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Chapter.1 Introduction, Background and Purpose: 

 

1.1 Protein engineering: 

 

Proteins are essential parts of organisms and participate in virtually every process 

within cells. Many proteins are enzymes that catalyze biochemical reactions and are 

vital to metabolism. Proteins also have structural or mechanical functions, such as 

actin and myosin in muscle and the proteins in the cytoskeleton, which form a 

system of scaffolding that maintains cell shape. Other proteins are important in cell 

signaling, immune responses, cell adhesion, and the cell cycle. Otherwise, proteins 

perform a vast array of functions within living organisms, including catalyzing 

metabolic reactions, replicating DNA, responding to stimuli, and transporting 

molecules from one location to another [1-4]. 

 

Proteins are also applied in current biotechnologies. for example: polymerase chain 

reaction (PCR) technology, western blot analysis and immunohistochemistry analysis, 

gene cloning, gene therapy, monoclonal antibodies, cultivation and differentiation of 

stem cell technology. We can find protein such as enzymes, antibodies, binding 

protein, inducing factor and so on in these biotechnologies above mentioned. In 

addition, with the progress of technology and demands, natural protein is not able to 

meet the needs of investigators and technical workers [5-8]. 

 

Protein engineering is the process of developing useful or valuable natural and 

unnatural proteins. It is a very powerful technology that could be used in a large 

amount of fields such as biological chemistry, cytology, medical science, pharmacy, 

biotechnology and so on. 

 

There are two general strategies for protein engineering, 'rational' protein design and 

directed evolution. Recently, some researchers change the substrate specificity by 

changing individual deoxynucleotide of the relative enzyme protein genes. For 

instance, the substrate specificity of glucose oxidase was changed by replacing the 

520th and 563th histidine of glucose oxidase; also some researchers design a new 

unnatural protein by reprogramming several proteins. For instance, Cameleon, the 

detection tool for calcium ion, was assembled by the series of green fluorescent 
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protein (GFP), calmodulin, M13, and yellow fluorescent protein (YFP); What's more, 

Peter G. Schultz etc. incorporated an unnatural amino acid into proteins for synthesis 

of a functional unnatural protein using the amber codon [9-12]. 
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1.2 Four-base codon method for synthesis of novel functional unnatural proteins: 

 

The incorporation of functional unnatural amino acids into proteins is a powerful and 

versatile technique for designing a functional protein for biosensor and protein 

structural and functional analysis. A number of researchers have synthesized proteins 

containing unnatural amino acids at desired positions by using an amber suppression 

technique. Alternatively, four-base codon method, an excellent method can 

site-directed introduction of single or multiple functional unnatural amino acid that 

possessed fluorescent, oxidation-reduction to provide a new function into the 

protein. In this method, one or multiple four-base codons can be introduced into an 

assigned position of a protein gene. The full-length protein containing the unnatural 

amino acid could be produced when the four-base codon is successfully decoded by 

the unnatural aminoacyl-tRNA having the corresponding four-base anticodon. On the 

other hand, when the first three bases of the four-base codon are decoded as a 

three-base codon by a cognate naturally occurring aminoacyl-tRNA, a frame-shift 

occurs that causes the emergence of a stop codon resulting in the termination of 

peptide elongation. Therefore, the full-length protein could be obtained only when 

the four bases are successfully decoded as a single codon. The four-base codon 

method is advantageous over the amber codon suppression technique, because 

unnatural amino acids can be introduced with higher efficiencies. Moreover, using 

orthogonal four-base codons, even more than three unnatural amino acids can be 

introduced into single proteins (Fig.1) [13-18]. 
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Fig.1. The mechanism of four-base codon method.  
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1.3 Molecular biosensors: 

 

Biosensor is a sensor that is based on the use of biological material for its sensing 

function. Biosensors can be considered as a subgroup of chemical sensors in which a 

biological mechanism is used for analyte detection. 

 

A biosensor is defined by the International Union of Pure and Applied Chemistry 

(IUPAC) as a self-contained integrated device that is capable of providing specific 

quantitative or semi-quantitative analytical information using a biological recognition 

element (biochemical receptor), which is retained in contact direct spatial with a 

transduction element. Biosensing systems and methods are being developed as 

suitable tools for different applications, including bioprocess control, food quality 

control, agriculture, environment, military and in particular, for medical applications. 

The main classes of bioreceptor elements that are applied in environmental analysis 

are whole cells of microorganisms, enzymes, antibodies and DNA. Additionally, in the 

most of the biosensors described in the literature for environmental applications 

electrochemical transducers are used (Fig.2) [19-24]. 

 

 

 
 

Fig.2. A schematic of a biosensor. 
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1.4 Mechanism of fluorescence quenching: 

 

Fluorescence refers to photons emitted by molecules in excited states, as they 

return to their ground states. A fluorescence spectrophotometer measures the 

intensity of those photons. Quenching refers to reduction of fluorescence intensity 

by another molecule, one that causes some of the excited fluorescent molecule to 

return to their ground states without emitting photons.  

As a consequence, quenching is often heavily dependent on pressure and 

temperature. Molecular oxygen, iodide ions and acrylamide are common chemical 

quenchers. The chloride ion is a well known quencher for quinine fluorescence. 

Quenching is made use of in optode sensors; for instance the quenching effect of 

oxygen on certain ruthenium complexes allows the measurement of oxygen 

saturation in solution. Quenching is the basis for Förster resonance energy transfer 

(FRET) assays. Quenching and dequenching upon interaction with a specific 

molecular biological target is the basis for activatable optical contrast agents for 

molecular imaging. 

The most commonly encountered electronic energy transfer processes in quenching 

phenomenon take place by two distinct type of electronic interactions between  *D 

and A: case 1, the electron exchange interaction (also termed in the literature as 

“orbital overlap mechanism,” or “electron exchange mechanism” for electronic 

energy transfer) and case 2, the dipole-dipole interaction (also termed in the 

literature as the “Coulombic,” or “resonance mechanism” for electronic energy 

transfer). Dexter and Förster developed the theory of energy transfer induced 

electron exchange interactions and dipole-dipole interactions, respectively. In honor 

of the developers of the theories for energy transfer, electron exchange energy 

transfer is sometimes referred to in the literature as “Dexter” energy transfer (Fig. 3, 

bottom) and dipole-dipole energy transfer is sometimes referred to in the literature 

as “Förster” energy transfer (Fig.3, top). The overlap of frontier orbitals that is 

responsible for the lowest energy paths for exchange energy transfer.  

 

http://en.wikipedia.org/wiki/Pressure
http://en.wikipedia.org/wiki/Temperature
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Iodine
http://en.wikipedia.org/wiki/Acrylamide
http://en.wikipedia.org/wiki/Optode
http://en.wikipedia.org/wiki/Ruthenium
http://en.wikipedia.org/wiki/Oxygen_saturation
http://en.wikipedia.org/wiki/Oxygen_saturation
http://en.wikipedia.org/wiki/Oxygen_saturation
http://en.wikipedia.org/wiki/F%C3%B6rster_resonance_energy_transfer
http://en.wikipedia.org/wiki/Molecular_imaging
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Fig.3 Comparison of the dipole-dipole and exchange mechanisms of electronic 

energy transfer. The spin of the electrons exchanged must obey the spin conservation 

rules. 

 

In Fig.3, for bookkeeping purpose, we labeled electrons 1 and 2 as the interacting 

electrons. A key difference between the two mechanisms in Fig.3 is that for the 

dipole-dipole mechanism, the interaction between *D and A is made through space 

by the overlap of dipolar electric fields of *D with A, while for the exchange 

mechanism, the interaction between *D and A is made through the overlap of the 

orbitals of *D and A. The dipole-dipole interaction operates through an oscillating 

electron field produced by *D and does not require a van der Waals contact of *D 

and A or an overlap of the orbitals for *D and A. Form Fig.3 (bottom), it is seen that 

electrons 1 and 2 exchange positions between A and D for electron transfer; whereas 

from Fig.3 (top), it is seen that electron 1 stays on D and electron 2 stays on A. 

 

For visualizing the oscillating electric field of *D which is responsible for the 

dipole-dipole interaction exactly. A simple pictorial model is available from the 

classical theory of electromagnetic radiation that views all of the electrons of a 

molecule as being harmonic oscillators that can undergo oscillation (similar to 
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electronic vibrations) along some axis on a molecular framework. In the classical 

model, an electron in the ground state of the harmonic oscillation does not oscillate 

at all in the ground state. However, *D possesses an excited electron, which 

according to classical theory corresponds to an excited state of the harmonic 

oscillator. For any excited state of a harmonic oscillator, the electron undergoes 

periodic harmonic oscillations along the molecular framework with a certain natural 

frequency (v0). Such oscillations along the molecular framework create an oscillating 

electric dipole, much the same as the oscillating electric dipole for the electric field 

of a passing light wave. Thus, according to classical theory, *D (but not A) is imagined 

to possess an oscillating electric dipole that, in turn, produces an oscillating electric 

field in the space around *D. 

 

The effect of this oscillating electric field of *D on a nearby A can be visualized 

through a familiar analogue, namely, an electrical transmitting antenna (*D) and 

electrical receiving antenna (A). In classical theory, A is visualized as being an initially 

non-oscillating electrical receiver that is potentially capable of being driven into 

resonance by the oscillating electric field of the transmitting antenna (*D). Suppose 

the frequency (v0) at which the electron of *D oscillates matches a natural frequency 

for A oscillation. This condition is the first one required for resonance between *D 

and A. If the oscillating electric field of *D is of sufficient strength and is close enough 

to A to interact with A to induce oscillations of A electrons, the conditions for 

classical resonance and dipole-dipole energy transfer from *D to A are met. In terms 

of classical antennae (or tuning forks), energy flows back and forth between *D and 

*A. from this classical model, the energy transfer requires the existence of a common 

frequency of oscillation (v0) for *D and *A. when this condition for a common 

frequency is met, the efficiency of energy transfer will be determined mainly by the 

distance of separation (RDA) of *D and A, the strength of the oscillating field produced 

by *D at A at the separation distance, the ease at which A can be set into oscillation 

for the common frequency, and the relative orientation of *D and A. 

 

According to the classical model of dipole-dipole energy transfer, electrons do not 

“exchange molecules or orbitals” (Fig.3 bottom), but rather the two transitions (*D → 

D and A →*A) occur simultaneously as resonance by which the oscillating dipole field 

of *D triggers the creation of a coupled oscillating dipole field about A and leads to 

*A. The oscillating dipoles of *D and *A are represented by the vertical 

doubled-headed arrows in Fig.3, top. The excitation of A to *A by the dipole-dipole 

mechanism is analogous to the classical mechanism for absorption of light. In the 

case of light absorption, the oscillating electromagnetic field of light provides the 
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oscillating electric dipolar field that interacts with the electrons of A. The oscillating 

electron of the excited molecule *D thus serves as a “virtual photon” for the 

production of *A. In other words, the ground state of A cannot tell whether the 

oscillating field that causes it to be exited to *A is due to a “real” photon from the 

oscillating electromagnetic field, or to the “virtual” photon from the oscillating 

dipolar electric field of *D.  

