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Abstract: Arginine-binding protein from the extremophile 7Thermotoga maritima is a
27.7 kDa protein possessing the typical two-domain structure of the periplasmic binding
proteins family. The protein is characterized by a very high specificity and affinity to bind
to arginine, also at high temperatures. Due to its features, this protein could be taken into

account as a potential candidate for the design of a biosensor for arginine. It is important to

investigate the stability of proteins when they are used for biotechnological applications.
In this article, we review the structural and functional features of an arginine-binding
protein from the extremophile Thermotoga maritima with a particular eye on its potential
biotechnological applications.
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1. Introduction
1.1. ABC Transporter System and Periplasmic Binding Proteins

ATP-binding cassette (ABC) transporters are a ubiquitous distributed transmembrane protein
superfamily involved in the active translocation through the membrane of a big variety of substrates,
including ions, sugars, vitamins, drugs, metabolic products, lipids, amino acids and polypeptides. ABC
transporters are involved in a wide number of cellular processes and they utilize the energy obtained
by the ATP hydrolysis to carry out their functions, while their dysfunction underlies a number of
genetic diseases [1-3]. ABC proteins are formed by four domains that may be organized in several
modes: two highly conserved cytoplasmic nucleotide-binding domains (NBDs) which bind and
hydrolyze ATP driving the translocation of the bound ligand and two variable transmembrane domains
(TMDs) consisting of a-helices that allow the translocation of solutes across the membranes and
provide specificity [4,5]. ABC transporters can be divided into two main functional groups that differ
significantly both in their functioning mechanism and in their structural organization, mainly of TMD
region: importers that are involved in substrate up-taking and exporters that are responsible for the
secretion of various molecules [6—8]. Importers, that are present only in prokaryotes, are often
accompanied by additional high-affinity binding proteins that are localized in the periplasmic space of
gram-negative bacteria. These proteins named periplasmic binding proteins (PBPs) interact and
associate with extreme specificity and affinity with different substrates that are distributed to the
appropriate ABC transporter anchored to the inner membrane. The mechanism of ligand uptake by the
synergic action of importers and PBPs is well functionally characterized for the maltose uptake system
of E. coli and the structure of the entire complex (MBP-MalFGK,) has also been described in atomic
details [9]. PBPs can recruit a broad number of nutrients and they are also present in other bacteria
without periplasm [10] and in archaea [11] constituting one of the largest and widely distributed
protein family in bacteria and archaea. To this day, many structures of different wild-type PBPs have
been solved at very high resolution, and in all cases, they show some similar peculiar characteristics.
Typically, these binding proteins are monomers consisting of two well-defined globular domains
joined by a hinge forming a groove between them that constitutes the ligand-binding site. This
structure allows the proteins to assume two different conformations depending on the presence or the
absence of the ligand (closed and open form respectively), indeed the two domains act like a clamp
and move closer each other as a consequence of the ligand binding [12]. Despite of their different sizes
that vary between 20 and 60 kDa and a relatively little sequence homology [13], all PBPs share not
only the previously described three dimensional conformation but also a similar secondary structure.
Each domain consists of a B-sheet core formed by five or six B-strands surrounded by helices and
depending on number and order of the strands, two structural classes of PBP superfamily can be
identified: the class I possess six B-strands in the order B,f31B3P4PsPs and the two domains are linked by
three peptide hinges, while the class II is formed by five strands that take the form of B.B:1B3psps with
two connecting segments between the two domains [12,14,15]. Recently, a third class of PBPs has
been identified which do not fall into any of the previously described structural groups and it is
characterized by a single long helix hinge [16,17].
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1.2. Arginine-Binding Protein from Thermotoga Maritima and Its Potential Applications

