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Original Research Article 
Fluorescence resonance energy transfer based biosensor from 
thermophilic bacterial periplasmic binding protein to measure 

branched-chain and aromatic amino acids  
 
 

Abstract 
Aim: Exploring the ligand binding capacity of leucine-isoleucine-valine binding protein from 
Thermotoga maritima. 

Background: The Fischer ratio, ratio of concentrations between branched-chain and aromatic 
amino acids, has been considered as an indicator of hepatic disease involving metabolic 
dysfunctions since its instigation in the 1970's. These amino acids are usually measured by 
high performance liquid chromatography, gas chromatography and enzymatic 
spectrophotometry. Considering the future potential of periplasmic binding proteins in 
clinical diagnosis, leucine-isoleucine-valine binding protein from a thermophilic bacterium 
Thermotoga maritima was purified and characterized, and evaluated its binding properties 
with twenty amino acids. The protein's stereo-specificity was also tested due to its importance 
in astrobiology research. Amino acids and carbohydrates are both known to exist in 
extraterrestrial environments, and stereo-chemistry is the key aspect for distinguishing 
between abiotic and biotic origin. 

Results: Single amino acid substitutions were generated by overlapping polymerase chain 
reaction mediated mutagenesis using mutagenic primers to construct two mutants of leucine-
isoleucine-valine binding protein (LIVBP). The first mutant of LIVBP in which 
phenylalanine (F) at 118 position was replaced with cysteine (C) was termed as LIVBP-
F118C and the resultant plasmid was named as pKM242. Another mutant of LIVBP in which 
aspartic acid (D) at 221 position was replaced with cysteine was termed as LIVBP-D221C 
and the resultant plasmid was named as pKM244. Since the LIVBP-F118C showed higher 
labeling and Fluorescence resonance energy transfer efficiency compared to that of D221C, 
the LIVBP-F118C was used for further study. 

Conclusion: Fluorescence resonance energy transfer technology was applied to measure 
dissociation constant (Kd) where chimeric isoleucine-valine binding protein (LIVBP) was 
engineered to conjugate a donor fluorophore at amino-terminal and an acceptor fluorophore 
at the incorporated cysteine residue. Ligand binding studies revealed that LIVBP from 
Thermotoga maritima was able to bind with fourteen amino acids out of twenty including 
branched-chain amino acids (BCAAs) and aromatic amino acids (AAAs) with Kd values 
ranging from 10-6 to 10-9 M. The Kd values of BCAAs, AAAs, methionine and cysteine were 
observed at nM level. Highest Kd value was observed for L-leucine (37.2 nM) and L-
phenylalanine (44.6 nM). These results indicated that LIVBP from Thermotoga maritima has 
a broader substrate specificity than previously reported for LIVBP from other organisms, 
which might be helpful for the development of a miniaturized and noninvasive biosensor to 
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measure BCAAs and AAAs.  

Keywords: FRET, Thermotoga maritima, biosensor, Fischer ratio, branched-chain amino 
acids, aromatic amino acids, periplasmic binding proteins.  

Introduction 
Periplasmic binding proteins (PBPs) are a superfamily of proteins in gram-negative bacteria, 
responsible for essential nutrients uptake and active transport of biochemical substances such 
as carbohydrates, amino acids, anions, metal ions and peptides [1, 2, 12]. Previous biological 
and biochemical studies have shown that these PBPs share some common properties although 
their size and amino acid sequences may be quite different [3]. In general, PBPs are 
monomeric and consist of two globular lobes surrounding a ligand binding site where the two 
lobes are connected by a flexible hinge. PBPs exhibit drastic conformational changes upon 
ligand binding in which a hinge-twist motion brings the two lobes close together and these 
mechanism has led the researchers to design several biosensing systems for industry, biology 
and medicine as well as for astrobiology research [4-7]. 

Ligand specificity of PBPs is one of the advantageous properties. However, their specificities 
are strongly dependent on the nature and role of the transport system in the original 
microorganisms, where they are usually involved in group-specific transport systems. For 
example, Leucine/Isoleucine/Valine-binding protein (LIVBP) is a component of the branched 
chain amino acids (BCAAs) group-specific transport system in Escherichia coli [8]. Binding 
studies showed that LIVBP from E. coli binds with the BCAAs Leu with Kd value of 2.3x10-6 
M, Ile with Kd value of 0.9x10-6 M and Val with Kd value of 4.0x10-6 M [9]. Research works 
have also reported that LIVBP acts as the third phenylalanine transporter in E. coli [10, 11] 
and might have a broader substrate specificity. 