 

Quantum mechanics handles both energy (electron exchange) and electron transfer 

in terms of interacting (overlapping) wave functions for *R and M. For any given *R 

and M pair, there will always be a certain degree of electron exchange interaction 

and dipole-dipole interaction, as they approach each other, although in general, at 

any given separation, one will dominate over the other. Since both the electron 

exchange and the dipole-dipole interaction are relatively weak, from the standpoint 

of quantum mechanics, electronic interactions can be analyzed in terms of the matrix 

elements for the interactions, as described by the golden rule for electronic 

transition. We can qualitatively estimate the values of the rate constants for energy 

transfer (kET) in terms of the corresponding matrix elements for the electron 

exchange and dipole-dipole interactions given by Eq.1, where α and β refer to the 

degree of contribution for the two interactions. According to quantum mechanics, 

the strength (energy) of the interaction that triggers energy transfer is directly 

proportional to the magnitude of the matrix element corresponding to the 

interaction. However, the rate of energy transfer given by kET, is proportional to the 

square of the strength (energy) of the interaction; therefore, kET is proportional to 

the square of the matrix element corresponding to the interaction.  

 

In the case of electron exchange, the form of the operator Hex in Eq.1 is exp(-RDA), 

where RDA is the separation between the energy donor *D and the energy acceptor A. 

This mathematical form is reasonable because, in general, the magnitude of 

electronic wave function tend to fall off exponentially as a function of distance from 

a point of reference, such as a nucleus. Thus, the rate constant for energy transfer by 

the electron exchange interaction is expected to fall off exponentially as the 

separation RDA between *D and A increase. In the case of dipole-dipole energy 

transfer, the operator Hdd has the form 𝜇∗𝐷
𝜇∗𝐴

𝑅𝐷𝐴
3 , where 𝜇∗𝐷

 is the strength of 

the oscillating dipole due to *D in Fig.3; 𝜇∗𝐴
is the strength of the oscillating dipole of 

*A; and RDA is the separation of the donor and acceptor. Since the matrix element is 

squared in Eq.1, the rate of energy transfer by the dipole-dipole interaction will fall 

off as the square of 1 𝑅𝐷𝐴
3  (i.e., 1 𝑅𝐷𝐴

6 ). 
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𝑘𝐸𝑇 𝑡𝑜𝑡𝑎𝑙 ∝  

 
 
 

 
 

𝛼 𝜓 ∗ 𝐷 𝜓 𝐴  𝐻𝑒𝑥  𝜓 𝐷 𝜓 ∗ 𝐴  
2

𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑒𝑥𝑐𝑎𝑛𝑔𝑒
+

𝛽 𝜓 ∗ 𝐷 𝜓 𝐴  𝐻𝑑𝑑  𝜓 𝐷 𝜓 ∗ 𝐴  2

𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑑𝑖𝑝𝑜𝑙𝑒 − 𝑑𝑖𝑝𝑜𝑙𝑒 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠 
 
 

 
 

         (1) 

 

As a concrete quantitative model for the dipole-dipole interaction, we assume that 

the oscillating electric field near *D behaves similarly to the field generated by a 

classical harmonic electric oscillator antenna whose frequency of oscillation is v0 and 

whose instantaneous oscillating, or transition dipole, at any instant is  μ (Fig.3, top). If 

 𝜇0  is the maximum value of the transition dipole μ that can be achieved, we apply 

the classical expression for the oscillating field of a harmonic oscillator (Eq.2) to 

determine the value of μ at any instant t: 

 

𝜇 =  𝜇0 𝑐𝑜𝑠 2𝜋𝑣𝑡                          (2) 

 

Where t is time and v is the frequency of oscillation. In molecular terms, we can 

identify this oscillating dipole moment as resulting from amplitude of the 

back-and-forth electric vibrational motion along the molecular framework of the 

excited electron on *D; the electric charge oscillates along the molecular framework 

just like the charge oscillates back and forth along the an antenna. Recall that in 

classical theory, for the ground state of A, the electrons are assumed not to oscillate 

at all (the oscillation is considered to have zero amplitude). The resulting dipolar 

electron-charge oscillation of *D will induce the oscillation and eventually the 

excitation of electronic system of nearby molecules, if the usual resonance 

conditions (correct frequency, finite interactions, equal energy gaps for transitions 

and conservation laws) are met. This dipole-dipole coupling mechanism for energy 

transfer is plausible only in multiplicity-conserving (spin allowed) transitions that 

have large transition dipoles (μ). Only singlet-singlet transitions have large oscillator 

strengths and are associated with large transition dipoles; therefore, only 

singlet-singlet energy transfer is generally plausible by the dipole-dipole mechanism. 

However, electron exchange provides an effective mechanism for triplet-triplet 

energy transfer. Thus, whenever we find an example of energy transfer from a triplet 

dipole interactions donor to produce a triplet acceptor, we can readily assume that 

electron transfer is involved. Dipole-dipole interactions ruled out as an implausible 

mechanism for energy transfer since neither the donor *D, nor the acceptor A, 

possess significant transition dipoles, so that the dipole-dipole interaction will be 

very weak. 
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For the radiative transition, the resonance condition (energy of transition is equal to 

the energy for a photon of frequency, v) is given by Eq.3. 

 

∆𝐸 𝐴 →∗ 𝐴 = 𝑣                         (3) 

 

The energy conservation is an absolute requirement for energy transfer by any 

mechanism. For molecules, the matching of the energy for the *D→D and A→*A 

transitions will generally involve matching of vibrational energy levels. Since *D will 

be in its lowest vibrational level (v=0), we see that an excited vibrational level of *A 

will be produced by the energy-transfer process of Eq.4. 

 

∆𝐸 ∗ 𝐷 → 𝐷 = ∆𝐸 𝐴 →∗ 𝐴                       (4) 

 

Since the resonance condition must e met from Eq.4, we can deduce the common 

frequency of oscillation, since ∆𝐸 = 𝑣 so 𝑣 = ∆𝐸  . 

 

Förster pointed out that in classical theory the electrostatic interaction energy (E) 

between two electric dipoles is directly related to the magnitude of the two 

interacting dipole (μD and μA, Eq.2) and inversely related to the cube of the distance 

between the donor and acceptor (RDA), as shown in Eq.5. 

 

𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐  𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦 

𝐸  𝑑𝑖𝑝𝑜𝑙𝑒− 𝑑𝑖𝑝𝑜𝑙𝑒  ∝  
𝜇𝐷𝜇𝐴

𝑅𝐷𝐴
3                      (5) 

 

From Eq.5, we see that the key parameters determining the energy (strength)of the 

dipole-dipole interaction are the size of the interacting dipoles μD and μA and the 

cube of their separation RDA .Förster related the electric dipoles (μD and μA) to the 

oscillator strength (fD and fA) for radiative *D↔D and A↔*A transitions, 

respectively. Recall that the theoretical quantities fD and fA are related to the 

experimental extinction coefficients εD and εA. The oscillator strength (f) for the 

interaction of the electromagnetic field and the electrons of a molecule is based on 

the model of an idealized harmonic oscillator for both the oscillating electric field of 

a light wave and the oscillating electron for an electronically excited state.  The 

energy (E) of classical dipole- dipole interaction can be formulated in terms of fD and 

fA (the oscillator strengths are measurable through extinction coefficients, ε) for the 

radiative transitions of *D→D and A→*A. Now we can see how factors that control 

the strengths of electronic radiative transitions also control the strength of dipole 
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interactions in dipole-dipole energy transfer at any fixed distance of separation (RDA). 

A final theory for energy transfer by the dipole-dipole interaction for real systems 

must include electronic, vibrational, and spin factors in addition to solvent dielectric 

factors (dipole-dipole interactions are dependent on the dielectric constant of the  

surrounding medium). 

 

𝑘𝑜𝑏𝑠  ∼  𝜌  𝜓1  𝑝′1→2 𝜓2   
2        (𝐹𝑒𝑟𝑚𝑖′𝑠𝑔𝑜𝑙𝑑𝑒𝑛 𝑟𝑢𝑙𝑒)       (6) 

 

Quantum mechanical principles can be applied to Eq.1 to modify the classical models 

as follows. Since the dipole-dipole interactions are weak electronic interactions, the 

quantum mechanical golden rule for electronic transitions (Eq.6), which may be 

applied to all weakly interactive systems, can be used to compute the rate of energy 

transfer (kET) by the dipole-dipole mechanism as shown in Eq.7. The matrix element 

(for the form of Eq.1) for energy-transfer process *D+A→D+*A involves the product 

wave function (Ψ(*D)Ψ(A)) for the initial state, the product wave function  

(Ψ(D)Ψ(*A)) for the final state, and an operator PD→*A that corresponds to 

dipole-dipole interaction of Eq.7, which mixes the wave functions Ψ(*D) and Ψ(A) of 

the initial state and causes transition to the wave function of the final states Ψ(*D) 

and Ψ(A). According to the golden rule, the value of the rate constant for energy 

transfer (kET) depends on the square of this matrix element (Eq.7). In addition, there 

is a term ρ that is a measure of the “density of state” that have the same energy in 

*D and A and that are also coupled by the dipole-dipole interaction. This set of 

“overlapping states” of *D and A can be expressed quantitatively as an “overlap 

integral” whose value is given by ρ. In addition, the golden rule can be conveniently 

formulated as a product of the square of an electronic matrix element and the 

square of the Franck-Condon (FC) factors for the energy conserving transitions 

(Eq.8).The term  𝑋𝑖 𝑋𝑓   is related to term ρ and is the FC factor. This latter term is 

important because it shows that simply conserving energy and having good positive 

overlap of the electronic wave function is necessary, but not sufficient, for an energy 

transition to be probable. In addition, the states involves in the energy transfer must 

have good positive overlap for the vibrational wave function of the initial state (Xi) 

and the vibrational wave function of the final state (Xf) .(The spin wave function, of 

course, is also important, but is ignored at this point for simplicity). 

 

𝑘𝐸𝑇  ~  𝜓 ∗ 𝐷 𝜓 𝐴  𝑃𝐷→∗𝐴 𝜓 𝐷 𝜓 ∗ 𝐴  2𝜌  𝐺𝑜𝑙𝑑𝑒𝑛 𝑟𝑢𝑙𝑒       (7) 

𝑘𝐸𝑇  ~  𝜓 ∗ 𝐷 𝜓 𝐴  𝑃𝐷→∗𝐴 𝜓 𝐷 𝜓 ∗ 𝐴  2 𝑋𝑖 𝑋𝑓 
2
          (8) 
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Fig.4 Hypothetical graphs of the rate ratio of energy transfer (kET) to decay of *D (kD) 

plotted as 𝑙𝑛𝑘𝐸𝑇 𝑘𝐷 versus 6lnRDA (dipole-dipole energy transfer) and versus 

2𝑅𝐷𝐴 𝑅𝐷𝐴
0  (exchange energy transfer). 