Arginine-binding protein (ArgBP) is a member of PBPs superfamily belonging to the class II and it
is capable to bind to arginine with very high affinity [18] and a ligand-binding specificity only for
arginine [19] or for arginine, ornithine and/or lysine [20,21]. Besides the extremely important role in
regulation of intracellular arginine concentration, ArgBP as many other PBPs can be employed in a
wide range of biotechnological applications [22], among them ArgBP could be used as sensitive
element in biosensor systems for detection of arginine in urine, serum and blood. Indeed, high levels of
arginine in bodily fluids is an important signal of enzyme arginase malfunctioning in urea cycle, a
disorder that can lead to hyper-argininemia, an autosomal recessive disease caused by high
concentration of arginine and ammonia in the blood with dramatic consequences to human health,
especially in neonatal age [23,24]. Moreover, arginine is also the precursor for the synthesis of
endothelium-derived nitric oxide by the enzyme nitric oxide synthase [25]. Nitric oxide is an important
factor for the regulation of blood flow and pressure, therefore anomalous levels of arginine can be the
cause of disorders related to nitric oxide synthesis that can lead to vascular diseases like atherosclerosis
and hypercholesterolemia [26,27]. Hence, the possibility to get a real-time and continuous detection
and monitoring of arginine levels could be fundamental for diagnosis and treatment of these disorders.
A reagentless optical biosensor based on ArgBP fluorescence could be a cheap, easy and powerful tool
with a broad range of applications. Indeed, several PBPs have already been studied and applied in
fluorescence-based biosensors for the detection of other molecules such as glutamine and glucose. In
these cases glutamine-binding protein and glucose/galactose-binding protein were proposed as
biosensors for optical assay of glutamine and glucose, respectively, by exploiting the intrinsic
characteristics of the wild-type proteins, or by introducing residues in specific locations in order to
label the proteins with fluorescent dyes and/or to decrease the ligand affinity of the binding protein to
physiologically relevant ranges [28-30]. In general, the peculiar characteristic of these binding
proteins of assuming open or closed form depending on the ligand-binding with the consequent large
conformational change may be exploited to monitor possible changes in fluorescence emission of the
aromatic residues or the fluorescent probes expressly linked to the protein. For this reason and for the
advantage of avoiding the secondary components production and the modification of the sensor itself,
PBPs could be employed as good scaffolds in fluorescence biosensing applications. High affinity and
specificity of binding to the ligands combined to high sensitivity of the fluorescent probe is a very
important starting point for the development of optical biosensors. However, this is a necessary but not
sufficient property for practical applications of the biosensors. High stability under a wide range of
different environmental conditions is also required, and an effective partial solution for this problem is
given by extremophiles. Indeed, the use of proteins from extremophilic organisms is often preferred to
that of their mesophilic homologues, since this provides the essential robustness to the biosensor. Here,
a thermostable arginine-binding protein from the extremophile Thermotoga maritima (TmArgBP) is
described with a view to its potential application as a scaffold for the creation of a solid fluorescent
biosensor. 7. maritima is a hyper-thermophilic gram-negative eubacterium originally isolated from
different geothermal heated marine sediments in Italy, Iceland and the Azores, and it can perfectly
grow in a range of temperature from 55 up to 90 °C with an optimum of 80 °C [31]. Though a
eubacterium, 7. maritima shows a large number of archaeal gene homologues that reveals an occurred
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lateral gene transfer during the evolution, demonstrated by a high gene sequence similarity [32,33].
Some thermostable sugar-binding proteins from this microorganism have been already partially
characterized and potentially they could also be employed in biosensing [34-36]. The genomic
sequence of 7. maritima contains several open reading frames (ORFs) annotated as putative
periplasmic binding proteins [32], among which /m0593 encodes a protein with similar sequence to
several polar amino acid-binding protein although from this homology it could not be possible to
predict the specific cognate ligand for the protein. The protein was determined to be an arginine-binding
protein with a very high affinity and specificity for arginine as cognate ligand [37]. Innovative
experiments of nano-flow electrospray ionization mass spectrometry (nano-ESI-MS) showed that this
PBP had a strong preferential selectivity for binding to arginine, this technique allowed to detect the
formation of the protein-ligand complex in the presence of arginine as ligand, on the contrary the
presence of other amino acids such as histidine or asparagine did not lead to the formation of any
complex, in fact in these cases only the free protein was observed [37]. Hence, in order to measure the
binding affinity to the arginine, surface plasmon resonance (SPR) experiments were performed and a
dissociation constant (K4) of 20 uM was determined. This K4 value was also compared to that obtained
using glutamine instead of arginine, that was 160 uM, since the high sequence homology between this
arginine-binding protein and a glutamine-binding protein from E. coli [38], confirming that the protein had
high affinity and specificity only for the amino acid arginine [37].

