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Summary 

Biological function involves a series of chemical reactions of biological molecules, and during these 

reactions, there are numerous spectrally silent dynamic events that cannot be monitored by 

absorption or emission spectroscopic techniques. Such spectrally silent dynamics include changes in 

conformation, intermolecular interactions (hydrogen bonding, hydrophobic interactions), 

inter-protein interactions (oligomer formation, dissociation reactions) and conformational 

fluctuations. These events might be associated with biological function. To understand the molecular 

mechanisms of reactions, time-resolved detection of such dynamics is essential. Recently, it has been 

shown that time-resolved detection of the refractive index is a powerful tool for measuring dynamic 

events. This technique is complementary to optical absorption detection methods and the signal 

contains many unique properties, which are difficult to obtain by other methods. The advantages and 

methods for signal analyses are described in detail in this review. A typical example of an application 

of time-resolved refractive index change detection is given in the second part: The photoreaction of 

the LOV2 domain of a blue-light photoreceptor from Arabidopsis Thaliana (phototropin 1). 
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1. Introduction 

At the molecular level, biological function consists of a series of many chemical reactions of 

biological molecules. For understanding the molecular mechanisms of protein reactions, extensive 

and intensive efforts have been made in a variety of fields. In particular, it is well recognized that 

structural information is important and X-ray crystallographic data has been extensively 

accumulated. However, to understand biological functions, not only the static structure but also 

information on dynamics is essential because chemical reactions are dynamic in nature.  

The reaction may contain changes in conformation, in intermolecular interactions (hydrogen 

bonding, hydrophobic interactions), in inter-protein interactions (oligomer formation, dissociation 

reaction) and in conformational fluctuations [1]. Because time-resolved detection is essential for 

revealing such dynamic properties, a variety of techniques have been developed. For example, 

time-resolved absorption detects over various frequency regions; UV/Vis, IR, NMR, and EPR have 

been developed and applied to many reaction systems. There is no doubt that the most frequently 

used techniques are absorption and emission detections in the UV/visible region [2, 3]. These are 

powerful techniques because of the applicability in a wide time range (femtosecond − days) and the 

high sensitivity. By using the optical transition of a probe molecule located in a protein, the change 

in the optical absorption enables us to trace dynamics with a spatial resolution at the molecular scale. 

This high spatial resolution should be a huge advantage, but, on the other hand, it also represents a 

potential disadvantage of this method; i.e., absorption change reflects only changes near a probe 

molecule and any spectrally silent dynamics occurring within the biological macromolecules are 

usually not observed. (Absorption spectroscopy in the IR region may detect conformation changes 

without a probe molecule. However, because of strong IR absorption by water, detection of 
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inter-protein interaction and time-resolved detection are still limited, if not impossible. In this article, 

we use a term of "the spectrally silent dynamics" for referring dynamics without spectral change in 

the UV/Vis region.) 

There are three important spectrally silent dynamics in protein reactions. First, conformational 

changes are always crucial steps associated with the function of biomolecules. Catalytic activities or 

signal transduction processes generally accompany changes in the secondary, tertiary, or quaternary 

structure [1]. If these changes occur distal from the chromophore, it is quite difficult to detect the 

changes in dynamics. Second, intermolecular interactions including protein-protein, domain-domain, 

protein-water, are essential for function. Although there have been a number of techniques 

developed such as the surface plasmon resonance method, affinity chromatography, or size exclusion 

chromatography [2], detection of such events in the time domain has been quite difficult. Protein 

association and/or dissociation represent one of the key reactions involved in regulating molecular 

processes relating to a variety of biological functions, such as, gene transcription, signal reception or 

signal transduction [1]. Although association or dissociation reactions for small molecules with a 

UV-visible absorption can be monitored, and the kinetics of such reactions have been traced using 

transient absorption spectroscopy [4], the absorption spectra of chromoproteins that have much 

higher molecular masses are rather insensitive to the association/dissociation processes. In such 

cases, detection of these reactions is difficult, and this is particularly apparent when such reactions 

are transient. Some spectroscopic techniques such as tryptophane fluorescence detection may 

sometimes be applicable to detect such changes. However, if the location of the tryptophane moiety 

is far from the association or dissociation region, the emission may not change. Third, energetic and 

conformational fluctuations have been recently recognized to be very important factors in facilitating 
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the various, efficient reactions of biomolecules [5]. However, techniques to detect such fluctuations 

during the reaction processes have not matured yet. Therefore, although many spectrally silent 

processes could be involved in reactions between the initial triggering and biological function (Fig. 