 

From this analysis, we conclude that in general the magnitude of kET will be 

proportional to the square of the interaction energy, as shown in Eq.9. A poor 

vibrational, FC factor, or a change in multiplicity will lead to small interaction energy 

because poor FC factors or changes in spin correspond to small transition dipole 

moments. Recall that oscillator strength is related to the inherent radiative lifetime 

and the extinction coefficient of a given transition. By applying the golden rule (Eq.7), 

kET (dipole-dipole) is related to E2 quantitatively through Eq.9. Note from Eq.9 that 

the rate of dipole-dipole energy transfer (assuming point dipoles) falls off as the 

inverse sixth power of the separation of the dipoles (RDA) .Thus, the rate of electronic 

transfer is expected to fall off as the separation (RDA) between *D and A increases, by 

a factor of 1 𝑅𝐷𝐴
6 . This 1 𝑅𝐷𝐴

6  distance dependence, when it can be measured 

accurately, is a basis for distinguishing energy transfer that occurs by dipole-dipole 

interactions from electron exchange interactions, since the latter generally falls off 

exponentially with the separation RDA. An exemplar that compares the dependence 

for rate of energy transfer by the dipole-dipole and by the electron exchange 

mechanism is shown in Fig.4, where the falloff of 𝑙𝑛𝑘𝐸𝑇  compared to deactivation 
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of the donor (k0) is given as a function of separation of *D and A (RDA). In this 

exemplar, it is seen that for relatively small separations (<10 Å) for both interactions 

the rate of energy transfer is ≫ 𝑘0, and is therefore very efficient. However, for 

values of RDA>10Å, the exponential falloff for the rate of energy transfer by the 

change mechanism (a linear falloff since In is being plotted) is generally steeper than 

the 1/R6 falloff of the dipole-dipole interaction. Consequently, in the hypothetical 

exemplar example shown, even at values of RDA～30-40Å dipole-dipole energy 

transfer and decay of *D are still competitive, but the energy transfer by electron 

exchange is not significant. This example shows that in favorable cases the range of 

separations for *D and A energy transfer by the dipole-dipole mechanism can be 

much large than (>30Å) the size of typical organic molecules (5-10Å). 

 

𝑘𝐸𝑇 𝐷𝑖𝑝𝑜𝑙𝑒 − 𝑑𝑖𝑝𝑜𝑙𝑒  ∝  𝐸2  ≈   
𝜇𝐷𝜇𝐴

𝑅𝐷𝐴
3  

2

=  
𝜇𝐷

2 𝜇𝐴
2

𝑅𝐷𝐴
6             (9) 

 

In summary, from Eq.9, Förster theory predicts that kET for an energy transfer via 

dipole-dipole interactions will be proportional to the following quantities: 

1. The square of the transition dipole moment μD, corresponding to the *D→D 

transition 

2. The square of the transition dipole moment μA corresponding to the A→*A 

transition. 

3. The inverse sixth power of the separation between *D and A (i.e., 1 𝑅𝐷𝐴
6 ). 

 

Förster related the theoretical quantities of oscillator strength (f) and transition 

dipole (μ) to experimental quantities, such as extinction coefficients (ε) or radiative 

lifetime (k0). The relationships are between the transition moments and 

experimental quantities  ε and k0. From these relationships, we deduce that a direct 

proportionality exists (Eq.10 and Eq.11) between μ2 and ε (or k0): 

 

𝜇𝐷
2  𝐷∗ ↔ 𝐷  →   𝜀𝐷  𝑜𝑟  𝑘𝐷

0                     (10) 

𝜇𝐴
2 𝐴∗ ↔ 𝐴  →   𝜀𝐴 𝑜𝑟  𝑘𝐴

0                     (11) 

 

Where  𝜀 represents an integration of the experimental extinction coefficient for 

an absorption band over energy and  𝑘0 represents an integration of the pure 

radiative rate constant over an emission band.  

 

Since we are specifically considering an energy-transfer process for the simultaneous 

coupled transitions *D→D and A→*A, we select 𝑘𝐷
0  and  𝜀𝐴  as the relevant 

experimental terms to replace the square of the theoretical transition dipole 
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moments of Eq.10 and Eq.11 and obtain Eq.12, which relates kET to experimentally 

measurable quantities, 𝑘𝐷
0  and  𝜀𝐴 , as a function of the separation of RDA. 

 

kET  dipole − dipole =  α
kD

0  εA

R DA
6                     (12) 

 

Finally, the value of kET also depends on the spectral overlap requirement. By 

considering the overlap of *D emission with A absorption, we obtain Eq.7.29, from 

which values of kET can be computed from experimental data. 

 

𝑘𝐸𝑇 𝑑𝑖𝑝𝑜𝑙𝑒 − 𝑑𝑖𝑝𝑜𝑙𝑒 =  𝛼
𝜅2𝑘𝐷

0

𝑅𝐷𝐴
6 𝐽 𝜀𝐴                  (13) 

 

The term α in Eq.12 and Eq.13 is a proportionality constant determined by 

experimental conditions, such as concentration and solvent index of refraction. The 

term κ2 takes into account the fact that the dipoles μD and μA are vector quantities, 

and that the interaction between two oscillating dipole vectors will depend on the 

mutual orientation of the dipoles in space. For a random distribution of orientations 

for dipoles in space from geometric considerations, κ2 turns out to be a constant 

equal to two-thirds. The term J(εA), the spectral density integral, is a quantity that is 

similar to the overlap integral of Eq.14, except that the value of the extinction 

coefficient of the acceptor(εA) is included in the integration. A large value of εA 

means that A has a large oscillatory strength and can readily be set into resonance to 

from *A. The spectra density integral is related to the density of states (ρ) in the 

golden rule expression(Eq.8). We include εA because the number of states for the 

same energy, which is given by the normalized overlap integral, is important, as is the 

dipole-dipole interaction of each isoenergetic *D and A transition (FC factors in Eq.8). 

The strength of the interactions for these isoenergetic transitions requires inclusion 

of the oscillator strength for the acceptor or εA. The inclusion of 𝑘𝐷
0 , the inherent 

radiative lifetime of *D, takes into account the strength of the transition dipole for 

the energy donor since 𝑘𝐷
0  is proportional to the oscillator strength of the radiative 

*D→D+hv transition.  

 

From Eq.13, we can anticipate that the conditions for which the rate constant of 

energy transfer from *D to A, induced by the dipole-dipole mechanism, will be 

maximal when: 

 

1. The *D→D and A→*A transitions correspond to a large (spectral) overlap 

integral, J(εA). A large value of J(εA) means that there are many resonant *D→D 
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and A→*A transitions, that is, there is a high “density of isoenergetic states” ρ, in 

the golden rule equations Eq.6 and Eq.7. 

2. The radiative rate constant (𝑘𝐷
0 ) is as large as possible 𝑘𝐷

0 =   𝜏𝐷
0 −1. A large 

value of 𝑘𝐷
0  means that the *D→D transition possess a large oscillator strength 

(f), which in turn means that that the size of the oscillating transition dipole (μD) 

due to the excited electron of *D is very large and is a strong oscillator. Therefore, 

the dipolar field generated by *D in the space around its vicinity is large. Now, *D 

is a strong and effective transmitting antenna for inducing the oscillation of 

accepting dipoles in the space around it when the resonance conditions are met. 

3. The magnitude of εA is as large as possible in the overlap region. A large valve of 

ε means that the A→*A transition possess a large oscillator strength, which in 

turn means that the size of the oscillating dipole (μA) is large and that A is a good 

antenna for receiving dipole oscillations, if the resonance condition is met. 

4. The spatial separation (RDA) between *D and A is smaller than the critical 

separation required for efficient energy transfer. In actual applications , it is 

convenient to define a specific critical average separation (𝑅𝐷𝐴
0 ) for which the 

rate of electronic energy transfer from *D to A is equal to the rate of 

deactivation for *D; that is, 𝑘0 =  𝑘𝐸𝑇 𝐴 . When 𝑅𝐷𝐴  <  𝑅𝐷𝐴
0 , most of the *D 

molecules will be deactivated by energy transfer, and when  𝑅𝐷𝐴  <

 𝑅𝐷𝐴
0  energy transfer becomes inefficient. Pictorially, the closer *D is to A, the 

stronger is its oscillating force field felt by A, and therefore the more powerful its 

interaction with A. 

5. For a given separation for which *D is interacting with A, there will be preferred 

relative orientations of *D and A for which energy transfer is favorable and fast, 

and other orientations for which energy is unfavorable and slow. Recall that the 

interaction energy between two dipoles. Thus, for certain orientations the 

interaction will be small, even if *D and A are very close to one another, that is, 

closer than the average separation (𝑅𝐷𝐴
0 ) .Indeed, near the “magic angle” of θ～

54o, the dipole-dipole interaction is close to zero and both have large transition 

dipoles, no matter how close the dipoles are in space(within the point dipole 

approximation).We can see that for a detailed computation, we must consider 

not only the “center-to-center” separation of 𝑅𝐷𝐴
0  (based on a simple spherical 

model)but also the orientation of the dipoles of *D and A. 

 

Experimentally, it is often more convenient to measure the efficiency of energy 

transfer (φET) rather than the rate constant of energy transfer (kET) since φET depends 

only on the spatial separation RDA between *D and A for a given *D and A pair that 

are randomly separated in space. Conceptually, the efficiency of energy transfer φET 
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provides information on the fraction of initial *D molecules that succeed in 

transferring energy to the acceptor A. As mentioned in condition, it is convenient to 

define a separation RDA for which the rate of energy transfer equals the sum of the 

rates for deactivation of *D, as shown in Eq.15 and Eq.16, where kD is the reciprocal 

of the experimental lifetime of *D under the conditions of the experiment and for 

which [A] = 0.Note that kD is not the inherent radiative lifetime 𝑘𝐷
0  that corresponds 

to the situation for which where is no radiationless deactivation of *D. When Eq.15 is 

valid, since the rate of energy transfer from *D to A and the rate of deactivation of 

*D are equal, 50% of *D id quenched by electronic energy transfer to A and 50% of 

*D is quenched by the processes that deactivate *D in the absence of A. The distance 

at which Eq.7.30a is valid is termed the “critical separation distance” (𝑅𝐷𝐴
0 ) . 

 

J =   ID v′ εA  v′ dv′
∞

0
                     (14) 

𝑘𝐸𝑇 ∗ 𝐷  𝐴 =  𝑘𝐷 ∗ 𝐷     𝑎𝑡    𝑅𝐷𝐴 =  𝑅𝐷𝐴
0               (15) 

or 

𝑘𝐸𝑇 𝐴 =  𝑘𝐷 =  𝜏𝐷
−1                       (16) 

 

Note that in Eq.16, kD and τ refer to the experimental rate constant for total decay 

and lifetime of *D, respectively. The actual lifetime of *D under most experimental 

conditions will normally be shorter than the radiative lifetime 𝜏𝐷
0 [recall from Eq.19 

that 𝜏𝐷
0 =   𝑘𝐷

0 −1 ], since generally radiationless processes will compete with 

radiative processes for the deactivation of *D. The efficiency of emission from *D is 

related to the measured and radiative lifetimes by Eq.17. 

 

𝜙𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 =  
𝜏𝐷

𝜏𝐷
0                         (17) 

 

When [A] is such that the equality of Eq.15 is found experimentally, we may 

calculate 𝑅𝐷𝐴
0 , the average separation for *D and A for which energy transfer and 

deactivation of *D occur at equal rates. Taking into account geometric factors and 

assuming spherical shapes for D and A, the relationship between RDA
0  and the 

concentration [A]0 that meets the criteria of Eq.15 is given by Eq.18. 