2. TmArgBP Structure

Having established that the protein encoded by /m0593 was a specific arginine-binding protein
(TmArgBP) with known dissociation constant, its molecular organization, conformational dynamics
and structural stability were studied by means of different methods, including low-resolution
biophysical techniques, preliminary X-ray crystallographic analysis, differential scanning calorimetry
and molecular dynamics simulation. TmArgBP has a monomeric molecular weight of 27.7 kDa, unlike
the most of PBPs, TmArgBP can exist as monomer, homodimer and homotrimer even under strongly
denaturing condition [37]. The existence of oligomeric conformations was previously observed in
other PBPs from 7. maritima and also from other organisms and it seems to be related to the ligand
transport and the protein membrane anchorage even if the precise specific function is still not well
understood [39—41]. Since the three-dimensional structure of the TmArgBP monomer has not been
already solved at high resolution, 3D protein models with and without the ligand were created by
homology modeling with Modeller 9.5 (Figure 1 B and A, respectively) [42] using the structure of the
ligand-bound Arg-, Lys-, His-binding protein from G. stearothermophilus (RMSD = 0.807 A
measured by InsightIl — superimpose structure module) [43] and ligand-free GIn-binding protein from
E. coli as templates (RMSD = 0.788 A) [44] and as predictable, the TmArgBP models showed the
characteristic PBP motif. In fact, TmArgBP monomer has the typical structure of PBPs family
members, with a single polypeptide chain that folds into two domains connected by a hinge region.
This conformation is strictly related to the ligand-binding function for all the PBPs, which is why even
with a moderate level of sequence similarity they conserve this tertiary structure. In TmArgBP models,
the single domains in open and closed forms were almost totally superimposable with a perfect
coincidence of one of the two (the one containing both C- and N-terminal) with a RMSD of 0.66 A,
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while the other domain showed a rotation of 50 °C around the hinge from the open to the closed
conformation. While the binding to arginine induced the hinge-bending motion between the two
domains, it had not any effect on the secondary structure. In both cases, the two domains conserved the
typical B-sheet hydrophobic core surrounded by helices with no differences in secondary structures
content, which was also confirmed by FTIR and CD experiments [42,45].

Figure 1. 3D cartoon models of TmArgBP in the absence (A) and in the presence (B) of
arginine (displayed in spheres). The ligand-binding induces the bending of the two

domains that makes the protein assumes the closed form.

A deeper molecular insight of the binding cleft of TmArgBP with bound arginine was provided by a
visual analysis of the closed form model (Figure 2). The ligand-protein docking could involve several
residues within 5 A radius centered on the ligand arginine, but some of them appear to play a crucial
role for the ligand docking to the binding site. In particular, E42, S35, S93 and Q142 are at a suitable
distance to form H-bonds with the guanidine moiety of the ligand arginine. The residues D183 and
G94 can interact with the amine group while T147, T146 and R101 form interactions with the
carboxylic acid group. Finally, F38, F76 and T96 lie in a favorable position to create hydrophobic
bonds with the arginine aliphatic straight chain.
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Figure 2. Close-up view of TmArgBP binding site with bound arginine. All the amino
acidic residues lying within a distance of 5 A from the ligand arginine are shown and
represented in stick mode and labeled, while arginine is displayed in spheres. All the
possible interactions that can be formed given charge, position and distance of each residue
from the arginine are displayed in dashed lines.