1), detection of such processes has remained quite difficult.  

In this review, I describe our recent studies of chemical reactions of biological proteins using the 

time-resolved detection method of the refractive index. This technique is complementary to the 

optical absorption detection methods and the signal contains information on spectrally silent 

dynamics. Such dynamics have unique properties, which are difficult to obtain by other methods. 

The advantages and the signal analysis methods are presented.  

The refractive index reflects a variety of properties of the solution (Fig. 2 [6]). In a time region in 

which many large amplitude motions of proteins appear (nanoseconds − seconds), there are three 

important contributions to the refractive index change (δn); the thermal energy (temperature change), 

volume change and absorption change. Because most conformational change of a protein always 

accompanies a change in volume, this detection method is powerful in monitoring the dynamics of 

the conformation change during most reactions. Furthermore, the temperature dependence and 

pressure dependence of the volume change represents the change in the thermal expansion volume 

and in the compressibility, respectively. These properties are related to the conformation fluctuations 

through the thermodynamic relationship [7]. The temperature dependence of the enthalpy change 

represents the change in the heat capacity. This quantity is related to the energy fluctuation [7] and 

also with the solvent exposed area of hydrophobic groups. It has been quite difficult or almost 

impossible to measure these quantities in the time domain by other traditional methods. Using the 

refractive index detection approach, it is possible to resolve time domain events.  
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We primarily use the pulsed laser-induced transient grating (TG) method to monitor the refractive 

index change over a wide time range [8]. Besides high sensitivity and high time-resolution, the TG 

method also enables the detection of the translational diffusion value. Using this method, we have 

successfully measured the time dependence of the diffusion coefficient (D), and found that D is 

exquisitely sensitive to changes in protein conformation. Hence, this time-resolved diffusion method 

is also powerful in detecting the spectrally silent dynamics. (Since proteins are large molecule, any 

single detection method cannot clarify everything in the reaction. For understanding reaction 

mechanism, it is apparent that one needs structural information using optical spectroscopy (near, mid 

and far IR), EPR, NMR and so on. The TG method presented in this review will be one piece of 

essential information for these studies.) This technique has been widely applied in many chemical 

reactions of biological proteins such as PYP [9-11], Phytochrome [12], YcgF [13], rhodopsins 

[14-17], AppA [18], PixD [19] and phototropins [20-24]. Not only applicable to photosensors, this 

method is applicable to investigations on the ligand dissociation reaction of myoglobin [25, 26], or 

protein folding reactions [27-29]. In this review, phototropins are taken as an example to 

demonstrate the merits of the TG method and to show what information can be obtained. In 

particular, we focus on the time-resolved measurement of the diffusion coefficient to determine the 

molecular events that occur during a photochemical reaction. 

2. Information from the TG signal 

For the measurement of the TG signal, a sample is photoexcited by an optical interference pattern 

between two pulsed laser beams [8, 30, 31] (Fig. 3). The photoexcitation by the interference pattern 

creates a sinusoidal modulation in the refractive index (n) and the absorption (k). The created 

refractive index and/or absorption gratings are monitored by the diffraction of a continuous wave 
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probe beam. For a thick grating, which is defined by a grating having a longer optical length than the 

grating fringe length, the probe beam is applied at an appropriate angle to satisfy the phase-matching 

condition (Bragg condition) [8]. In the case of weak diffraction, the grating intensity (ITG) is 

approximately proportional to the square of the amplitude of the modulation in the refractive index 

(δn) and absorption (δk) : 

   ITG ≅  α(δn)2 + β(δk)2        (1) 

where α and β are constants that represent the sensitivity of the system. Because the absorption term 

δk provides essentially the same information as the transient absorption method at the probe 

wavelength, only the refractive index term δn is considered in this review. Experimentally, the 

absorption term δk in the TG signal can be neglected using a non-resonant probe wavelength.  

The refractive index change in this review mainly consists of the following three components. 