 

𝑅𝐷𝐴
0  𝑖𝑛Å = 6.5 𝐴 1 3     𝑤𝑖𝑡  𝐴  𝑖𝑛 𝑀 𝑢𝑛𝑖𝑡𝑠           (18) 

 

The rate constant and the efficiency for energy by the dipole-dipole mechanism may 

then be related to the actual separation RDA of *D and A by Eq.19 and Eq.20, 
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respectively. 

 

Rate constant for any separation: 

 

𝑘𝐸𝑇  ∝  𝑘𝐷  
𝑅𝐷𝐴

0

𝑅𝐷𝐴
 

6

=  
1

𝜏𝐷
 
𝑅𝐷𝐴

0

𝑅𝐷𝐴
 

6

                  (19) 

 

Efficient for any separation: 

 

𝜙𝐸𝑇  ∝   
𝑅𝐷𝐴

0

𝑅𝐷𝐴
 

6

                          (20) 

 

In Eq.19, τD is the experimental lifetime of *D, RDA is the actual separation between 

centers of *D and A, 𝑅𝐷𝐴
0  is the critical separation as defined by Eq.15, and φET is the 

efficiency for energy transfer (Eq.21). Thus, when𝑅𝐷𝐴 =  𝑅𝐷𝐴
0 , the rate of energy 

transfer equals the rate of deactivation (Eq.15 and Eq.16). When 𝑅𝐷𝐴 <  𝑅𝐷𝐴
0 , energy 

transfer predominates, whereas when 𝑅𝐷𝐴 >  𝑅𝐷𝐴
0 deactivation of *D dominates. 

 

Forster resonance energy transfer (commonly termed FRET)is widely used in 

photobiology as a ruler to determine distances between chromophores, sometimes 

strategically placed to examine special features or conformations in biomolecules. 

This interest has led to the determination of numerous 𝑅𝐷𝐴
0  values for selected 

donor-acceptor pairs. Typical values of 𝑅𝐷𝐴
0  are in the 10-50-Å range. 

 

Bimolecular chemical interactions are usually viewed as occurring via collisions 

between molecular reaction partners. By collisions, we mean that the participants in 

the reaction are sufficiently close that their electron clouds overlap significantly (the 

separation of the colliding partners is slightly smaller than their van der Waals radii). 

In any region of orbital overlap, electron exchange always occurs. The following 

processes of interest to photochemists can result from electron exchange 

interactions produced by molecular collisions: 

 

1. Triplet-triplet energy transfer. 

2. Singlet-singlet energy transfer. 

3. Triple-triple annihilation. 

4. Electron transfer. 

 

For the simple case of two spherical orbitals of *D and A, the overlap between the 

orbitals falls off exponentially as the separation RDA between *D and A increases. This 
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exponential falloff is a characteristic distance dependence of orbital overlap. Since 

the degree of exchange for energy transfer is directly related to the orbital overlap of 

*D and A, the rate constant for exchange energy transfer (kET) is also expected to fall 

off as an exponential function of the distance separating *D and A. In addition to the 

dependence of the rate of exchange energy transfer on the separation of *D and A, 

the rate of energy transfer will also be directly related to J, the spectral overlap 

integral, which, as expected from the golden rule for energy transfer between states 

(Eq.7), is a measure of the number of states that are capable of satisfying the 

resonance condition, once *D and A are coupled by the electron exchange 

interaction as the result of finite orbital overlap. The rate constant of energy transfer 

by electron exchange id given by an equation of the form of Eq.22:  

 

𝜙𝐸𝑇 =  𝜙∗𝐷𝜑𝐸𝑇                            (21) 

𝑘𝐸𝑇 𝑒𝑥𝑐𝑎𝑛𝑔𝑒 = 𝐾𝐽 𝑒𝑥𝑝 −2𝑅𝐷𝐴 𝑅𝐷𝐴
0                 (22) 

 

Where K is a parameter related to the specific orbital interactions, such as the 

dependence of orbital overlap on the instantaneous orientations of *D and A. The 

parameter J is the normalized spectral overlap integral (Eq.14), where normalized 

means that both the emission intensity (ID) and extinction coefficient (εA) have been 

adjusted to unit area on the wavenumber (v’) scale. It is important to note that J, 

because it is normalized, does not depend on the actual magnitude of εA. This 

difference is an important distinction from the situation for dipole-dipole energy 

transfer for which the magnitude of εA is a direct factor in determining the overall 

value of J (Eq.13). The overlap integral J can be identified with ρ, the density of 

degenerate states that couple *D and A (Eq.6 and Eq.7). 

 

Equation 26 is a convenient expression of the distance dependence for the rate 

constant for energy transfer by electron exchange, kET. The parameter RDA is the 

separation of *D and A; 𝑅𝐷𝐴
0  is the separation of *D and A when they are in van der 

Waals contact; and k0 represents the rate of energy transfer when *D and A are van 

der Waals contact (when 𝑅𝐷𝐴 =  𝑅𝐷𝐴
0 , then or Eq.22, 𝑒𝑥𝑝 −𝛽 𝑅𝐷𝐴 − 𝑅𝐷𝐴

0  = 1 ). 

The β term in Eq.22 is a parameter that represents the sensitivity of kET to a distance 

of separation (RDA) for a given *D and A pair. Typical values of β are on the order of  

1Å-1 and generally do not depend significantly on the electronic characteristics of *D 

and A when energy transfer is exothermic. This finding means that the rate constant 

for energy transfer falls off by ～1/𝑒 as the value of 𝑅𝐷𝐴  increases by 1Å. Values 

of 𝛽 < 1 mean that 𝛽 is not very sensitive to separation; for small values of 𝛽, 

energy transfer can occur over very large distances. The maximum value of k0 is 
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expected to be on the order of 1013𝑠−1 . From Eq.23, for 𝑘0  =  1013𝑠−1, the rate of 

energy transfer is 1013𝑠−1 when *D and A collide and are in contact; that is, 

𝑅𝐷𝐴 =  𝑅𝐷𝐴
0 . 

 

kET  ∼  k0 exp −β RDA − RDA
0                       (23) 

 

In comparing dipole-dipole interactions and electron exchange energy-transfer 

processes, we note the following differences in their characteristics. 

1. The rate of dipole-induced energy transfer decreases as 1 𝑅𝐷𝐴
6 , whereas the 

rate of exchange-included transfer decreases as 𝑒𝑥𝑝 −𝑅𝐷𝐴 𝑅𝐷𝐴
0  . 

Quantitatively, this means that 𝑘𝐸𝑇  (exchange) drops to negligibly small values 

(relative to the lifetime of *D)as the intermolecular distance between *D and A 

increases to values that are more than one or two molecular diameter(5-10 

Å) ,as shown in Fig.4. 

2. The rate of dipole-induced transfer depends on the extinction coefficients (ε) of 

the *D→D and A→*A radiative transitions, but the rate of the exchange-induced 

transfer is independent of the extinction coefficients of the *D→D and A→*A 

transitions. 

3. The efficiency of energy transfer (fraction of transfer per donor lifetime ～

𝑘𝐸𝑇 𝑘𝐷 ) by the dipole mechanism depends mainly on the oscillator strength of 

the A→*A transition(since a small extinction coefficient for the *D→D transition 

is compensated for by a slower radiative rate constant )and is directly related to 

the quantum yield for emission of *D, whereas the efficiency of energy transfer 

by the exchange interaction cannot be as directly related to experimental 

quantities. 

4. Both Förster and Dexter theories predict a direct dependence of kET on J, the 

spectral overlap integral, but the Forster theory includes the extinction 

coefficient of the A→*A transition in the computation of J [25-32]. 
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1.5 The purpose of this study: 

 

In this study, two types of molecular biosensor models for small ligand molecule 

were investigated. The pair of Streptavidin and biotin that was used as the model 

was investigated here. The two types of molecular biosensor models were 

successfully designed by fluorescent mutant Streptavidin using fluorescence 

quenching mechanism and fluorescence mechanism. 
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Chapter.2 Molecular biosensor for biotin base on fluorescence 

quenching of fluorescent mutant streptavidin by carbazole-labeled 

biotin 

 

2.1 Introduction: 

 

Biotin is a water-soluble vitamin, also known as Vitamin B-7 or Vitamin H. It is the 

essential component for synthesis of Vitamin C, and also works as a coenzyme for the 

synthesis of fatty acids, isoleucine, and valine, and plays a role in gluconeogenesis. 

Biotin deficiency induces hair loss (alopecia), conjunctivitis, dermatitis likes a scaly 

red rash around the eyes, nose, mouth, and genital area, neurological symptoms like 

depression, lethargy, hallucination, and numbness and tingling of the extremities. 

Therefore, a rapid convenient method for determining the biotin concentration is 

very important [33-37]. 

 

Streptavidin is a tetrameric biotin binding protein isolated from Streptmyces avidinii. 

The dissociation constant (Kd) of streptavidin to biotin is on the order of 10−15mol/L 

that is extraordinarily high affinity. Then streptavidin-biotin binding reaction has 

been widely applied to biotin detection, biomolecule purification, protein assays, 

diagnostics, and drug delivery by coupling with various reporter probes, such as 

fluorescence dyes, radioactive elements or enzymes. Therefore, more rapid 

convenient methods for the determination of biotin are further required (Fig.5a, b) 

[37-41]. 

 

In this study, a fluorescent unnatural amino acid, BODIPY-FL-Aminophenylalanine 

(BFLAF) (Fig.5c) in which BODIPY-FL was bound to aminophenylalanine was 

incorporated at the Tyr54, Tyr83 and Trp120 of a streptavidin to synthesize three 

different monoclonal fluorescent mutant streptavidin by using four-base codon 

method and to apply them into molecular biosensor for biosensor. On the other 

hand, carbazole was modified to biotin as a quencher for BFLAF. The fluorescent 

mutant streptavidin of Trp120BFLAF was certainly quenched by carbazole-labeled 

biotin (Fig.5d) when the streptavidin-biotin complex was formed. Whereas, in the 

presence free biotin was existed in the assay solution, the fluorescent mutant 
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streptavidin of Trp120BFLAF would not be quenched by carbazole-labeled biotin 

because of the competitive binding reactions of natural biotin and carbazole-labeled 

biotin to the mutant streptavidin [42-45]. 

 

By this competitive binding assay, free biotin was determined in the concentration 

range of 20 nM to 100 nM. This result demonstrated that various molecular 

biosensing systems for small ligands could be constructed by coupling the 

position-specifically designed fluorescence mutant binding protein and the 

corresponding quencher-labeled ligand analogue. 
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Fig.5 (a) The monomeric constitution of streptavidin.  

(b) The tetrameric constitution of streptavidin. Tyr54’s were colored with orange, Tyr83’s were 

colored with pink, Trp120’s were colored with red, the biotins were colored with yellow. As 

shown in the Fig.1a, the biotins were close to the Trp120’s of the neighbor streptavidin in the 

streptavidin-biotin complex. 

(c) Structure of BODIPY-FL-Aminophenylalanine (BFLAF) λexmax=505 nm λemmax=514 nm  

(d) Structure of carbazole-labeled biotin (n=0 carbazole-labeled biotin; n=1 carbazole-LC-biotin;  

n=2 carbazole-LC-LC-biotin). 
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2.2 Experimental method: 

 

2.2-1 Materials: 

 

The DNAs of wild type and Tyr83, Trp120 mutant streptavidin, and DNA of the tRNA 

that having four-base anticodon and BODIPY-FL-Aminophenylalanyl-pdCpA were 

obtained from laboratory of Prof. Hohsaka of Japan advanced institute of science and 

technology (JAIST). 