Crystallization trials of both arginine-bound and arginine-free TmArgBP forms were also
performed and some preliminary X-ray results were obtained [46]. In the presence of the ligand,
ordered crystals of the protein were obtained in one day by using the detergent LDAO. The crystals
presented a primitive hexagonal symmetry with an elongated unit-cell (a = 78.2, b= 78.2, ¢ =434.7 A)
and the existence of three or four molecules per asymmetric unit. Otherwise, in the absence of
arginine, ordered crystals suitable for X-ray diffraction experiments were obtained in one week by
using PEG 3350 as precipitant. These crystals were orthorhombic with unit-cell parameters a = 51.8,
b=91.9, ¢ = 117.9 A and with the presence of two molecules per asymmetric unit. Arginine-bound
and arginine-free TmArgBP crystals were diffracted to 2.7 and 2.25 A resolution, respectively [46].
Trials to solve the structures of both protein forms at high resolution are in progress.

3. Stability of TmArgBP

As expected for proteins from extremophilic organisms, TmArgBP is endowed with an outstanding
stability towards thermal and chemical denaturation. The complete protein thermal unfolding occurs
around 120 °C while the melting temperature (Ty,,) has been first estimated by Luchansky et al. [37]

and then directly observed by Ausili ef al. [45] at 115 °C.
The denaturation process is irreversible, one-step and cooperative, with a thermodynamic equilibrium
model like:

e
N2 _)ZU
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where N, and 2U are the homo-dimeric native and the unfolded state, respectively. This model
suggests that, despite TmArgBP exists as a dimer, and each monomer is formed by two well defined
structural domains, only one energetic domain is present during the unfolding process [45]. Moreover,
it was observed that the B-structure core is more stable than the more exposed a-helices and in
particular, the three highly hydrophobic and completely buried B-strands of the central B-sheet are the
most thermostable [42].

This strong protein stability under extremely high temperature conditions was also found in the
presence of chemical denaturants such as SDS and guanidine hydrochloride (GdmCI) and at alkaline
conditions. At 20 °C high concentrations of SDS (3.5% w/v) induce a partial loss of a-helices and
B-sheet elements, however, the protein conserves a well-defined secondary structure that is
progressively lost increasing the temperature up its complete unfolding at 95 °C [42]. A similar
behavior was observed in the presence of GAmCI. The complete protein chemical denaturation can be
achieved at 20 °C only in conditions of GdmCI saturation, while at 95 °C a concentration of at least 2.6
M GdmCl is required to fully denature TmArgBP [45]. At pH 10.5, the protein structure undergoes
only little changes at 20 °C, in particular it is noted a partial lost of a-helix structures and a tertiary
structure loosening. Moreover, at high pH values, the presence of two B-sheet populations located in
the protein hydrophobic core is detectable during the denaturation process [42].

In any case, the cognate ligand binding exerts an important stabilizing effect on the protein
structure. Indeed, the presence of arginine increases the T, from 115 °C to 119 °C without affecting
the overall unfolding mechanism, as well as it enhances its resistance to alkaline and chemical
denaturant conditions [37,42,45].