Recently, a fluorescence sensing system for the measurement of BCAAs has been reported 
based on engineered LIVBP conjugated with environmentally sensitive fluorescence probes 
[7]. Free amino acids in plasma particularly the BCAAs L-Leu, L-Ile and L-Val as well as 
aromatic amino acids (AAAs) and methionine are frequently measured to diagnose the 
patients with hepatic disorders and metabolic abnormalities [13]. The Fischer ratio (ratio of 
BCAAs concentration to AAAs concentration) has been considered as an indicator of hepatic 
disease involving metabolic dysfunctions since its instigation in the 1970's [14, 15]. Until 
today, these amino acids are usually determined by HPLC, gas chromatography and 
enzymatic spectrophotometry [16, 17]. Considering the future potential of PBPs in clinical 
diagnosis, we hereby purified and characterized LIVBP from a thermophilic bacterium 
Thermotoga maritima, and evaluated its binding capabilities with twenty amino acids. The 
protein's stereo-specificity was also tested due to its importance to the astrobiology research. 
Amino acids and carbohydrates are both known to exist in extraterrestrial environments, and 
stereo-chemistry is the key aspect for distinguishing between abiotic and biotic origin. 

In this research works, we have explored the possibility to develop a fluorescence resonance 
energy transfer (FRET) based novel biosensing system from thermophilic bacteria since 
thermal stability of PBPs would provide an advantage for potential future use in a device 
setting. FRET is a nonradiative, dipole-dipole coupling process where energy from an excited 
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donor fluorophore is transferred to an acceptor fluorophore in close proximity (typically 
within 10 nm), which makes this method well suited for studying many biological systems 
[18]. FRET based sensors by fusing a pair of fluorescent proteins to various sites within 
maltose, ribose, glutamate and phosphate binding proteins have been reported [19-21]. These 
fusion exhibited good signal-to-noise ratios and could be directly expressed in bacteria or 
eukaryotes to study the flux of small molecules within cytoplasm or on the cell surface. 
However, they are limited to the existing fluorescent proteins for their fluorophore 
components, and allosteric linkage between ligand binding and chromophore rearrangement 
[5]. In addition, fusion-based FRET technologies are also limited by linker truncation or by 
insertion of chromophores into the binding protein at rationally designed sites in order get 
tighter allosteric linkage between PBP and chromophores. In this research, we therefore 
explored the attachment of commercially available small-molecule fluorophores into PBPs to 
occur FRET, which allow the tuning of optical properties with a wider range of absorbance 
and emission spectra, larger stokes shifts and more resistance to photobleaching. 
 
Materials and Methods 
Mutagenesis of LIVBP followed by expression and purification 

PCR was used to amplify the native Leucine-Isoleucine-Valine binding protein (LIVBP) 
encoding gene livJ (TM1135) from genomic DNA of Thermotoga maritima strain MSB8. 
Amplified products were then cloned into an expression vector pAED4 between NdeI and 
Acc65I restriction sites. N-terminal oligonucleotide primer was designed to clone the 
processed periplasmic gene only excluding the signal sequence. The C-terminal primer was 
designed to append the sequence Gly-Ser-Gly-(His)6 such that the expressed protein would 
contain the purification handle at its C-terminus [22]. Two tandem stop codons (TAATGA) 
followed the last (His)6 codon. Single amino acid substitutions were generated by 
overlapping PCR mutagenesis using mutagenic primers to construct two mutants of LIVBP. 
E. coli strain XL1-BLUE (Stratagene, USA) was used for plasmid constructions. The first 
mutant of LIVBP in which Phe at 118 position was replaced with Cys was termed as LIVBP-
F118C and the resultant plasmid was named as pKM242. Another mutant of LIVBP in which 
Asp at 221 position was replaced with Cys was termed as LIVBP-D221C and the resultant 
plasmid was named as pKM244. All clones and mutations were confirmed by DNA 
sequencing. The plasmids pKM242 and pKM244 were transformed into BL21-(DE3)-RIL 
cells (Stratagene, USA), and the proteins without the N-terminal leader sequence (which 
would direct trafficking to the periplasm) were overexpressed under the control of a strong 
inducible promoter [22]. A single colony of transformed cells was picked from the agar plate 
and transferred to 5.0 mL of LB media, both containing ampicillin at 100 µg/mL and 
chloramphenicol at 34 µg/mL. The culture was grown to saturation (~12 hours), then diluted 
1:100 in fresh LB media containing both antibiotics. Cells were grown at 37ºC to an optical 
density of A600 between 0.4 and 0.6. Protein expression was then induced by the addition of 
1.0 mM IPTG and continued to grow for 4 hours at 37ºC. The proteins were purified 
according the method described in the published paper [22]. 
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SDS-PAGE analysis and thiol modification of engineered LIVBP 

SDS-PAGE was performed according to the method described earlier [22]. All gels were 
stained with Coomassie Blue R250 and apparent molecular weight were calculated by 
comparison against commercially available protein marker. Purified and concentrated 
LIVBPs in Buffer-C was diluted in Buffer-D (25 mM sodium phosphate, 1.0 mM tris-2-
carboxyethyl-phosphine, pH 7.0) to a concentration of 40 µM. Tetramethyl rhodamine-5-
maleimide (TAMRA) (Invitrogen, USA) at a concentration of 800 µM was then added to the 
protein solution and the reaction was performed according to the manufacturer's protocol. 
Unbound TAMRA dye was removed from the protein solution by passage through a desalting 
column (Econo-pac® 10DG, Bio-Rad, USA) using Buffer-C and the resultant TAMRA bound 
LIVBP was collected, and concentrated using a spin concentrator (Centriprep YM-30, 
Millipore, USA). This method of purification was found to remove the free dye more 
efficiently and quickly than the traditional dialysis method.  