 

The materials for the PCR and purification of the wild type and mutant streptavidins 

template DNAs of mRNA and tRNA: 

Vent DNA polymerase was obtained from New England Biolabs. Primers for the PCR 

of template DNAs of mRNA (T7 up and T7 term) and tRNA (M3 and -CA) were 

purchased from Sigma life science. PCR purification kit (QIAquickⓇ) for DNAs of 

mRNA and PCR purification kit (MinEluteⓇ) for DNAs of tRNA were from QIAGEN. 

T7 up   (5'-CCCGCGCGTTGGCCGATTCA-3') 

T7 term  (5'-TATTACGCCAGGTTATCCGG-3') 

M3   (5'-GTTGTAAAACGACGGCCAGT-3') 

-CA   (5'-GTGCGAATTCTGTGGATCGA-3') 

 

The materials for the synthesis and purification of the wild type and mutant 

streptavidins the mRNAs and tRNA: 

Thermo T7 RNA polymerase and ribonuclease inhibitor were obtained from TOYOBO. 

Thermostable inorganic pyrophosphatase was purchased from New England Biolabs. 

T4 RNA ligase was from Takara Bio. 

 

The materials for the synthesis and purification of the wild type and mutant 

streptavidins: 

E.coli S30 Extract system and MagneHisTMNi-Particles were purchased from Promega. 

G-25 columns were obtained from GE Healthcare. 
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The materials for the Western blotting analysis and the dot blotting analysis: 

Anti-T7-tag antibody was obtained from Novagen. Alkaliphosphatase-labeled 

anti-mouse IgG was purchased from Promega. PVDF membrane and cellulose 

membrane were from BIO-RAD and ADVANTEC. 
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2.2-2 Synthesis of fluorescent unnatural mutant streptavidin: 

 

The process of synthesis and purification of fluorescent mutant streptavidin was 

shown in Fig.6. The wild type and mutant DNAs of streptavidin were synthesized by 

PCR, and then the mRNAs of wild type and mutant were synthesized by using of the 

products of PCR. Meanwhile, the tRNA-CA containing four-base anticondo from yeast 

was prepared like mRNAs, and then the unnatural amino acid aminoacyl-tRNA was 

synthesized by ligation of tRNA-CA and unnatural amino acid-pdCpA. The wild type 

and the mutant streptavidins were translated in E.coli S30 extract, and then purified 

by His-tag purification and G-25 column.  

 

 

 

Fig.6 The process of preparation of fluorescent mutant streptavidins.  
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Synthesis and purification of the template DNAs of the wild type and the mutant 

streptavidins and tRNA-CA: 

 

The materials were admixed for the RCP of the DNAs of wild type and mutant 

streptavidins as follows: 

 

・ 10× Vent Buffer    5 μl 

・ 2.5 mM  dNTPs    4 μl 

・ 20 μM  primer T7up   2.5 μl 

・ 20 μM  primer T7term  2.5 μl 

・ plasmid      0.5 μl 

・ Vent DNA Polymerase   0.5 μl 

・ milliQ      35 μl   

Total       50 μl 

 

The RCP of the DNAs of wild type and mutant streptavidins was operated as follows. 

95℃ 5min – ( 95℃ 30sec, 55℃ 30sec, 72℃ 1min ) × 25, 72℃ 7min, 

and then purified by PCR purification kit (QIAquickⓇ). 

 

The products were confirmed by electrophoresis using 4% acrylamide/bisacrylamide 

PAGE. 
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The materials were admixed for the RCP of the tRNA-CA containing four-base 

anticodon as follows: 

 

・ 10× Vent Buffer      5 μl 

・ 2.5 mM  dNTPs      4 μl  

・ 20 μM  primer M3      2.5 μl 

・ 20 μM  primer -CA     2.5 μl 

・ plasmid        0.5 μl 

・ Vent DNA Polymerase     0.5 μl 

・ milliQ        35 μl    

Total         50 μl 

 

The RCP of the DNAs of wild type and mutant streptavidins was operated as follows. 

95℃ 5min – ( 95℃ 30sec, 55℃30sec, 72℃ 1min ) × 25, 72℃ 7min 

and then purified by PCR purification kit (MinEluteⓇ). 

 

The products were confirmed by electrophoresis using 6% acrylamide/bisacrylamide 

PAGE. 
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Synthesis and purification of the wild type and mutant streptavidins mRNAs and 

tRNA-CA: 

 

The materials were admixed for the synthesis of the wild type and mutant 

streptavidins mRNAs as follows: 

 

・10×T×buffer      5 μl 

・25 mM NTPs      8 μl 

・100 mM Spd      1 μl 

・0.1% BSA       0.5 μl 

・template DNA      10 μl 

・RNasin       0.5 μl 

・iPPase       0.5 μl 

・T7 RNA Polymerase    2 μl 

・milliQ         22.5 μl  

Total        50 μl 

 

The mixture was incubated at 37℃ for 6 hours. 

 

The same amount of 5 M AcONH4 was added into the reaction solution and cooled to 

0℃ for 20 min. The supernatant fluid was removed after centrifugal separation 

(13000rpm, 4℃, 30 min). 200 µl of TE solution was added for dissolving the 

precipitates, and then TE solution was purified by 200 µl of phenol/chloroform 

mixture one time and 200 µl of chloroform one time. 10% amount of 3 M ACOK 

(pH4.5) as compared with TE solution and 3 times amount of ethanol as compared 

with TE solution was added, and then the supernatant fluid was removed after 

centrifugal separation (13000rpm, 4℃, 30 min) and dried. The concentration of 

mRNA was adjusted to 0.2 OD/µl by milliQ. The products were confirmed by 

electrophoresis by 4% acrylamide/bisacrylamide PAGE (Urea). 

 

  



 

34 
 

The materials were admixed for the synthesis of the tRNA-CA containing four-base 

anticodon as follows: 

 

・  10×T×buffer      5 μl 

・  25mM NTPs      8 μl 

・  100mM GMP      10 μl 

・  100mM Sqd      1 μl 

・  0.1% BSA      0.5 μl 

・  DNA solution      20.5 μl 

・  RNasin       0.5 μl 

・  iPPase       0.5 μl 

・  T7 RNA Polimerase    4 μl     

   Total        50 μl 

 

The mixture was incubated at 37℃ for 12 hours. 

 

The reaction solution was purified by ED52 column for separating the enzyme and 

DNAs. And then the tRNA-CA solution was purified by phenol/chloroform mixture 

one time and chloroform one time. 2.5 times amount of ethanol as compared with 

the tRNA-CA solution was added, and then the supernatant fluid was removed after 

centrifugal separation (13000rpm, 4℃, 30 min) and dried. The concentration of 

mRNA was adjusted to 0.1 OD/µl by milliQ. The products were confirmed by 

electrophoresis by 8% acrylamide/bisacrylamide PAGE (Urea). 
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Synthesis of the unnatural amino acid-aminoacyl tRNA: 

 

Ordinarily, a -CCA polynucleotide sequence was appeared at the 3'terminal of the 

tRNAs. In this research, for synthesis of the unnatural amino acid-aminoacyl tRNA, 

the 3'terminal lacked CA polynucleotide of the tRNA containing four-base anticodon 

was used. On the other hand, an unnatural amino acid-aminoacyl pdCpA was 

synthesized. The unnatural amino acid aminoacyl-tRNA was synthesized by ligation of 

tRNA-CA and unnatural amino acid-pdCpA (Fig.7). 

 

 

Fig.7 The unnatural amino acid-aminoacyl tRNA containing four -base codon was synthesized by 

ligation of tRNA-CA and unnatural amino acid-pdCpA. 

 

The materials were admixed for the ligation of tRNA-CA and unnatural amino 

acid-pdCpA as follows: 

 

・ 5×Ligation Buffer         4 μl 

・  tRNA-CA sol          2.5 μl 

・  non-natural amino acid-pdCpA/DMSO    2 μl 

・  0.1% BSA          0.4 μl 

・  T4 RNA Ligase (25unit/mL)      1.2 μl 

・  milliQ           9.9 μl   

Total            20 μl 

 

The mixture was incubated at 4℃ for 2 hours. 
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2 times amount of 0.45 M ACOK (pH4.5) as compared with reaction solution and 9 

times amount of ethanol as compared with reaction solution was added, and then 

the supernatant fluid was removed after centrifugal separation (13000rpm, 4℃, 30 

min) and dried. The product was dissolved in 10% amount of 1 mM ACOK (pH4.5) as 

compared with reaction solution. 
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Translation of the wild type and mutant streptavidins: 

 

The materials were admixed for the translation of the wild type streptavidins as 

follows: 

 

・ LM+12        3 μl 

・ mRNA ( wild type )     2 μl 

・ S30         2 μl 

・ milliQ        3 μl    

Total         10 μl 

  

The materials were admixed for the translation of the mutant streptavidins as 

follows: 

 

・  LM+12        3 μl 

・  mRNA ( mutant )      2 μl 

・  unnatual amino acid-tRNA    1μl 

・  S30         2 μl 

・  milliQ        2 μl   

Total         10 μl 

 

The mixtures were incubated at 37℃ for 1 hour. 
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Confirmation of the synthesis of the wild type and the mutant streptavidins: 

 

For identification of the protein synthesized by four-base method, T7-tag was added 

at the N terminus that allowed identifying the translated proteins by Western blot 

analysis in general. In this research, the synthesized mutant streptavidins were 

subjected to SDS-PAGE, and then blotted to the PVDF membrane. The bands of the 

wild type and the mutant streptavidins were confirmed by Western blotting analysis, 

in which the T7-tag of the N-terminal of the wild type and the mutant streptavidins 

were recognized with the anti-T7-tag antibody from mouse, and the secondary 

antibody for mouse antibody that was labeled with alkaliphosphatase. 

 

 

 

Fig.8 The Western blotting analysis of streptavidin. 
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Confirmation of the purification of the wild type and the mutant streptavidins: 

 

More than six histadine amino acids at the end of a protein (either N or C terminus) 

are known as a 6X His-tag. Nickel is bound to an agarose bead by chelation using 

nitroloacetic acid (NTA) beads. The general method is to batch absorb the protein 

onto the column, by mixing the beads with the sample, then pouring the slurry of 

NTA beads and protein into a column, where low concentrations of phosphate and 

imidazole are used to remove low affinity bound proteins. If needed, the imdazole 

can be increased to 20 mM before most His tagged proteins  are eluted. Finally, 

higher concentration of imidazole is used to elute the protein from the NTA-beads 

(Fig.9). 

 

For purification of the protein synthesized by four-base method, His-tag was added 

at the C terminus that allowed purifying by the full-length of proteins His-tag 

purification system in general. For application of the fluorescent mutant streptavidins 

to the biotin molecular biosensor, the truncate peptides and the BFLAF-aminoacyl 

tRNAs that did not incorporated into the strepavidins must be eliminated completely. 

So the products were purified by His-tag purification and G-25 columns. 