4. Tryptophan Microenvironment

In TmArgBP only one tryptophan residue (Trp**°

) is present and it is localized in the a-helix at
C-terminal of the protein at the opposite side of the binding site (Figure 3). Trp**® results to be
stabilized by electrostatic interactions with near residues. In particular it is possible to notice the
presence of stabilizing interactions between the carboxyl group of Asp®’ facing the positive end of the
Trp?S

of Lys** facing the negative end of the Trp

indole dipole (N1) (atomic distance = 3.0 A in the open form) and between the positive charge
226 dipole (C4-C5) (atomic distance = 4.2 A in the open
form) (Figure 4A). Trp**® environment is highly homogeneous, polar and rather rigid, while the
tryptophan indole ring is largely but superficially buried within the protein fold. In fact, the indole ring
is not in direct contact with the aqueous phase, but it is very near to it (< 0.5 A). Moreover, the region
of Trp*® is not involved in the association of the subunits and also that monomer formation has no
significant impact on the protein structure near the indolic residue [45]. Finally, Trp**® environment
not only is far from the binding site but also its local structure/dynamics is totally disconnected from

the binding site region. That was both observed from the analysis of Trp**®

226

position and interactions
involving the Trp™ microenvironment in the predicted structures illustrated in Figure 3 and 4, and
inferred from the absolute absence of any change in fluorescence and phosphorescence tryptophan
intrinsic emission when the protein assumes the closed form in the presence of the ligand [37,45]. This

phenomenon is quite unusual for proteins, which undergo evident conformational changes like the
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PBPs and in our best knowledge this is the first protein that does not show changes in phosphorescence

emission upon ligand binding.

Figure 3. Position of Trp”*® in TmArgBP. The indole side chain is in evidence, displayed
in sticks and labeled. Panel A and B depict the open and closed form, respectively. The
residue is far from the binding site and enough buried from the aqueous interface to avoid
the direct exposition to the solvent. Notice that the presence of the ligand (displayed in

226

spheres) does not affect the Trp™ position.

A
W226 ﬁ W226 d LU

Figure 4. Close-up view of Trp**® microenvironment. Trp**® and the residues that possibly
interact with it are in evidence, displayed in sticks and labeled. The black dashed lines

represent the distances between the functional groups involved in the Trp**® stabilizing
interactions. A and B show the tryptophan microenvironment for open and closed form,

respectively. The interaction distances, labeled in the figure, remain roughly unvaried.

A B
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5. Conclusions

TmArgBP could be employed in several biotechnological applications including optical biosensing
for arginine detection based on fluorescence. Unfortunately, the possibility of using the intrinsic Trp**°
emission for this purpose has to be discarded in TmArgBP, but its extremely advantageous
characteristics of structural stability and selectivity/sensibility for arginine-binding could make this
protein a potential candidate for the design of such a biosensor. Attempts to produce new mutant
proteins aimed at providing to TmArgBP an optical sensitivity for conformational changes due to
arginine binding are currently in progress with attractive outlooks. The idea is to create double mutants
inserting reactive residues in order to attach fluorescent dyes in advantageous positions. The location
of the mutations will allow the approach of the dyes when the protein assumes the closed form in the
presence of arginine that will be detectable by means of RET or PET techniques. A biosensor based on
this methodology would avoid many disadvantages of traditional arginine-detection systems such as
high costs, response slowness and laborious sample preparations by qualified operators. For these
reasons, we are confident that the design of a fluorescence-based biosensor would be an important
advance in arginine detection.

Acknowledgements
The authors wish to thank Anna Marabotti for her kind help with homology modeling analysis.
References

1. Higgins, C.F. ABC transporters: From microorganisms to man. Annu. Rev. Cell Biol. 1992, 8, 67-113.

2. Jomes, P.M.; George, A.M. The ABC transporter structure and mechanism: Perspectives on recent
research. Cell Mol. Life Sci. 2004, 61, 682—699.

3. Linton, K.J. Structure and function of ABC transporters. Physiology 2007, 22, 122-130.
Zolnerciks, J.K.; Andress, E.J.; Nicolaou, M.; Linton, K.J. Structure of ABC transporters.
Essays Biochem. 2011, 50, 43-61.

5. Kos, V.; Ford, R.C. The ATP-binding cassette family: a structural perspective. Cell Mol. Life Sci.
2009, 66, 3111-3126.