An N-terminal transamination reaction was performed as described [28]. Briefly, unlabeled 
protein or TAMRA labeled protein at a concentration of 40 µM was incubated overnight at 
65ºC in Buffer-E (25 mM sodium phosphate, 20 mM pyridoxal-5/-phosphate, pH 6.5). 
Unbound pyridoxal-5/-phosphate (PLP) was removed using a desalting column as described 
above. The protein containing an N-terminal ketone was then incubated in Buffer-C with 800 
µM Alexa-Fluor-488 hydroxylamine (AF488) (Invitrogen, USA). The oxime formation 
reaction was run overnight at 65ºC and the LIVBPs labeled with AF488 or labeled with both 
TAMRA and AF488 was again purified using the desalting column as described above. 

Determination of fluorophore labeling stoichiometry 

The protein concentration of samples was estimated by Bradford assay (Bio-Rad, USA) using 
BSA as a standard. The concentration of each dye was estimated by its absorbance at λmax. 
The extinction coefficient (εc) of 70,000 M-1cm-1 at 495 nm for AF488 and the εc of 65,000 
M-1cm-1 at 555 nm for TAMRA were used in the calculation. Because the absorbance of one 
dye will increase the overall absorbance at λmax of the other, the singly labeled conjugates of 
each dye were also analyzed in this manner. The percent conversion of each reaction was then 
determined by dividing the dye concentration by the protein concentration. 

Fluorescence spectroscopy for ligand binding assay 

Spectrofluorometer (FluoroMax-2, Horiba, Japan) was used to acquire the fluorescence 
excitation and emission spectra. Excitation spectra were recorded by scanning excitation 
wavelengths from 400 nm to 560 nm, monitoring the emission maximum of the acceptor dye 
at 570 nm. Emission spectra were recorded from 500 nm to 600 nm, with an excitation 
wavelength of 470 nm. For ligand binding experiments, emission spectra of the labeled 
protein at the concentration of 50 nM without ligand in a cuvette containing 1.5 mL Buffer-A 
were recorded at a specific time interval and evaluated the equilibration state. Once the 
protein solution was equilibrated, titration experiment was started where the ligand 
concentration ranged from 1.0x10-2 M to 1.0x10-12 M. No significant photobleaching of either 
dye was observed under the conditions used. Fraction saturation and dissociation constant 
(Kd) from the best-fit binding curve were calculated as described [4]. 
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Results 
Engineering of Leucine-Isoleucine-Valine binding proteins (LIVBPs) 

Figure-1A and Figure-1B represent the open form (PDB ID: 1Z15) and the closed form (PDB 
ID: 1Z16) of LIVBP from E. coli, respectively. Since LIVBP from T. maritima has not been 
well studied, crystal structures of both open and closed forms are unknown. Therefore, 
homology modeling approach was applied to predict the 3D structure of LIVBP from T. 
maritima in open form (Fig. 2a) using the crystal structure of LIVBP from E. coli (PDB ID: 
1Z15) as a template in order to understand the physical properties of the target protein. PDB 
ID 1Z15 was used as the template in the homology modeling because analysis of sequence 
alignment showed slightly higher homology between LIVBP from E. coli and T. maritima 
(28.3% identity and 47.3% similarity) compared to that of LeuBP from E. coli (PDB ID: 
1USG) and LIVBP from T. maritima (25.4% identity and 44.0% similarity). It should be 
noted that amino acid sequence identity between LeuBP and LIVBP from E. coli was about 
80% (Fig. 3).    

Research works have shown that Ser79, Ala100. Thr102, Tyr202 and Glu226, located at the 
cleft between the two domains of E. coli LIVBP, are responsible for ligand binding [29] (Fig. 
1). Based on the homology modeling, their counter parts in T. maritima LIVBP were 
predicted as Ser75, Ala96, Thr98, Tyr197 and Asp221, and these information was used to 
engineering the candidate sites for fluorophore attachment. One candidate site for fluorophore 
attachment was chosen at 118 position and substituted that amino acid (Phe) with Cys, and 
the resultant mutant protein was termed as LIVBP-F118C (Fig 2a). Another site for 
fluorophore attachment was chosen at 221 position and substituted that amino acid (Asp) 
with Cys, and the resultant mutant protein was termed as LIVBP-D221C (Fig. 2a). The latter 
site for fluorophore attachment was chosen to investigate the effect of Cys substitution at 
Asp221 because this amino acid has been predicted to be involved in ligand binding based on 
the simulated 3D structure. Since the LIVBP encoded gene from T. maritima had a Cys 
residue at 113 position (Fig. 3), the native Cys was replaced with Ala (C113A) in order to 
eliminate cross-reaction between fluorophores and the resultant plasmid was used to create 
site-specification point mutation as mentioned in the method section. 