 

 

 

Fig.9 The His-tag purification of streptavidins.  
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Confirmation of the biotin-binding activity of the fluorescent mutant streptavidin:  

 

A dot blot (or slot blot) is a technique in molecular biology used to detect 

biomolecules, and for detecting, analyzing, and identifying proteins. It represents a 

simplification of the northern blot, Southern blot, or western blot methods. In a dot 

blot the biomolecules to be detected are not first separated by electrophoresis. 

Instead, a mixture containing the molecule to be detected is applied directly on a 

membrane as a dot, and then is spotted through circular templates directly onto the 

membrane or paper substrate. This differs from the western blot because protein 

samples are not separated electrophoretically. This is then followed by detection by 

either nucleotide probes (for a northern blot and southern blot) or antibodies (for a 

western blot). 

 

The technique offers significant savings in time, as chromatography or gel 

electrophoresis, and the complex blotting procedures for the gel are not required. 

However, it offers no information on the size of the target biomolecule. Furthermore, 

if two molecules of different sizes are detected, they will still appear as a single dot. 

Dot blots therefore can only confirm the presence or absence of a biomolecule or 

biomolecules which can be detected by the DNA probes or the antibody. 

 

The biotin-binding activity of the wild type and mutant streptavidins was confirmed 

with dot blot analysis (Fig.10). 2 times amount of the mutant streptavidins as 

compared with wild type streptavidin were immobilized on the cellulose nitrate to 

bind with alkaline phosphatase-biotin, and then assayed with western blue for 

coloring. The coloring image of the dot on the blotting membrane was taken with a 

scanner and analyized the spots density by the commercialized imaging s oftware, the 

NIH ImageJ software. 
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Fig.10 The dot blotting analysis of streptavidins. 
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2.2-3 Synthesis of the carbazole-labeled biotin: 

 

Synthesis of 9-(2-aminetyl)-9H-carbazole hydrochloride: 

 

The 0.9 M of borane-tetrahydrofuran solution (20 ml) was instilled into the 

9-vinylcarbazole (5.8 g 0.03 mol) tetrahydrofuran solution under a stream of N2 gas at 

room temperature. The mixture was stirred at room temperature for 2 hours. 

Thereafter, the trialkylborane solution was diluted with 10 ml of tetrahydrofuran and 

hydroxylamine-O-sulfonic acid (2.26 g, 20 mmol) was added, the reaction mixture 

was stirred at room temperature for 12 hours. The reaction mixture was then 

washed with 1 N of NaOH solution (100 ml) three times after diluted with diethyl 

ether (20 ml). The organic phase that was dried by MgSO4 was reacted with ethereal 

HCl (1 M, 10 ml) to precipitate the amine as 9-(2-aminetyl)-9H-carbazole 

hydrochloride. The solid was washed with diethyl ether and dried to yield 0.83 g 

(14%) [20]. 

 

Synthesis of quencher-labeled biotin: 

 

The 10 mM of 9-(2-aminetyl)-9H-carbazole hydrochloride in methanol (5 ml) was 

added into 10 mM of N-Succinimidyl D-Biotin or EZ-LinkⓇ  NHS-LC-Biotin or EZ-LinkⓇ 

NHS-LC-LC-Biotin that dissolved in Tris-HCl buffer pH8.3 (5 ml) were stirred at 0 ℃ for 

3 hours. The solid was washed with diethyl ether, water and evaporated to dryness , 

yielded carbazole-labeled biotin carbazole-LC-biotin and carbazole-LC-LC-biotin all 

more than 95% [21]. 
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2.2-4 Experimental procedure for fluorescence biosensing: 

 

The carbazole-labeled biotin was prepared with DMSO. The samples contained 10 μl 

of solution of fluorescent mutant streptavidin, 10 μl of solution of carbazole-labeled 

biotin, 10μl of solution of natural biotin, and diluted to 100 μl with HKM buffer（100 

mM KCl, 25 mM Hepes, 5 mM MgCl2, pH adjusted to 7.4 with KOH). A fluorescence 

spectrometer (JASCO FP-6500) was used to measure excitation and emission spectra 

of the sample solutions with the slit width in 5 nm for both excitation and emission.  
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2.3 Result and discussion: 

2.3-1 Confirmation of the synthesis of the unnatural mutant streptavidins: 

 

Preparation of fluorescent mutant streptavidin:  

 

Confirmation of the results of PCR: 

 

Confirmation of the results of the DNAs of wild type and mutant streptavidins 

synthesized by PCR: 

 

 

 

Fig.11 The bands of purified template DNAs of wild type and mutant streptavidins were observed 

between 800bp~900bp. This result demonstrated that the template DNAs of wild type and 

mutant streptavidins were synthesized successfully. 

 

The products of PCR were subjected to 4% acrylamide/bisacrylamide PAGE to 

compare the molecular weight. The bands of the template DNAs of wild type and 

mutant streptavidins were observed at the almost same molecular weight between 

800bp to 900bp (Fig.11). This result demonstrated that the template DNAs of wild 

type and mutant streptavidins were synthesized successfully by PCR. 
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Confirmation of the results of the DNAs of tRNA-CA containing four-base anticodon 

synthesized by PCR: 
 

 
 

Fig.12 The band of the DNAs of tRNA-CA containing four-base anticodon was observed at the 

same position of authentic sample. This result demonstrated that the DNA of tRNA-CA containing 

four-base anticodon was synthesized successfully.  

 

The products of PCR were subjected to 6% acrylamide/bisacrylamide PAGE to 

compare the molecular weight. The stock solution was used as an authentic sample 

for the confirmation of the result of PCR. The band of the template DNA of tRNA-CA 

containing four-base anticodon was observed at the almost same molecular weight 

with the authentic sample (Fig.12). This result demonstrated that the template DNAs 

of tRNA-CA containing four-base anticodon was synthesized successfully by PCR. 
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Confirmation of the results of synthesis of the RNAs: 

 

Confirmation of the results of synthesis of the RNAs of the wild type and mutant 

streptavidins: 

 

 

 

Fig.13 The bands of purified mRNAs of wild type and mutant streptavidins were observed 

between 800bp~900bp. This result demonstrated that the mRNAs of wild type and mutant 

streptavidins were synthesized successfully.  

 

The RNAs of the wild type and mutant streptavidins were synthesized and purified 

from the template DNAs. The products were diluted to the 10% as compared with 

stock solution and subjected to 4% acrylamide/bisacrylamide PAGE (Urea) to 

compare the molecular weight. The bands of the RNAs of wild type and mutant 

streptavidins were observed at the almost same molecular weight between 800bp to 

900bp (Fig.13). This result demonstrated that the RNAs of wild type and mutant 

streptavidins were synthesized successfully from the template DNAs. 
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Confirmation of the results of synthesis of the tRNA-CA containing four-base 

anticodon: 
 

 

 

Fig.14 The band of the tRNA-CA containing four-base anticodon was observed at the same 

position of authentic sample. This result demonstrated that the tRNA-CA containing four-base 

anticodon was synthesized successfully. 

 

The tRNA-CA containing four-base anticodon was synthesized and purified from the 

template DNAs. The products were diluted to the 10% as compared with stock 

solution and subjected to 8% acrylamide/bisacrylamide PAGE (Urea) to compare the 

molecular weight. The band of the tRNA-CA containing four-base anticodon was 

observed at the almost same molecular weight with the authentic sample from 

laboratory of Prof. Hohsaka of Japan advanced institute of science and technology 

(JAIST). (Fig.14). This result demonstrated that the RNAs of wild type and mutant 

streptavidins were synthesized successfully from the template DNAs. 
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Confirmation of the translation of the wild type and mutant streptavidins: 

 

 

 

 

Fig.15 (a) The result of fluorescence imaging analysis. Three bands of Tyr54BFLAF, Tyr83BFLAF 

and Trp120BFLAF of fluorescent mutant streptavidin were draw with the black box.  

(b) The result of Western blotting. BFLAF was incorporated into streptavidin by using a CGGG 

four-base codon. The bands of wild type and mutant streptavidins were observed around 20 kDa.  

 

  



 

49 
 

The wild type, Tyr54BFLAF, Tyr83BFLAF and Trp120BFLAF mutant streptavidins were 

translated by in vitro translation. 1.5 times amount of the fluorescent mutant 

streptavidins solution as compared with wild type streptavidin was subjected to 

SDS-PAGE to compare the molecular weight. The bands of three fluorescent mutant 

streptavidin would be confirmed by fluorescence imaging analysis that excited with 

488nm and observed at 530nm because of BFLAF (λexmax=505 nm, λemmax=514 

nm)( Fig.15a). On the other hand, the bands of three mutant streptavidins were 

confirmed by Western blotting, in which the T7-tag of the N-terminal of the mutant 

streptavidin was recognized by anti-T7-tag antibody from mouse, and an antibody for 

mouse was used as a secondary antibody that was labeled with alkaliphosphatase. 

The full-length of streptavidin (20 kDa) was obtained only in the presence of BFLAF 

into the translation system (Fig.14b). The results of fluorescence imaging analysis and 

Western blotting indicated that the BFLAF were incorporated into streptavidin at 

each specific position to make the full-length of streptavidin. The bands of the wild 

type and three mutant streptavidin in blotting membrane were seen at the almost 

same molecular weight of 20 kDa. The incorporation efficiency of the BFLAF, however, 

strongly depends on the structure of its side chain and the incorporated site. The 

relative yield of the full-length streptavidin obtained in the presence of the BFLAF 

aminoacyl-tRNA was determined by comparing the band density of the full-length 

product with those of serially diluted wild type streptavidin. The protein yields of 

Tyr54BFLAF, Tyr83BFLAF and Trp120BFLAF mutant streptavidin were analyzed to 

8.2%, 7.9% and 7.8%, respectively as compared with the band density of wild type 

streptavidin as 100% with NIH ImageJ software. 

 

At the below of the bands of Tyr83BFLAF and Trp120BFLAF mutant streptavidin in the 

result of Western blotting analysis, the bands of truncate peptides were also 

observed, and also at the bottom of the result of fluorescence imaging analysis, the 

BFLAF-aminoacyl tRNAs that did not incorporated into the strepavidins were also 

observed.  

 

For application of the fluorescent mutant streptavidins to the biotin molecular 

biosensor, the truncate peptides and the BFLAF-aminoacyl tRNAs that did not 

incorporated into the strepavidins must be eliminated completely. So the products 

were purified by His-tag purification and G-25 columns. 
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Confirmation of the purification of the wild type and mutant streptavidins:  

 

 

 

 

Fig.16 (a) The result of fluorescence imaging analysis. Three bands of Tyr54BFLAF, Tyr83BFLAF 

and Trp120BFLAF of fluorescent mutant streptavidin were draw with the black box.  