1. After the nonradiative transition of the excited states, the temperature of the sample is raised by 

the released energy, and the density of the matrix is altered by the heating effect, which creates the 

thermal grating (δnth). Amplitude of this contribution is proportional to the amount of the thermal 

energy released by the sample. By subtracting this amount from the absorbed photon energy, the 

enthalpy change (∆H) of the molecule can be determined. The decay rate of this component is 

determined by the thermal diffusion process, such that the rate constant is given by Dthq2 (Dth: 

thermal diffusivity, and q is the grating wavenumber).  

2. The refractive index change may be induced by a molecular polarizability difference between the 

reactant and product molecules because of a change in the absorption spectrum. This contribution is 

called the population grating term. The population grating is related to the change in the absorption 

spectrum by the Kramers-Kronig relation. This signal component reflects the absorption spectrum 
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change not only close to the probe wavelength, but also changes at other wavelengths.  

3. The density change caused by the reaction volume change gives rise to the volume grating. 

Because any conformation change of a macromolecule as well as solvation change results in a molar 

volume change, this component should be useful for detecting spectrally silent conformational 

changes and solvation changes. The magnitude of the volume change can be determined from the 

amplitude of this component.  

The sum of the population and volume grating component is called the species grating. When the 

signal simultaneously consists of the thermal and species contributions, these contributions should 

be separated for quantitative measurements. The identification and separation can be accomplished 

using the characteristic decay rate of the thermal contribution, Dthq2 [30, 31].  

After the photochemical reaction upon the light irradiation of the grating pattern occurs, 

concentrations of the reactant and the product molecules are sinusoidally modulated and this 

modulation of the concentration produces the grating signal (Fig. 3). Because this concentration 

modulation gradually disappears due to translational diffusion processes, the time-profile of the TG 

signal should also depend on the molecular diffusion rate. If all chemical reactions are completed 

before the observation time of the signal, the TG signal may be expressed by 

  ITG(t) = α{δnthexp(−Dthq2t) + ΣδnPexp(−DPq2t) − ΣδnRexp(−DRq2t)}2   (2) 

where the subscripts P and R stand for the product and the reactant, respectively, and δnP(R) is the 

peak-to-null refractive index difference at t = 0. The negative sign for δnR represents the 180° phase 

shift of the fringe pattern versus that of the product because of the consumption of the reactant. 

Because Dth is generally much larger (ca. more than two orders of magnitude in a typical case) than 

DP(R) in solution [30-33], the thermal component can be separated from the species grating signal by 
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the time-resolved manner. 

Because the diffusion coefficient is a useful property to measure conformational changes, we 

describe this property in more detail below.  

3. Diffusion coefficient 

The diffusion coefficient, D, is a physical property that represents the rate of molecular diffusion. 

The Stokes-Einstein relationship (Eq. (3)) is frequently used as a basis of the molecular interpretation 

of D [33], 

 D = kBT/aηr      (3) 

where kB, T, η, a and r are the Boltzmann constant, temperature, viscosity, a constant representing 

the boundary condition between the diffusing molecule and the solvent, and the radius of the 

molecule, respectively. On the basis of this equation, observed changes in D during the reaction have 

been frequently interpreted in terms of changes in the radius of the solute, i.e., volume change. This 

interpretation may be correct, if the oligomerization (or dissociation reaction) reaction takes place. In 

the case of dimerization, the molecular volume increases by two, so that the radius of the solute 

increases by the cubic square of 2; i.e., 1.26, and we expect D to decrease by a factor of 1.26. 

However, in the absence of such an oligomerization (or dissociation) reaction, the molecular volume 

of the protein will not change as much. Even for a large conformational change, e.g., a protein 

unfolding reaction, the partial molar volume may change by less than 20 cm3/mol [34], which 

represents only ~0.2% of the total volume of a rather small protein. Even if the protein volume 

changes by 10% during the reaction, which is an unrealistically large change, D is expected to 

change by only 3%. Therefore, in general, the volume effect can be neglected unless an 

oligomerization or dissociation reaction takes place.  
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Another intuitive interpretation of a change in D may be a change in the shape of the macromolecule. 