Fluorophore labeling and characterization of engineered LIVBPs 

Tetramethyl rhodamine-5-maleimide (TAMRA) was conjugated to LIVBP-F118C based on 
the cysteine chemistry with 45% efficiency whereas conjugation of Alexa-Fluor-488 
hydroxylamine (AF488) to the N-terminal end of LIVBP-F118C yielded 38% efficiency (Fig. 
4a). On the other hand, 9% conversion in TAMRA reaction and 40% conversion in the two-
step transamination/oxime formation reactions were achieved for LIVBP-D221C (Fig. 4b). 
Percent conversions were estimated by the Bradford/UV-Vis method as described in method 
section. Extinction coefficients for each conjugated dye were obtained from the supplier and 
differed from the values for free dye (Molecular Probes “Amine-Reactive Handout”). The 
order of labeling reactions did not affect the final percentage of conversions. It was found that 
LIVBP-D221 was poorly labeled with TAMRA (Fig. 4b). 

These results showed that LIVBP-F118C exhibited observable FRET (Fig. 5a). Non-radiative 
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energy was transferred from donor to acceptor as was observed as quenching of AF488 
emission in the doubly-labeled protein conjugate. Another mutant protein LIVBP-D221C did 
not show quenching of AF488 emission in the doubly-labeled protein conjugate and thus no 
observable FRET (Fig. 5b). Ligand dependent conformational changes in FRET efficiency 
were initially investigated for both labeled LIVBP-F118C and LIVBP-D221C using L-Ile as 
ligand. Upon ligand binding, LIVBP-F118C underwent conformational change that brought 
the dyes close together and thus affected the efficiency of energy transfer (Fig. 6). On the 
other hand, labeled LIVBP-D221C did not exhibit any change upon ligand binding. 
Therefore, LIVBP-F118C was considered as a potential sensor and thus investigated further 
to explore its ligand binding characteristics. 

Binding study of LIVBP-F118C with branched-chain amino acids (BCAAs) 

Binding study of LIVBP-F118C with BCAAs, which was conjugated with a pair of 
fluorescence probes to achieve observable FRET, showed the Kd of 37.2 nM for L-Leu, 153.6 
nM for L-Ile and 217.9 nM for L-Val (Fig. 7). In order to check the stereo-specificity, labeled 
LIVBP-F118C was titrated against D-Leu, D-Ile and D-Val. It was found that the FRET-based 
LIVBP-F118C sensor was very specific for L-isomers except for D-Leu. The Kd of 94.3 µM 
for D-Leu was calculated from the best-fit binding curve (Fig. 8). Since affinity for D-Leu 
was appeared to be very unusual, possible trace contamination of L-Leu in the supplied D-
Leu was suspected. Therefore, labeled LIVBP-F118C was tested with D-Leu obtained from 
another manufacturer and the Kd of 8.42 µM was obtained (Fig. 9). Due to the significant Kd 
differences between two manufacturer's D-Leu, it was reasonable to conclude that none of 
these D-Leu was pure. In order to test the effect of trace contamination, labeled LIVBP-
F118C was titrated with DL-Ile (50% L-Ile and 50% D-Ile) and the Kd of 373.3 nM was 
calculated (Fig. 9), which was very comparable to that of pure L-Ile (Fig. 7). Although we did 
not test the labeled LIVBP-F118C with D-Leu from 3rd manufacturer, it was reasonable to 
speculate that binding affinity of LIVBP-F118C for D-Leu was due to the trace 
contamination of L-Leu because the experimental results with DL-Ile clearly indicated a 
profound effect on binding affinity due to trace contamination. 

Binding study of LIVBP-F118C with aromatic amino acids (AAAs) 

Binding studies of LIVBP-F118C revealed that LIVBP from T. maritima strongly binds with 
AAAs, especially with L-Phe. The calculated Kd for L-Phe, L-Tyr and L-Trp obtained from 
best-fit binding curve was 44.6 nM, 177.9 nM and 274.4 nM, respectively (Fig. 10). This 
FRET-based LIVBP sensor was also titrated with D-Phe, D-Tyr and D-Trp in order to check 
its stereo-specificity. The results showed that none of these D-isomers bound with LIVBP. 
The binding affinity of LIVBP-F118C for L-Phe (Fig. 10) was almost similar to that of L-Leu 
(Fig. 7). 

