“These transporters all possess a TeaD homologue encoding gene on their operon. There is an obvious gap in sequence identity of the whole TeaABC
transporter when the TeaD homologue is missing as in Vibrio. A selection of USPs (indicated in bold letters) is shown in the sequence alignment in Figure 8. The
total number of TRAP transporter systems and the existence of an ectoine synthesis pathway found in the respective organisms are as indicated: *, no ectoine
synthesis; #, fragmented TRAP systems; T, formerly Marinobacter aquaeolei.

relative of H. elongata. All bacteria are living either in marine or tolerance (34). The 12 TeaD homologues (Table 3) show
in saline habitats. Regarding the salt requirement, Marinobacter conserved ATP-binding sites and a high conservation in the
species resemble H. elongata the most and display a similar salt flexible region of 02 and 71 (labeled green, Figure 8), which is the
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FI1GURE 8: Sequence alignment TeaD against TeaD homologues originating from Oceanobacter sp. (58% sequence identity), Aurantimonas
(52% sequence identity), Oceanicola (45% sequence identity), Roseobacter (43% sequence identity), and B. subtilis (37% sequence identity). All
TeaD homologues are encoded by genes in close proximity of a TRAP transporter except the USP of B. subtilis, which is not related toa TRAP-T

or a transporter.

tetramerization region in TeaD. To show the significance of this
conservation, the USP from Bacillus subtilis was also included in
the sequence alignment. This USP is not located next toa TRAP-T
and is significantly different in these regions even though the
overall sequence identity to TeaD is still 37%. The TeaD homo-
logues show not only a sequence identity but also their associated
TRAP-T proteins, which are corresponding to TeaABC from
H. elongata (Table 3). Transporter proteins, which miss the USP-
encoding sequence in their neighborhood, show a significant lower
sequence identity. The decrease in sequence identity is very
pronounced for the substrate binding proteins, i.c., TeaA homo-
logues. Moreover, the ectoine-binding residues (35) Phe66,
Trpl67, and Trpl88 are conserved in all 12 TeaA homologues
(sequence identity > 52%) while they are not conserved in those
TRAP transporters missing the USP gene. This suggests that these
12 proteins are specific ectoine-binding proteins, and the
12 corresponding TRAP systems probably have similar physiolo-
gical properties to TeaABC. The conservation of TeaD in these
systems indicates that these USPs play an important role together
with the TRAP transporter in balancing the internal ectoine pool.
TeaABC not only is required to accumulate external ectoine in
response to osmotic stress but also functions as a salvage system
for ectoine leaking out of the cell. This was found by analyzing
strains of H. elongata, which possess an inoperable TeaABC
transporter. These strains constantly excreted ectoine to the sur-
rounding medium. Since uptake of compatible solutes from the
medium via osmoregulated transporters will result in a decreased
level of compatible solutes synthesized by the cell, it was sug-
gested that TeaABC might be integrated (directly or indirectly) in
the regulation of the cell’s compatible solute synthesis (6). Ectoine
release via mechanosensitive export channels and subsequent
ectoine uptake via TeaABC could serve as a signal for regulating
ectoine synthesis and degradation, respectively. Since TeaD is an
ATP-binding protein, it is tempting to speculate whether TeaD is
modulating the osmoregulatory uptake of ectoine according to
the ATP status of the cell and thereby controlling the internal

ectoine pool. However, the occurrence of TeaABCD-like TRAP
systems is not always linked to the presence of an ectoine synthesis
pathway. In fact, organisms such as Silicibacter pomeroyi are
equipped with teaABCD but are missing the ectABC genes
required for ectoine synthesis and do not use ectoine as a com-
patible solute. Instead, they carry the eut genes, which are
thought to be involved in ectoine degradation (36), and can use
ectoine as a nutrient.

Besides the TeaABC transporter, two more TRAP-Ts in
H. elongata are linked to USPs. One is a TAXI TRAP-T (/3) whose
SBP shows a high degree of sequence identity to the glutamate/
glutamine-binding protein from T. thermophilus, which structure
was solved to 1 A resolution (1US5). Similar glutamate trans-
porters linked to USPs were found in several halophilic organi-
sms, and each organism possesses a glutamate synthesis pathway.
Glutamate plays an important role in osmotic stress response in
H. elongata, because it is a counterion for K ions, which are
accumulated as osmolytes as a first response to hyperosmotic
stress. In the moderately halophilic, chloride-dependent bacte-
rium Halobacillus halophilus glutamate and glutamine are used as
main compatible solutes at external salinities of 1.0—1.5 M NaCl,
and biosynthesis of these solutes is regulated by chloride (37).
Ectoine and glutamate are not the only osmoprotectants which
are transported by a TRAP transporter linked to an USP. In
Roseobacter species TRAP transporters associated to USPs were
found which are specific for taurine (7), a compatible solute
widespread among marine invertebrates. We assume that these
three USPs are involved in the regulation of ectoine, glutamate,
and taurine transport via TRAP transporters. All three show
sequence conservation of several residues (magenta rhombi,
Figure 9), but they differ significantly in their tetramerization
region, which is located in a2, 71, and a3. It can be assumed that
this region might be specifically involved in the regulatory
interaction of the USP with the transporter itself or an additional
interaction partner, and consequently the oligomerization inter-
face has to be characteristic for the respective compatible solute
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FIGURE 9: Pairwise sequence alignment of USPs associated to TRAP transporters involved in ectoine (TeaD), glutamate (Gln,) and taurine
(TauN) transport. Magenta rhombi label conserved residues in all USPs.

transporter system. The regulatory mechanism could involve 7. Mulligan, C., Kelly, D. J., and Thomas, G. H. (2007) Tripartite

an association/dissociation of the dimer/ATP-bound tetramer.
In the dimeric state, the highly protein-interactive regions in o2,
a3, and 33 would be available for a specific regulatory interaction
of the USP with the transporter or, e.g., with a protein of the
respective synthesis/degradation pathway, while they would be
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now it can only be speculated that ATP binding switches these
TRAP-T associated USPs in an interactive state, suggesting that
the internal energy pool plays a role in transporter activation.
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