D of a molecule with a non-spherical shape has been theoretically derived [33]. For example, the 

ratio of D of a prolate molecule (Dprl) which has a semimajor axis a and a minor axis b, to D of a 

spherical molecule (D0) which has the same volume, is expressed as 
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as a function of P=a/b. The equation shows that the value of D is rather insensitive to the molecular 

shape. For example, if the shape of a molecule changes from a sphere to an elongated shape, D is 

expected to decrease. However, D only decreases by 4% when a protein reaction changes the protein 

shape such that the radius of the molecule along the semi-major axis is two times longer than the 

radius along the minor axis. Therefore, the effect of a molecular shape change on D is negligible. 

Considering the above estimation, one may expect that D is a rather insensitive property for 

measuring a change in protein conformation.  

However, on the contrary to this expectation, large changes in D during chemical reactions have 

been frequently observed [9-24]. The exact origin of the change in D in some cases is currently 

unclear. However, one of the factors giving rise to the observed changes in D could be the changes in 

the intermolecular interactions. The intermolecular interaction between the molecule and the solvent 

affects the friction of the molecular movement in solution. A clear example has been reported for 

chemical reactions of aromatic molecules [35, 36]. D values of organic radicals were found to be 

much smaller than those of electronically closed shell molecules with similar sizes and shapes. This 

change was attributed to the enhanced intermolecular interactions between the radicals and solvent 

molecules. A relationship between D and the conformation of proteins (or polymers) has been 
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investigated previously. For example, it has been reported that D decreases significantly by the 

unfolding of myoglobin (Mb) [37] or cytochrome c (Cyt c) [27]. The change has been explained as 

follows. The secondary structures of the native Mb and Cyt c are mostly composed of α-helices, 

which are formed by intramolecular hydrogen bonding. On the other hand, the intermolecular 

hydrogen bonding between the protein and water molecules should be dominant for the unfolded 

conformation. This intermolecular interaction acts as friction for the translational movement and 

therefore leads to a reduction in D. Therefore, it may be reasonable to consider that the cause of the 

reduction in D is the unfolding of the α-helices or β-sheets of proteins. The hydrodynamic flow 

change, due to the conformation change, may be another simultaneously important factor, as shown 

below. The change of the intermolecular interaction can be considered as a change in the boundary 

condition of the Stokes-Einstein relation.  

On the basis of the above consideration, although D has sometimes been expressed in terms of the 

hydrodynamic radius, such a term is a rather misleading term to describe the change in D. The 

“hydrodynamic radius” is not a molecular radius such as the “radius of gyration,” which clearly 

defines the molecular physical size. The hydrodynamic radius has just the same meaning as D, as 

long as the Stokes–Einstein relation holds. Therefore, D is useful as a comparative term as long as 

corrections for viscosity and/or temperature are taken into account, and it should not be considered to 

represent the "radius" of a molecule.  

Another argument is related to the surface corrugation and roughness of globular proteins. Using 

molecular dynamics simulations, the magnitude of structural fluctuations and the diffusion 

coefficient were shown to vary with the size of solvent molecules, and this result correlates with the 

correlation dimensions of the protein [38]. The correlation dimension D2 is a parameter describing 
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the surface roughness of globular protein molecules, which is dependent on the size of a guest 

molecule approaching the protein. The larger D2 is, the smaller the diffusion coefficient is. Based on 

this consideration, a smaller D indicates that the surface is rougher. This surface roughness may be 

considered to represent a looser structure. 

One of advantages of the TG method is the high sensitivity towards the detection of D, and therefore 

the method is sensitive to molecular changes during chemical reactions. Even though the accuracy of 

the absolute value of D may not be high (e.g., in particular when D of the reactant and the product is 

close, the ambiguity of the fitting could be about ±10% error), the difference in D between the 

reactant and the product can be detected very sensitively. This high sensitivity comes from the fact 

that the signal reflects the D-change of only the photoexcited molecules. This point is in contrast 

with other techniques that measure diffusion such as light scattering or NMR methods. These 

traditional methods detect the diffusion of all molecules present in the solution. Hence, if the reaction 

yield is low, the signal is a mixture of the reacted and non-reacted species, which decreases the 

sensitivity to detecting a change in D. On the other hand, as shown later, the TG signal shows very 

prominent features when D changes. Even if there is a 5% change in D, it gives rise to a strong 

characteristic TG signal.  