Titration of LIVBP-F118C with other amino acids 

Titration of labeled LIVBP-F118C with L-Ser and L-Thr exhibited that the binding affinity 
for L-Ser was much lower than that of L-Thr. The calculated Kd for L-Ser was 19.7 µM and 
1.03 µM for L-Thr (Fig 11). Binding study of LIVBP-F118C with L-Cys, L-Asn and L-Gln 
was also performed. The calculated Kd was 213.2 nM for L-Cys, 2.81 µM for L-Asn and 6.58 
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µM for L-Gln (Fig. 12), indicating that LIVBP has a broader substrate specificity than 
previously reported. The binding affinity for L-Cys was very comparable to that of L-Ile, L-
Val, L-Met, L-Tyr and L-Trp. Moreover, titration of FRET-based LIVBP sensor with L-Ala, 
L-Met and L-Glu has been performed (Fig. 13). As was observed from the experiments, the 
calculated Kd was 4.59 µM for L-Ala, 11.49 µM for L-Glu and 254.8 nM for L-Met. Titration 
of LIVBP-F118C with acidic (Asp and Glu) and basic (Arg, His and Lys) polar AAs revealed 
that none of these ligands bind with LIVBP except L-Glu. Furthermore, the FRET-based 
LIVBP sensor from the thermophilic bacterium T. maritima was titrated with L-Gly and L-
Pro, and the results showed that any of these ligands did not bind with LIVBP-F118C. 

Discussion 
Research on biosensors has greatly increased in recent years because of biosensors' 
widespread potential applications and remarkable ability to measure the presence of a single 
molecular species in a complex mixture. However, before invention of protein-engineering 
techniques, the only available biomolecules to construct biosensors were naturally occurring 
macromolecule with proper signal transduction mechanism and the desired analyte specificity 
from a number of candidates, and then device a detector to adapt to that mechanism [23]. 
Although a number of biosensors have been developed in this manner, this method is case-
specific and laborious. With the advancement of protein-engineering techniques, the number 
of strategies for developing biosensors has been greatly increased. We can now develop 
biosensors not only in the way described above, but also by incorporating reporter groups 
such as fluorophores directly into biological molecules with desired analyte specificity, thus 
making them suitable to the available detectors [24, 4]. In this study, genetic engineering 
techniques were applied to manipulate the LIVBP from thermophilic T. maritima in order to 
explore its potential to the sensing applications. 

As shown in Fig. 4b, LIVBP-D221 was poorly labeled with TAMRA. Lower labeling 
efficiency of LIVBP-D221C with TAMRA was not surprising because simulated 3D structure 
of the protein revealed that thiol-reactive group of Cys residue was found to be poorly 
exposed to the aqueous surface compared to those of LIVBP-F118C (Fig. 2b). Fluorescence 
emission spectra of LIVBP-F118C and LIVBP-D221C labeled with single AF488 dye or both 
AF488 and TAMRA dyes were taken, and normalized fluorescence intensity was plotted 
against wavelength (Fig. 5). It was found that the LIVBP-D221C did not show quenching of 
AF488 emission in the doubly-labeled protein conjugate and thus no observable FRET was 
observed (Fig. 5b). The reason was probably due to poorly labeling of LIVBP-D221 with 
TAMRA or the distance between donor and acceptor was not favorable to occur FRET. As 
shown in Fig. 6, the FRET efficiency of LIVBP-F118C was reduced after ligand binding. The 
reason was due to the fact that the rate of energy transfer also depends on the relative 
orientations of transition dipole moments of the donor and acceptor. 

Branched-chain amino acids (BCAAs) refer to the amino acids having aliphatic side-chains 
that are non-linear. The combination of these BCAAs (Leu, Ile and Val) makes up 
approximately one-third of skeletal muscle in human, and plays an important role in protein 
synthesis and insulin metabolism [25, 26]. Therefore, the sensors with high sensitivity and 
group-specific molecular recognition ability would be very much desirable for medical 
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communities and also for astrobiology researches in order to detect in situ biogenic molecules 
in the extraterrestrial environments. Chino and coworkers [7] reported a fluorescence sensing 
system for BCAAs based on engineered LIVBP from E. coli conjugated with 
environmentally sensitive fluorescence probes, and the binding study with ligands reported 
the Kd of 0.5 µM for Leu, 0.2 µM for Ile and 1.1 µM for Val. These results were somewhat 
similar with those reported previously for the native LIVBP from E. coli (Kd of 2.3 µM for 
Leu, 0.9 µM for Ile and 4.0 µM for Val) [9]. The engineered LIVBP from T. maritima 
conjugated with a pair of fluorescence probes to achieve observable FRET showed the Kd of 
37.2 nM for L-Leu, 153.6 nM for L-Ile and 217.9 nM for L-Val (Fig. 7). It should be noted 
that FRET based LIVBP-F118C exhibited very strong affinity for non-β-branch of BCAA 
(Leu) compared to that of β-branch of BCAAs (Ile and Val). The reason was probably due to 
the presence of a methyl group (-CH3) located at the β-carbon, which seemed to be less 
favorable to the binding pocket of LIVBP. Binding study of LIVBP-F118C with D-Leu, D-Ile 
and D-Val revealed that this FRET-based sensor was very specific for L-isomers except for 
D-Leu (Fig. 8). The reason might be due to the trace contamination of L-Leu because the 
experimental results with DL-Ile (Fig. 9) clearly indicated a profound effect on binding 
affinity due to trace contamination. 