6. Davidson, A.L.; Dassa, E.; Orelle, C.; Chen, J. Structure, function, and evolution of bacterial
ATP-binding cassette systems. Microbiol. Mol. Biol. Rev. 2008, 72, 317-364.

7. Rees, D.C.; Johnson, E.; Lewinson, O. ABC transporters: the power to change. Nat. Rev. Mol.
Cell. Biol. 2009, 10, 218-227.

8. Oldham, M.L.; Davidson, A.L.; Chen, J. Structural insights into ABC transporter mechanism.
Curr. Opin. Struct. Biol. 2008, 18, 726-733.

9. Oldham, M.L.; Khare, D.; Quiocho, F.A.; Davidson, A.L.; Chen, J. Crystal structure of a catalytic
intermediate of the maltose transporter. Nature 2007, 450, 515-521.

10. Gilson, E.; Alloing, G.; Schmidt, T.; Claverys, J.P.; Dudler, R.; Hofnung, M. Evidence for high
affinity binding-protein dependent transport systems in gram-positive bacteria and in
Mycoplasma. EMBO J. 1988, 7, 3971-3974.



Life 2013, 3 158

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Montesinos, M.L.; Herrero, A.; Flores, E. Amino acid transport in taxonomically diverse
cyanobacteria and identification of two genes encoding elements of a neutral amino acid permease
putatively involved in recapture of leaked hydrophobic amino acids. J. Bacteriol. 1997, 179, 853—-862.
Quiocho, F.A.; Ledvina, P.S. Atomic structure and specificity of bacterial periplasmic receptors
for active transport and chemotaxis: variation of common themes. Mol. Microbiol. 1996, 20, 17-25.
Tam, R.; Saier, M.H., Jr. Structural, functional, and evolutionary relationships among
extracellular solute-binding receptors of bacteria. Microbiol. Rev. 1993, 57, 320-346.

Dwyer, M.A.; Hellinga, H.-W. Periplasmic binding proteins: a versatile superfamily for protein
engineering. Curr. Opin. Struct. Biol. 2004, 14, 495-504.

Fukami-Kobayashi, K.; Tateno, Y.; Nishikawa, K. Domain dislocation: a change of core structure
in periplasmic binding proteins in their evolutionary history. J. Mol. Biol. 1999, 286, 279-290.
Lee, Y.H.; Dorwart, M.R.; Hazlett, K.R.; Deka, R.K.; Norgard, M.V.; Radolf, J.D.; Hasemann, C.A.
The crystal structure of Zn(Il)-free Treponema pallidum TroA, a periplasmic metal-binding
protein, reveals a closed conformation. J. Bacteriol. 2002, 184, 2300-2304.

Karpowich, N.K.; Huang, H.H.; Smith, P.C.; Hunt, J.F. Crystal structures of the BtuF
periplasmic-binding protein for vitamin B12 suggest a functionally important reduction in protein
mobility upon ligand binding. J. Biol. Chem. 2003, 278, 8429-8434.

Wissenbach, U.; Six, S.; Bongaerts, J.; Ternes, D.; Steinwachs, S.; Unden, G. A third periplasmic
transport system for L-arginine in Escherichia coli: molecular characterization of the artPIQMJ
genes, arginine binding and transport. Mol. Microbiol. 1995, 17, 675-686.

Stamp, A.L.; Owen, P.; El Omari, K.; Lockyer, M.; Lamb, H.K.; Charles, 1.G.; Hawkins, A.R.;
Stammers, D.K. Crystallographic and microcalorimetric analyses reveal the structural basis for
high arginine specificity in the Salmonella enterica serovar Typhimurium periplasmic binding
protein STM4351. Proteins 2011, 79, 2352-2357.

Oh, B.H.; Pandit, J.; Kang, C.H.; Nikaido, K.; Gokcen, S.; Ames, G.F.; Kim, S.H.
Three-dimensional structures of the periplasmic lysine/arginine/ornithine-binding protein with
and without a ligand. J. Biol. Chem. 1993, 268, 11348—11355.