4. Time dependence of D 

Besides the high sensitivity, another unique advantage of the TG method is a high time resolution for 

the D measurement. Previously, this advantage was demonstrated for studying D of unstable 

transient molecules [35, 36]. However, not only this method can determine D of short-lived species, 

it is now possible to measure the time development of D. Because D depends on the conformation of 

macromolecules, the time evolution of D represents the dynamics of the conformation change. 
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Hence, this method is a very powerful and useful approach for studying spectrally silent dynamics.  

To obtain kinetic information from the signal, the TG signal representing the diffusion (diffusion 

signal) should be analyzed based on a proper model. However, because the time dependence of the 

TG signal reflects a variety of reaction dynamics as well as the diffusion process, it is sometimes 

difficult to judge whether the observed signal shows the time-dependent D or it is just reaction 

kinetics without a time dependent change in D. We have proposed three criterions to show the 

temporal changes in D [12-24]. 

First, to identify the diffusion signal, the rate constant of the signal profile should depend on q2. 

However, as long as both DP and DR are time independent, the diffusion peak intensity should not 

depend on q2 as predicted from Eq. (2). On the contrary, a clear indication of the time dependent D is 

a significant q2 dependence of the diffusion peak intensity. The following feature was frequently 

observed; the TG signal in a fast time scale (i.e., with a large q2) is weak and the intensity increased 

by increasing the observation time and decreasing q2. This time dependence of the signal intensity 

can be explained in terms of the time dependent apparent D as follows. On the basis of Eq. (2), the 

signal intensity should be weak, when DP is close to DR, because of the cancellation of the two terms 

in Eq. (2). With an increase in the difference between DP and DR, the apparent signal intensity 

becomes stronger. Because D of the reactant (DR) should be constant, the time dependent change in 

the signal intensity should come from the time-dependent change of DP. (If there are several reactive 

states having different diffusion coefficients (DR) and the equilibrium of the substates is slow, we 

should observe some phases having different DR. Even in such a case, the time profile is expressed 

by a combination of Eq.(2) and the signal intensity shall not be time dependent. If the equilibrium of 

the substates is fast, they are averaged and we can observe only one component, e.g. Eq.(2). In 
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between these limiting situations, D of the reactant could be changed in the observation time range, 

but we should notice this change by analyzing the signals at various q, because the reactant and the 

product give rise to signals having opposite signs of the δn. ) 

Second, the time profile of the signal should show a drastic change that is dependent on q2. Suppose 

the protein reaction proceeds uni-molecularly. In this case, the TG signal can show at most two 

different diffusion coefficients; the reactant and the product. If the profile cannot be fitted by the 

bi-exponential function, this fact indicates that the reaction cannot be a simple transformation from 

the reactant to the product, but an intermediate species is involved. 

Third, more clear evidence for the time-dependent D may be obtained by the q2t plot of the signals. 

When the profile in this time range reflects only the diffusion process with a constant D, temporal 

profiles of the TG signals can be expressed by a combination of terms of exp(−Dq2t) (e.g., Eq. (2)). 

In this case, all the TG signals measured at various q2 should have an identical shape when they are 

plotted against q2t. On the other hand, if the profiles are not identical at the different q2, the constant 

D cannot explain the observed TG profiles.  

The observed diffusion signal should be analyzed using a proper model. Two typical reaction 

schemes are shown below as examples.  

(i) Diffusion change in a time range of the diffusion signal: 

PIR kh →→ ν  

where R, I, P and k represent the reactant, the intermediate species, the final product and the rate 

constant of the change, respectively. In this case, the δnR(t) and δnP(t) are given by  

)exp()( 2tqDntn RRR −= δδ  
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where δnI and DI are the initial refractive index change due to the creation of the intermediate 

species and D of intermediate species, respectively.  

(ii) Reverse reaction 

RPR kh →→ ν  

δn(t)=δn1exp(-DRq2t)+δn2exp(-(DPq2+k)t)         (8)  

where 

 δn1= - δnR(DPq2-DRq2)/(DPq2-DRq2+k) 

 δn2=δnP-δnRk/(DPq2-DRq2+k) 

Similarly, a theoretical equation for other more complicated reactions can be derived rather easily. 