Aromatic amino acids (AAAs) includes Phe, Tyr and Trp, and among them Phe is 
hydrophobic while other two are slightly hydrophilic. Chino and coworkers [7] showed that 
LIVBP from E. coli had no binding affinity for AAAs. Previous research works have showed 
that leucine binding protein (LeuBP), which has about 80% amino acid sequence identity 
with LIVBP, bound Phe with Kd of 180 nM whereas LIVBP did not bind with Phe [29]. 
However, other research works have showed that the LIVBP/LBP system (also known as 
BCAA transporter) acted as the third Phe transporter and played a significant role in the 
accumulation of Phe in the growth of Phe-auxotrophic E. coli strains [11]. It was found that 
the binding affinity of LIVBP-F118C for L-Phe (Fig. 10) was almost similar to that of L-Leu 
(Fig. 7). The reason was probably due to fact that both Phe and Leu are hydrophobic in nature 
and share structural similarity except aromatic ring. These experimental results suggest that 
branched or complexed aromatic ring are not so favorable to the binding pocket of LIVBP 
from T. maritima as was observed for L-Phe but their molecular mechanisms have not been 
yet understood clearly. 

Research works have showed that LIVBP from E. coli also binds with Ser, Thr and Ala 
although their binding affinities are much lower compared to that of Ile, Leu and Val [11, 27]. 
These results suggested that LIVBP might have broader substrate specificity than expected 
since no further experiments have been reported so far. Therefore, the FRET-based LIVBP 
sensor was further tested with rest of the other amino acids in order to explore its binding 
capabilities. Binding studies of LIVBP-F118C with L-Ser and L-Thr exhibited that the 
binding affinity for L-Ser was much lower than that of L-Thr (Fig 11). These results suggest 
that like E. coli, entry of L-Ser and L-Thr into T. maritima appears to be mediated also by the 
LIVBP system. As shown in Fig. 13, binding affinity of LIBVP-F118C for L-Ala was not 
surprising because previous research works reported that L-Ala binds with LIVBP from E. 
coli [11, 27], indicating that entry of L-Ala in both organisms is also mediated by LIVBP 
system. 
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Conclusion 
We reported here the construction of a novel fluorescence sensing system using FRET-based 
technology. LIVBP from T. maritima was engineered to conjugate the donor fluorophore 
AF488 at N-terminal of the protein and the acceptor fluorophore TAMRA at the incorporated 
cysteine residue in order to occur FRET. The developed FRET-based LIVBP sensor was then 
titrated with twenty amino acids and the Kd values were calculated from the best-fit binding 
curves. The experimental results have showed that LIVBP from T. maritima binds with 
fourteen amino acids out of twenty with Kd values ranging from 10-6 to 10-9 M. The 
experimental results have showed that LIVBP from T. maritima strongly bound with L-Leu 
(Kd of 37.2 nM) and L-Phe (Kd of 44.6 nM) as well as moderately binds with L-Ile (Kd of 
153.6 nM), L-Val (Kd of 217.9 nM), L-Met (Kd of 254.8 nM), L-Tyr (Kd of 177.9 nM), L-Trp 
(Kd of 274.4 nM) and L-Cys (Kd of 213.2 nM). LIVBP from T. maritima also poorly bound 
with L-Ser (Kd of 19.7 µM), L-Thr (Kd of 1.03 µM), L-Asn (Kd of 2.81 µM), L-Gln (Kd of 
6.58 µM), L-Ala (Kd of 4.59 µM) and L-Glu (Kd of 11.49 µM). It should be noted that the 
FRET-based LIVBP sensor was very specific for L-isomers, which make this new sensing 
system ideally suitable for astrobiology research. In addition, the specific sensitivity and 
group-specific molecular recognition ability of our FRET-based LIVBP sensor also make this 
system ideally suited to measure the concentrations of medically important BCAAs and 
AAAs as well as Met from the blood plasma for diagnosing the metabolic abnormalities and 
hepatic disorders. To analyze BCAAs, AAAs and other amino acids from the samples 
containing numerous number of different amino acids, optical waveguide or evanescent 
optical wave can be customized and coupled with FRET-based LIVBP sensor. Moreover, 
reverse iontophoresis technique can be combined for the development of a miniaturized and 
noninvasive biosensor to measure BCAAs and AAAs. 
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Figure legends 
Fig. 1: X-ray 3D structure of LIVBP from E. coli in open form (PDB ID: 1Z15) (a) and 
closed form (PDB ID:1Z16) (b). Red sphere in (b) represents the ligand L-Leu bound to the 
protein. 