(b) The result of Western blotting. BFLAF was incorporated into streptavidin by using a CGGG 

four-base codon. The bands of wild type and mutant streptavidins were observed around 20 kDa.  
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The wild type, Tyr54BFLAF, Tyr83BFLAF and Trp120BFLAF mutant streptavidins were 

purified by His-tag purification and G-25 columns. 3 times amount of the fluorescent 

mutant streptavidins solution as compared with wild type streptavidin was subjected 

to SDS-PAGE to compare the molecular weight. The bands of three fluorescent 

mutant streptavidin would be confirmed by fluorescence imaging analysis that 

excited with 488nm and observed at 530nm (Fig.16a). On the other hand, the bands 

of three mutant streptavidins were confirmed by Western blotting, the full -length of 

streptavidin (20 kDa) was obtained only in the presence of BFLAF into the translation 

system (Fig.16b). The results of fluorescence imaging analysis and Western blotting 

indicated that the BFLAF were incorporated into streptavidin at each specific position 

to make the full-length of streptavidin. The bands of the wild type and three mutant 

streptavidin in blotting membrane were seen at the almost same molecular weight of 

20 kDa. The incorporation efficiency of the BFLAF, however, strongly depends on the 

structure of its side chain and the incorporated site. The relative yield of the 

full-length streptavidin obtained in the presence of the BFLAF aminoacyl-tRNA was 

determined by comparing the band density of the full-length product with those of 

serially diluted wild type streptavidin. The protein yields of Tyr54BFLAF, Tyr83BFLAF 

and Trp120BFLAF mutant streptavidin were analyzed to 7.4%, 7.9% and 8.2%, 

respectively as compared with the band density of wild type streptavidin as 100% 

with NIH ImageJ software. 
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2.3-2 Confirmation of the biotin binding activity of the unnatural mutant 

streptavidins: 

 

 

 

Fig.17 The result of dot blotting. The biotin binding activities of these fluorescent mutant 

streptavidins were evaluated by a dot blot analysis using an Alkaline Phosphatase-biotin. 
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The biotin binding activities of the wild type and the mutant streptavidins were 

evaluated by dot blotting using alkaline phosphatase-biotin. For confirmation of the 

biotin binding activities of the mutant streptavidins accurately and easily, 2 times 

amount of each mutant streptavidin solution as compared with wild type 

streptavidin solution was blotted on the membrane. Therefore, the protein amounts 

of Tyr54BFLAF, Tyr83BFLAF and Trp120BFLAF mutant streptavidins blotted on the 

membrane were 14.8%, 15.8% and 16.4% of that of wild type streptavidin from 

Western blotting analysis. The blot density of Tyr54BFLAF, Tyr83BFLAF and 

Trp120BFLAF were 9.6%, 9.6% and 9.7%, respectively as compared with the wild type 

streptavidin with NIH ImageJ software. Therefore, the biotin-affinity of Tyr54BFLAF, 

Tyr83BFLAF and Trp120BFLAF mutant streptavidins was evaluated to 65%, 61% and 

59%, respectively as compared with the wild type streptavidin. The results indicated 

that the mutant streptavidin containing BFLAF at positions Tyr83 and Trp120 retained 

as strong biotin binding activity as wild type streptavidin (Fig.17). These positions 

locate at surface regions of the beta-barrel structure or at an interface region of a 

biotin binding pocket that may be influential in biotin binding activities little. 
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2.3-3 Fluorescence analysis of the fluorescent unnatural mutant streptavdins: 

 

The excitation spectra and fluorescent spectra of Tyr54BFLAF, Tyr83BFLAF and 

Trp120BFLAF fluorescent mutant streptavidins were shown in Fig.17. The excitation 

spectra of the Tyr54BFLAF, Tyr83BFLAF and Trp120BFLAF fluorescent mutant 

streptavidins were observed at 530 nm, the fluorescent spectra of the Tyr54BFLAF, 

Tyr83BFLAF and Trp120BFLAF fluorescent mutant streptavidins were excited at 480 

nm. The maximum excitation wavelengths of the Tyr54BFLAF, Tyr83BFLAF and 

Trp120BFLAF fluorescent mutant streptavidins were observed at 505 nm, and and 

the maximum fluorescent wavelengths of the Tyr54BFLAF, Tyr83BFLAF and 

Trp120BFLAF fluorescent mutant streptavidins were observed at 510 nm. A 

fluorescence spectrometer (JASCO FP-6500) was used to measure excitation and 

emission spectra of the sample solutions with the slit width in 3 nm for both 

excitation and emission. 
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Excitation spectrum and fluorescence spectrum of Tyr54BFLAF fluorescent mutant 

streptavidins: 
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Excitation spectrum and fluorescence spectrum of Tyr83BFLAF fluorescent mutant 

streptavidins: 
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Excitation spectrum and fluorescence spectrum of Trp120BFLAF fluorescent mutant 

streptavidins: 
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Fig.18 (a) (c) (e) The excitation spectra of Tyr54BFLAF, Tyr83BFLAF and Trp120BFLAF fluorescent 

mutant streptavidins. The excitation spectra were observed at 530 nm, and the maximum 

excitation wavelengths were observed at 505 nm. 

(b) (d) (f) The fluorescent spectra of Tyr54BFLAF, Tyr83BFLAF and Trp120BFLAF fluorescent 

mutant streptavidins. The fluorescent spectra were excited at 480 nm, and the maximum 

fluorescent wavelengths were observed at 510 nm.  
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2.3-4 Fluorescence measure of the unnatural mutant streptavidins upon binding of 

carbazole-labeled biotin and free biotin: 

 

Fluorescence quenching of fluorescent mutant streptavidin upon addition with 

carbazole-labeled biotin: 

 

Before the experiment of fluorescence quenching of fluorescent mutant streptavidin 

upon addition with carbazole biotin, 100 nM of natural biotin was added into the 

solution of fluorescent mutant streptavidin for confirming the effect of the natural 

biotin. Actually, the effect of fluorescence intensity from natural biotin was little 

(Fig.19a, b, c). 

The Fluorescence spectra of fluorescent mutant streptavidin of Tyr54BFLAF, 

Tyr83BFLAF and Trp120BFLAF upon addition with carbazole-labeled biotin were 

measured. There was hardly any change of the fluorescence intensity of Tyr54BFLAF 

and Tyr83BFLAF presence (100 nM) and absence of carbazole-labeled biotin. Tyr54 

and Tyr83, BFLAF incorporated into these positions are escaping from 

carbazole-labeled biotin. The energy transfer between BFLAF incorporated into the 

position of Tyr54 or Tyr83 of streptavidin to carbazole-labeled biotin would be 

difficult to occur (Fig.19a, b). 

 

By contrast, Trp120BFLAF of fluorescent mutant streptavidin, a marked quenching 

was occurred upon addition with carbazole-labeled biotin (100 nM). The 

fluorescence intensity of the Trp120BFLAF is 1.4 time that of Trp120BFLAF in the 

absence of carbazole-labeled biotin (100 nM) (Fig3.c). Furthermore, concentration 

dependence that quenching of Trp120BFLAF upon addition with carbazole-labeled 

biotin was observed (Fig.19c). 

 

Quenching of Trp120BFLAF was observed from addition with 10 nM of 

carbazole-labeled biotin. However, BFLAF, were strongly depends on the structure of 

its side chain, incorporated into streptavidin, would induce weakening of 

biotin-affinity of Trp120BFLAF. Whereupon, carbazole-labeled biotin, it would be 

difficult to binding to the streptavidin than natural biotin because of the structure of 

its side chain (Fig.19c). 

 



 

60 
 

 

 

 



 

61 
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Fig.19 (a) (b) Fluorescence spectra of the Tyr54BFLAF and the Tyr83BFLAF mutant streptavidin 

only ( ); Fluorescence spectra of the Tyr54BFLAF and the Tyr83BFLAF mutant streptavidin in 

the presence of 100 nM of natural biotin ( ) or 100 nM of carbazole-labeled biotin ( ); 

There was no change in the fluorescence intensity upon addition of natural biotin or 

carbazole-labeled biotin for the Tyr54BFLAF and the Tyr83BFLAF mutant streptavidin.   

 

(c) Fluorescence spectra of the Trp120BFLAF mutant streptavidin only ( ), in the presence of 

100 nM of natural biotin ( ), or 10 nM ( ), or 50 nM ( ), or 80 nM ( ), or 100 

nM ( ), or 300 nM ( ), or 500 nM ( ) of carbazole-labeled biotin. Marked 

fluorescence quenching was observed for the Trp120BFLAF mutant streptavidin by addition of 

carbazole-labeled biotin.The fluorescence intensities of the Trp120BFLAF mutant streptavidin 

decreased as the concentration of carbazole-labeled biotin increased, and the fluorescence 

intensity was 1.4 times in the absence of carbazole-labeled biotin compared with that in the 

presence of carbazole-labeled biotin (100 nM).  

 

(d) The fluorescence intensities of the Trp120BFLAF mutant streptavidins in the presence of 

various concentration of carbazole-labeled biotin at 510 m were plotted. Fluorescence intensity 

of Trp120BFLAF mutant streptavidin decreased linearly in the presence of carbazole-labeled 

biotin at the concentration range of 10 to 100 nM, and the quenching was saturated over 100 nM.  

All of the fluorescence spectra of mutant streptavidins were excited at 490nm.  
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For optimization of the spacer arm between biotin and carbazole, the 

carbazole-LC-biotin and carbazole-LC-LC-biotin were also synthesized, and the 

fluorescence quenching of Trp120BFLAF were examined upon addition with each of 

these compounds. The fluorescence spectra of Trp120BFLAF upon titration with 

carbazole-LC-biotin indicated that the fluorescence intensity was hardly any change 

(Fig.20a, b). But the fluorescence intensity of Trp120BFLAF was increased by addition 

of carbazole-LC-LC-biotin (Fig.20c, d). It is possibly because of the spacer of 

carbazole-labeled biotin when the carbazole-LC-biotin or carbazole-LC-LC-biotin 

bound to the Trp120BFLAF, and the conformational change of Trp120BFLAF would 

induce the increase of the fluorescence intensity of Trp120BFLAF. Also because of the 

spacer of carbazole-labeled biotin, in case of carbazole-LC-biotin, the increased 

fluorescence intensity by conformational change was quenched by carbazole, finally, 

apparently hardly any change of the fluorescence spectra of Trp120BFLAF upon 

titration with carbazole-LC-biotin was observed. But in case of carbazole-LC-LC-biotin, 

carbazole spatially detach from BFLAF which incorporated into the position of Trp120, 

and also the fluorescence quenching between these was difficult to occur. 
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Fig.20 (a) (c) Fluorescence spectra of the Trp120BFLAF mutant streptavidin in the presence of 0 

nM ( ), or 50 nM ( ),or 100 nM ( ), or 300 nM ( ), or 500 nM ( ) of 

carbazole-LC-biotin(a) or carbazole-LC-LC-biotin(c).  