Celis, R.T.; Leadlay, P.F.; Roy, I.; Hansen, A. Phosphorylation of the periplasmic binding protein
in two transport systems for arginine incorporation in Escherichia coli K-12 is unrelated to the
function of the transport system. J. Bacteriol. 1998, 180, 4828—-4833.

De Wolf, F.A.; Brett, G.M. Ligand-binding proteins: their potential for application in systems for
controlled delivery and uptake of ligands. Pharmacol. Rev. 2000, 52, 207-236.

Jain-Ghai, S.; Nagamani, S.C.; Blaser, S.; Siriwardena, K.; Feigenbaum, A. Arginase I deficiency:
severe infantile presentation with hyperammonemia: more common than reported? Mol. Genet.
Metab. 2011, 104, 107-111.

Brusilov, S.W.; Horwich, A.L. Urea cycle enzymes. In The Metabolic Basis of Inherited Disease;
Scriver, C.R., Beaudet, A.L., Sly, W.S., Valle, D., Eds.; McGraw-Hill: New York, NY, USA,
1989; pp 629—-663.

Rees, D.D.; Palmer, R.M.; Moncada, S. Role of endothelium-derived nitric oxide in the regulation
of blood pressure. Proc. Natl. Acad. Sci. USA 1989, 86, 3375-3378.

Cooke, J.P. Does ADMA cause endothelial dysfunction? Arterioscler. Thromb. Vasc. Biol. 2000,
20, 2032-2037.



Life 2013, 3 159

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Vallance, P.; Collier, J.; Moncada, S. Effects of endothelium-derived nitric oxide on peripheral
arteriolar tone in man. Lancet 1989, 2, 997-1000.

Dattelbaum, J.D.; Lakowicz, J.R. Optical determination of glutamine using a genetically
engineered protein. Anal. Biochem. 2001, 291, 89-95.

Amiss, T.J.; Sherman, D.B.; Nycz, C.M.; Andaluz, S.A.; Pitner, J.B. Engineering and rapid
selection of a low-affinity glucose/galactose-binding protein for a glucose biosensor. Protein Sci.
2007, 16, 2350-2359.

Staiano, M.; Bazzicalupo, P.; Rossi, M.; D'Auria, S. Glucose biosensors as models for the
development of advanced protein-based biosensors. Mol. Biosyst. 2005, 1, 354-362.

Huber, R.; Langworthy, T.A.; Konig, H.; Thomm, M.; Woese, C.R.; Sleytr, U.B.; Stetter, K.O.
Thermotoga maritima sp. nov. represents a new genus of unique extremely thermophilic
eubacteria growing up to 90 °C. Arch. Microbiol. 1986, 144, 324-333.

Nelson, K.E.; Clayton, R.A.; Gill, S.R.; Gwinn, M.L.; Dodson, R.J.; Haft, D.H.; Hickey, E.K.;
Peterson, J.D.; Nelson, W.C.; Ketchum, K.A.; et al. Evidence for lateral gene transfer between
Archaea and bacteria from genome sequence of Thermotoga maritima. Nature 1999, 399, 323-329.
Worning, P.; Jensen, L.J.; Nelson, K.E.; Brunak, S.; Ussery, D.W. Structural analysis of DNA
sequence: evidence for lateral gene transfer in Thermotoga maritima. Nucleic Acids Res. 2000, 28,
706-709.

Tian, Y.; Cuneo, M.J.; Changela, A.; Hocker, B.; Beese, L.S.; Hellinga, H.-W. Structure-based
design of robust glucose biosensors using a Thermotoga maritima periplasmic glucose-binding
protein. Protein Sci. 2007, 16, 2240-2250.