Fig. 2: Simulated 3D structure of LIVBP from T. maritima. The Cys substitution sites (D221, 
F118 and C113) are marked in magenta color (a), and the thiol-reactive groups of inserted 
Cys residues are shown in the zoomed section as blue-spheres whereas magenta-spheres 
represent the other functional groups of Cys (b). The upper and lower spheres in (b) are for 
118C and 221C, respectively. 

Fig. 3: Alignment of amino acid sequences of LeuBP (PDB ID: 1USG) and LIVBP (PDB ID: 
1Z15) from E. coli as well as LIVBP from T. maritima (TM1135). Numbering begins from 
the immediate amino acid next to initiation Met of the open reading frame for 1USG 
excluding its signal sequence. The native Cys residue in TM1135 is shown as bold and 
underlined. 

Fig. 4: Absorbance of LIVBP-F118C (a) and LIVBP-D221C (b) labeled with AF488 (solid 
line), and both AF488 and TAMRA fluorophore (dotted line). All spectra were normalized to 
the concentration of AF488. 

Fig. 5: Fluorescence emission spectra of LIVBP-F118C (a) and LIVBP-D221C (b) labeled 
with AF488 fluorophore (solid line), and labeled with both AF488 and TAMRA fluorophore 
(dotted line). All spectra were normalized to the fluorescence intensity of AF488. 

Fig. 6: Fluorescence emission spectra of LIVBP-F118C labeled with both AF488 and 
TAMRA fluorophore before (solid line) and after addition of the ligand L-Ile at a 
concentration of 9.9x10-5 M (dotted line). 

Fig. 7: Fluorimetric titration of engineered LIVBP-F118C with L-Ile (●), L-Leu (o) and L-
Val (□). The lines shown are the best-fit binding curves for each ligand. 

Fig. 8: Fluorimetric titration of engineered LIVBP-F118C with D-Ile (●), D-Leu (o) and D-
Val (□). The lines shown are the best-fit binding curves for each ligand. 

Fig. 9: Fluorimetric titration of labeled LIVBP-F118C with DL-Ile (50% L-Ile and 50% D-
Ile) (●) and D-Leu (o). An asterisk on D-Leu represents that this batch was obtained from 
another manufacturer and the lines shown are the best-fit binding curve for the respective 
ligands. 

Fig. 10: Fluorimetric titration of FRET-based LIVBP sensor with L-Tyr (●), L-Trp (o) and L-
Phe (□). The lines shown are the best-fit binding curves for each ligand. 

Fig. 11: Fluorimetric titration of FRET-based LIVBP sensor with L-Ser (●) and L-Thr (o). 
The lines shown are the best-fit binding curves for each ligand. 

Fig. 12: Fluorimetric titration of FRET-based LIVBP sensor with L-Asn (●), L-Cys (o) and 
L-Gln (□). The lines shown are the best-fit binding curves for the respective ligands. 

Fig. 13: Fluorimetric titration of labeled LIVBP-F118C with L-Ala (●), L-Met (o) and L-Glu 



 

13 

(□). The lines shown are the best-fit binding curves for each ligand. 
 
 
 

 

 

 

 

 

Fig. 1: X-ray 3D structure of LIVBP from E. coli in open form (PDB ID: 1Z15) (a) and 
closed form (PDB ID:1Z16) (b). Red sphere in (b) represents the ligand L-Leu bound to the 
protein. 
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Fig. 2: Simulated 3D structure of LIVBP from T. maritima. The Cys substitution sites 
(D221C, F118C and C113A) are marked in magenta color (a), and the thiol-reactive groups 
of inserted Cys residues are shown in the zoomed section as blue-spheres whereas magenta-
spheres represent the other functional groups of Cys (b). The upper and lower spheres in (b) 
are for 118C and 221C, respectively. 
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 PDB_1USG    (1) DDIKVAVVGAMSGPIAQWGDMEFNGARQAIKDINAKGGIKGDKLVGVEYD 
 PDB_1Z15    (1) EDIKVAVVGAMSGPVAQYGDQEFTGAEQAVADINAKGGIKGNKLQIVKYD 
  TM_1135    (1) --VKIAVILPMTGGISAFGRMVWEGIQIAHE---EKPTVLGEEVELVLLD 
                
 PDB_1USG   (51) DACD-PKQAVAVANKIVNDGIKYVIGHLCSSSTQPASDIYEDEGILMISP 
 PDB_1Z15   (51) DACD-PKQAVAVANKVVNDGIKYVIGHLCSSSTQPASDIYEDEGILMITP 
  TM_1135   (46) TRSEKTEAANAAARAIDKEKVLAIIGEVASAHSLAIAPIAEENKVPMVTP 
                