 

(b) (d) The fluorescence intensities of the Trp120BFLAF mutant streptavidins in the presence of 

various concentration of carbazole-LC-biotin(b) or carbazole-LC-LC-biotin(d) at 510nm were 

plotted. All of the fluorescence spectra of mutant streptavidins were excited at 490nm.  
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Biotin sensing by measurement of fluorescence recovery of fluorescent mutant 

streptavidin and carbazole-labeled biotin system: 

 

Finally, we applied the fluorescence quenching of the Trp120BFLAF mutant 

streptavidin by the binding of carbazole-labeled biotin to the molecular biosensing 

system for free biotin detection. Streptavidin has very high affinity to biotin, and then 

the streptavidin-biotin binding was almost irreversible. For accurate quantitative 

analysis of biotin, we determined the biotin concentration with the following two 

steps; (i) biotin was first added into the Trp120BFLAF mutant streptavidin solution, (ii) 

overdose of carbazole-labeled biotin was next added for binding to the mutant 

streptavidin solution. Fluorescence recovery of the Trp120BFLAF mutant streptavidin 

with carbazole-labeled biotin (100 nM) was observed upon the addition of natural 

biotin. Furthermore, biotin concentration dependent recovery of fluorescence 

intensity of the Trp120BFLAF mutant streptavidin with carbazole-labeled biotin (100 

nM) upon competitive addition of biotin was observed ( Fig.21). These results 

demonstrated that the fluorescence recovery by the couple of the fluorescent 

Trp120BFLAF mutant streptavidin and carbazole-labeled biotin was successfully 

applied for biotin sensing. Free biotin was determined in the concentration from 20 

to 100 nM in this method. 
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Fig.21 (a) Fluorescence spectra of the Trp120BFLAF mutant streptavidin only ( ) and in the 

presence of the pairs of 0 nM ( ), or 20 nM ( ), or 50 nM ( ), or 80 nM ( ), or 

100 nM ( ), of natural biotin and 100 nM of carbazole-labeled biotin. Fluorescence recovery 

of Trp120BFLAF mutant streptavidin quenched by carbazole-labeled biotin (100nM) was 

observed upon biotin addition.  

 

(b) The fluorescence intensities of the Trp120BFLAF mutant streptavidins in the presence of 

various concentration of carbazole-labeled biotin at 510 m were plotted. Fluorescence quenching 

recovery by biotin addition depended on the concentration of free biotin. This result  

demonstrated fluorescence quenching recovery based biosensor for biotin was successfully 

fabricated with the combination of Trp120BFLAF mutant streptavidin and carbazole-labeled 

biotin. All of the fluorescence spectra of mutant streptavidins were excited at 490nm.  

 

  



 

70 
 

Chapter.3 Molecular biosensor for biotin base on Fluorescence 

enhancement of fluorescent unnatural mutant streptavidin by a biotin 

analogue with spacer tail 

 

3.1 Introduction: 

 

Tryptophan could quench the fluorescence from the fluorophore which was modified 

to the target protein at the position near the tryptophan was reported recently [23]. 

In this study, the BFLAF was incorporated into streptavidin at the Trp120 position 

with the four-base codon method. The synthesized and purified Trp120BFLAF mutant 

streptavidin showed fluorescence certainly as we expected. And the fluorescent 

mutant streptavidin had enough biotin binding activity as about 70% as wild type of 

streptavidin. We further discovered that fluorescence of the Trp120BFLAF mutant 

streptavidin was enhanced when the biotin analogue with a (AC5)2-hydrazide tail 

was bound to the fluorescent binding protein, whereas natural biotin binding did not 

induce the fluorescence intensity change. We then speculate that the fluorescence 

quenching of Trp120BFLAF by Trp79, Trp108 of the neighbor subunit may be 

disturbed by the long spacer tail of the biotin analogue. Finally, we applied this 

fluorescence enhancement of the Trp120BFLAF mutant streptavidin by binding of 

biotin-(AC5)2-hydrazide to the molecular biosensing system for free biotin based on 

the competitive binding reaction of free biotin and biotin-(AC5)2-hydrazide. Sensitive 

detection of free biotin was performed in the concentration range of 20 to 100 nM. 
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Fig.22 The homo tetrameric constitution of a natural streptavidin (PDB ID: 1SWE). Subunit A was 

colored with green, subunit B was colored yellow, for easy to see, both subunit C and D were 

colored with white. Biotin was colored with gray. On the other hand, Trp79, Trp108 and Trp120 in 

subunit A and B were colored with orange, violet and blue, respectively. Obviously the Trp120 

was close to the Trp79 and the Trp108 of the neighbor subunit. (The distance between Trp120 to 

Trp79 of the neighbor subunit is 8.74Å and Trp120 to Trp108 of the neighbor subunit is 6.78Å.)  
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3.2 Experimental method: 

 

3.2-1 Experimental procedure for fluorescence biosensing: 

 

The biotin-(AC5)2-hydrazide was first dissolved in DMSO. 10 μl of the mutant 

streptavidin solution was mixed with 30 μl of the biotin-(AC5)2-hydrazide solution and 

10 μl of the biotin solution, and then diluted to 100 μl with HKM buffer（100 mM KCl, 

25 mM Hepes, 5 mM MgCl2, pH adjusted to 7.4 with KOH). A fluorescence 

spectrometer (JASCO FP-6500) was used to measure excitation and emission spectra 

of the sample solutions with the slit width in 5 nm for both excitation and emission.  
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3.3 Result and discussion: 

 

3.3-1 Fluorescence measure of the unnatural mutant streptavidins upon binding of 

biotin-(AC5)2-hydrazide and free biotin: 

 

In this study, the biotin-(AC5)2-hydrazide was used as a biotin analogue with a long 

spacer tail in which the hydrazide group was inactive to protein, and the double of 

6-aminohexanoic acid linker was expected to disturb the fluorescence quenching of 

the Trp120BFLAF by Trp79 or Trp108 of the neighbor subunit. Tyr83BFLAF was used 

as a contrast. Before the experiment of fluorescence enhancement of the fluorescent 

mutant streptavidin by the addition of biotin-(AC5)2-hydrazide, 100 nM of natural 

biotin was added into the solution of mutant streptavidins for confirming the no 

effect of natural biotin. Actually, the effect of fluorescence intensity from natural 

biotin was little (Fig.23a, b). 

 

The Fluorescence spectra of fluorescent mutant streptavidins (Tyr83BFLAF and 

Trp120BFLAF) upon the addition with biotin-(AC5)2-hydrazide were next measured. 

There was almost no change in the fluorescence intensity of Tyr83BFLAF mutant 

streptavidin in the presence (100 nM) and absence of biotin-(AC5)2-hydrazide 

(Fig.23a). 

 

In contrast, the Trp120BFLAF mutant streptavidin showed the marked fluorescence 

enhancement upon the addition of biotin-(AC5)2-hydrazide (100 nM). The 

fluorescence intensity of the Trp120BFLAF mutant streptavidin was 1.18 times higher 

than that in the absence of biotin-(AC5)2-hydrazide (100 nM) (Fig.23b). The 

fluorescence enhancement of Trp120BFLAF mutant streptavidin was observed upon 

the addition of 20 nM biotin-(AC5)2-hydrazide. Concentration dependence for 

fluorescence enhancement of Trp120BFLAF mutant streptavidin upon the addition of 

biotin-(AC5)2-hydrazide was shown in Fig.23c. Though this fluorescence enhancement 

of the Trp120BFLAF mutant streptavidin may be due to the disturbance of the 

fluorescence quenching of Trp120BFLAF by Trp79 or Trp108 of the neighbor subunit 

by the binding of biotin-(AC5)2-hydrazide with the long spacer tail as we expected, we 

did not have the direct evidence at the present stage. We will reconsider this 

mechanism for the fluorescence enhancement by the site-directed mutation of Trp79 

and Trp108 in near future. 
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Fig.23 (a) Fluorescence spectrum of the Tyr83BFLAF mutant streptavidin only ( ); 

Fluorescence spectrum of the Tyr83BFLAF mutant streptavidin in the presence of 100 nM of 

natural biotin ( ) or 100 nM of biotin-(AC5)2-hydrazide ( ); There was no change in the 

fluorescence intensity upon addition of natural biotin or biotin-(AC5)2-hydrazide for Tyr83BFLAF 

mutant streptavidin.  

 

(b) Fluorescence spectra of the Trp120BFLAF mutant streptavidin only ( ), in the presence of 

100 nM of biotin ( ), or 20 nM ( ), or 50 nM ( ), or 80 nM ( ), or 100 nM 

( ), or 200 nM ( ), or 500 nM ( ) of biotin-(AC5)2-hydrazide. Marked fluorescence 

enhancement was observed for the Trp120BFLAF mutant streptavidin by addition of 

biotin-(AC5)2-hydrazide.  

 

(c) Dependence of the fluorescence enhancement of Trp120BFLAF mutant streptavidin on the 

concentration of added biotin-(AC5)2-hydrazide (20 nM to 100 nM) was observed. The 

fluorescence intensities of the Trp120BFLAF mutant streptavidins in the presence of various 

concentration of biotin-(AC5)2-hydrazide at 510nm were plotted. All of the fluorescence spectra 

of mutant streptavidins were excited at 490nm. 
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Finally, we applied the fluorescence enhancement of the Trp120BFLAF mutant 

streptavidin by the binding of biotin-(AC5)2-hydrazide to the molecular biosensing 

system for free biotin detection. Streptavidin has very high affinity to biotin, and then 

the streptavidin-biotin binding was almost irreversible. For accurate quantitative 

analysis of biotin, we determined the biotin concentration with the following two 

steps; (i) biotin was first added into the Trp120BFLAF mutant streptavidin solution, (ii) 

overdose of biotin-(AC5)2-hydrazide was next added for binding to the mutant 

streptavidin solution. Fluorescence decrease of the Trp120BFLAF mutant streptavidin 

with biotin-(AC5)2-hydrazide (100 nM) was observed upon the addition of natural 

biotin. Furthermore, biotin concentration dependent decrease of fluorescence 

intensity of the Trp120BFLAF mutant streptavidin with biotin-(AC5)2-hydrazide (100 

nM) upon competitive addition of biotin was observed (Fig.24a, b). These results 

demonstrated that the fluorescence enhancement by the pair of the fluorescent 

Trp120BFLAF mutant streptavidin and biotin-(AC5)2-hydrazide was successfully 

applied for biotin sensing. Free biotin was determined in the concentration from 20 

to 100 nM in this method. 
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Fig.24 (a) Fluorescence spectra of the Trp120BFLAF mutant streptavidin in the presence of the 

pairs of 0 nM ( ), or 20 nM ( ), or 50 nM ( ), or 80 nM ( ), or 100 nM ( ), 

of natural biotin and 100 nM of biotin-(AC5)2-hydrazide. Marked fluorescence enhancement was 

observed for the Trp120BFLAF mutant streptavidin by addition of biotin -(AC5)2-hydrazide. 

Decrease of fluorescence of Trp120BFLAF mutant streptavidin was observed upon competitive 

biotin addition in the presence of 100nM of biotin-(AC5)2-hydrazide.  

 

(b) The fluorescence intensities of the Trp120BFLAF mutant streptavidins in the presence of the 

pairs of various concentrations of natural biotin and 100 nM of biotin -(AC5)2-hydrazide at 510nm 

were plotted. Fluorescence intensity of the Trp120BFLAF mutant streptavidin depended on the 

concentration of free biotin. All of the fluorescence spectra of mutant streptavidins were excited 

at 490nm. 
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Chapter.4 Conclusion and Perspective: 

 

In this study, two types of new molecular biosensor for biotin were developed. The 

two types of molecular biosensor for biotin were realized because of a rigorous 

design to make artificial protein by using four-base codon method. These results 

suggested molecular biosensor for small ligand could be successfully designed in the 

couple of genetically engineered fluorescent mutant binding protein and 

quencher-labeled ligand analogue. And also it suggested that molecular biosensor for 

small ligand could be successfully designed in the pair of genetically engineered 

fluorescent mutant binding protein and ligand analogue. 
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