Fox, J.D.; Routzahn, K.M.; Bucher, M.H.; Waugh, D.S. Maltodextrin-binding proteins from
diverse bacteria and archaea are potent solubility enhancers. FEBS Lett. 2003, 537, 53-57.
Nanavati, D.M.; Thirangoon, K.; Noll, K.M. Several archaeal homologs of putative oligopeptide-binding
proteins encoded by Thermotoga maritima bind sugars. Appl Environ. Microbiol. 2006, 72, 1336—1345.
Luchansky, M.S.; Der, B.S.; D'Auria, S.; Pocsfalvi, G.; lozzino, L.; Marasco, D.; Dattelbaum, J.D.
Amino acid transport in thermophiles: characterization of an arginine-binding protein in
Thermotoga maritima. Mol. Biosyst. 2010, 6, 142—151.

Sun, Y.J.; Rose, J.; Wang, B.C.; Hsiao, C.D. The structure of glutamine-binding protein
complexed with glutamine at 1.94 A resolution: Comparisons with other amino acid binding
proteins. J. Mol. Biol. 1998, 278, 219-229.

Cuneo, M.J.; Changela, A.; Miklos, A.E.; Beese, L.S.; Krueger, J.K.; Hellinga, H.-W. Structural
analysis of a periplasmic binding protein in the tripartite ATP-independent transporter family
reveals a tetrameric assembly that may have a role in ligand transport. J. Biol. Chem. 2008, 283,
32812-32820.

Gonin, S.; Arnoux, P.; Pierru, B.; Lavergne, J.; Alonso, B.; Sabaty, M.; Pignol, D.
Crystal structures of an Extracytoplasmic Solute Receptor from a TRAP transporter in its open
and closed forms reveal a helix-swapped dimer requiring a cation for a-keto acid binding. BMC
Struct. Biol. 2007, doi:10.1186/1472-6807-7-11.

Fang, Y.; Kolmakova-Partensky, L.; Miller, C. A bacterial arginine-agmatine exchange
transporter involved in extreme acid resistance. J. Biol. Chem. 2007, 282, 176—182.



Life 2013, 3 160

42.

43.

44,

45.

46.

Scire, A.; Marabotti, A.; Staiano, M.; lozzino, L.; Luchansky, M.S.; Der, B.S.; Dattelbaum, J.D.;
Tanfani, F.; D'Auria, S. Amino acid transport in thermophiles: characterization of an
arginine-binding protein in Thermotoga maritima. 2. Molecular organization and structural
stability. Mol. Biosyst. 2010, 6, 687—-698.

Vahedi-Faridi, A.; Eckey, V.; Scheffel, F.; Alings, C.; Landmesser, H.; Schneider, E.; Saenger, W.
Crystal structures and mutational analysis of the arginine-, lysine-, histidine-binding protein ArtJ
from Geobacillus stearothermophilus. Implications for interactions of Art] with its cognate
ATP-binding cassette transporter, Art(MP),. J. Mol. Biol. 2008, 375, 448-459.

Hsiao, C.D.; Sun, Y.J.; Rose, J.; Wang, B.C. The crystal structure of glutamine-binding protein
from Escherichia coli. J. Mol. Biol. 1996, 262, 225-242.

Ausili, A.; Pennacchio, A.; Staiano, M.; Dattelbaum, J.D.; Fessas, D.; Schiraldi, A.; D'Auria, S.
Amino acid transport in thermophiles: Characterization of an arginine-binding protein from
Thermotoga maritima. 3. Conformational dynamics and stability. J. Photochem. Photobiol. B
2012, in press.

Ruggiero, A.; Dattelbaum, J.D.; Pennacchio, A.; lozzino, L.; Staiano, M.; Luchansky, M.S.; Der, B.S.;
Berisio, R.; D'Auria, S.; Vitagliano, L. Crystallization and preliminary X-ray crystallographic
analysis of ligand-free and arginine-bound forms of Thermotoga maritima arginine-binding
protein. Acta Crystallogr. Sect. F Struct. Biol. Cryst. Commun. 2011, 67, 1462—1465.

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