 PDB_1USG  (100) GATNPELTQRGYQHIMRTAGLDSSQGPTAAKYILETVKPQRIAIIHDKQQ 
 PDB_1Z15  (100) AATAPELTARGYQLILRTTGLDSDQGPTAAKYILEKVKPQRIAIVHDKQQ 
  TM_1135   (96) ASTNPLVTQ-GRKFVSRVCFIDPFQGAAMAVFAYKNLGAKRVVVFTDVEQ 
                
 PDB_1USG  (150) YGEGLARSVQDGLKAANANVVFFDGITAGEKDFSALIARLKKENIDFVYY 
 PDB_1Z15  (150) YGEGLARAVQDGLKKGNANVVFFDGITAGEKDFSTLVARLKKENIDFVYY 
  TM_1135  (145) DYSVGLSNFFINKFTELGGQVKRVFFRSGDQDFSAQLSVAMSFNPDAIYI 
                  
 PDB_1USG  (200) GGYYPEMGQMLRQARSVGLKTQFMGPEGVGNASLSNIAGDAAEGMLVTMP 
 PDB_1Z15  (200) GGYHPEMGQILRQARAAGLKTQFMGPEGVANVSLSNIAGESAEGLLVTKP 
  TM_1135  (195) TGYYPEIALISRQARQLGFTGYILAGDGADAPELIEIGGEAVEGLLFTTH 
                
 PDB_1USG  (250) KR--YDQDPANQGIVDALKADKKDPSGPYVWITYAAVQSLATALERTGSD 
 PDB_1Z15  (250) KN--YDQVPANKPIVDAIKAKKQDPSGAFVWTTYAALQSLQAGLN--QSD 
  TM_1135  (245) YHPKAASNPVAKKFVEVYKEKYGKEPAALNALGYDAYMVLLDAIERAGSF 
                 
 PDB_1USG  (298) EPLALVKDLKAN-GANTVIGPLNWDEKGDLKG------FDFGVFQWHADG 
 PDB_1Z15  (296) DPAEIAKYLKAN-SVDTVMGPLTWDEKGDLKG------FEFGVFDWHANG 
  TM_1135  (295) DREKIAEEIRKTRNFNGASGIINIDENGDAIKSVVVNIVKNGSVDFEAVI 
                  
 PDB_1USG  (341) SSTKAK 
 PDB_1Z15  (339) TATDAK 
  TM_1135  (345) NPDDLK 

 
Fig. 3: Alignment of amino acid sequences of LeuBP (PDB ID: 1USG) and LIVBP (PDB ID: 
1Z15) from E. coli as well as LIVBP from T. maritima (TM1135). Numbering begins from 
the immediate amino acid next to initiation Met of the open reading frame excluding its 
signal sequence. The native Cys residue in TM1135 is shown as bold and underlined. 
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Fig. 4: Absorbance of LIVBP-F118C (a) and LIVBP-D221C (b) labeled with AF488 (solid 
line), and both AF488 and TAMRA fluorophore (dotted line). All spectra were normalized to 
the concentration of AF488. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5: Fluorescence emission spectra of LIVBP-F118C (a) and LIVBP-D221C (b) labeled 
with AF488 fluorophore (solid line), and labeled with both AF488 and TAMRA fluorophore 
(dotted line). All spectra were normalized to the fluorescence intensity of AF488. 
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Fig. 6: Fluorescence emission spectra of LIVBP-F118C labeled with both AF488 and 
TAMRA fluorophore before (solid line) and after addition of the ligand L-Ile at a 
concentration of 9.9x10-5 M (dotted line). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Fluorimetric titration of engineered LIVBP-F118C with L-Ile (●), L-Leu (o) and L-
Val (□). The lines shown are the best-fit binding curves for each ligand. 
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Fig. 8. Fluorimetric titration of engineered LIVBP-F118C with D-Ile (●), D-Leu (o) and D-
Val (□). The lines shown are the best-fit binding curves for each ligand. 
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Fig. 9. Fluorimetric titration of labeled LIVBP-F118C with DL-Ile (50% L-Ile and 50% D-
Ile) (●) and D-Leu (o). An asterisk on D-Leu represents that this batch was obtained from 
another manufacturer and the lines shown are the best-fit binding curve for the respective 
ligands. 
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Fig. 10. Fluorimetric titration of FRET-based LIVBP sensor with L-Tyr (●), L-Trp (o) and L-
Phe (□). The lines shown are the best-fit binding curves for each ligand. 
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Fig. 11. Fluorimetric titration of FRET-based LIVBP sensor with L-Ser (●) and L-Thr (o). 
The lines shown are the best-fit binding curves for each ligand. 
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Fig. 12. Fluorimetric titration of FRET-based LIVBP sensor with L-Asn (●), L-Cys (o) and 
L-Gln (□). The lines shown are the best-fit binding curves for the respective ligands. 
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Fig. 13. Fluorimetric titration of labeled LIVBP-F118C with L-Ala (●), L-Met (o) and L-Glu 
(□). The lines shown are the best-fit binding curves for each ligand. 
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