 

5. Application to Phototropin reactions 

For demonstrating the enormous potential of the TG method, and for showing the importance of 

spectrally silent dynamics in biological functions, studies on phototropins are presented in this 

review. Phototropin (phot) is a major member of the blue light receptors in plants. Phototropin 

proteins are involved in the photoregulation of phototropism, chloroplast relocations and stomatal 

opening [39-46]. In Arabidopsis, there are two types of phot, named phot1 and phot2, both of which 

have two LOV (Light-Oxygen-Voltage) domains (LOV1 and LOV2) in the N-terminal and a 

serine/threonine kinase domain in the C-terminal half, and a linker connecting the LOV2 and the 

kinase domains (Fig. 4). For light detection, phot1 and phot2 bind a flavin mononucleotide (FMN) 
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noncovalently as a chromophore in the LOV1 and LOV2 domains. LOV2 acts as the main 

molecular switch for the light regulation of the kinase. The studies on phot have been performed by 

many research groups [39-72]. 

Before describing the TG applications to the phototropin reactions, the reaction scheme obtained by 

studies using other techniques is briefly summarized. Primary processes during the photoreception of 

phot have been studied mainly by the transient absorption method [39-52]. Upon photoexcitation, 

the ground state of the LOV domains (D447) is excited to the triplet state (L660). In this state, the thiol 

group of a conserved cysteine in the LOV domains forms an adduct with the isoalloxazine ring in 

FMN (the S390 state) (Fig. 5). The information of this change in the chromophore should be 

transferred to the kinase domain to regulate the kinase activity. However, no absorption change was 

observed after this adduct formation, and the spectrum returned back to the original state in minutes.  

Conformational changes in phot have been studied by X-ray crystallography of LOV2 of Adiantum 

phytochrome 3 as well as the crystallographic and Fourier transfer IR (FTIR) method for LOV1 of 

Chlamydomonas [54-57]. Both results showed only small conformational changes nearby the 

chromophore. In contrast, FTIR studies on the photoreaction in the LOV1 and the LOV2 domains of 

Adiantum phytochrome 3 in hydrated films detected conformational changes in the secondary 

structures of the backbone amino acid chains [58]. Furthermore, NMR and small-angle X-ray 

scattering studies reported conformational changes in the linker [59, 60]. However, there has been no 

kinetic study on the conformational changes before our TG measurements [20]. Hence, it was not 

clear whether or not the conformational changes accompanied the S390 state formation. Furthermore, 

is there another transient conformational change prior to the final conformation? In fact, by applying 

the TG method for detecting spectrally silent dynamics, it is now known that there are several 
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intermediates before the main conformational change.  

5-1. Inter-protein interaction change of the Phot1LOV2 domain 

(a) Photo-induced dimerization 

The phot1LOV2 domain is a good example for demonstrating light regulation of the inter-protein 

interaction. The increase in the intermolecular interaction was shown to be due to the dimerization 

reaction [21]. The signal analysis of this conclusion is explained below. A typical example of the TG 

signal of a phot1LOV2 solution observed at 50 μM and at q2 = 3.4 × 1010 m−2 is shown in Fig. 6. In 

order to extract information on the reaction dynamics from the signal, the TG signal should be 

decomposed into components of different origins and these origins should be identified. The first 

step in the assignment process is the measurement of the q2 dependence. In this case, it was found 

that the initial decay-rise profile was expressed by a single exponential function and this time 

constant (1.9 μs) did not depend on q2. The q2-independence indicates that the dynamics represents a 

chemical reaction but not diffusion. Based on the results from the absorption detection, the 1.9 μs 

dynamics was attributed to the adduct formation process; from D447 to S390. The major source of the 

signal comes from the population grating signal derived from the absorption change associated with 

the formation of the adduct. 

The next component in the 100 μs time range was dependent on the q2-value; the rate became faster 

with increasing q2-value. This q2-dependence indicates that these dynamics are characterized by the 

diffusion process. By comparing with the thermal grating signal of a calorimetric reference sample 

that should decay with a rate constant of Dthq2, it was concluded that this decay was the thermal 

grating component created by the thermal energy due to the nonradiative transition from the excited 

state.  



18 
 

The TG signal appearing after this thermal grating signal was the species grating signal, which 

reflects the chemical reaction kinetics as well as the molecular diffusion process. Because the time 

range of this signal is dependent on the q2-value, the kinetics should represent the molecular 

diffusion rate. The signal decayed to the baseline (70 ms in this figure) and then a rise-decay signal 

(diffusion peak) appeared. From this observation and that the negative sign of δnth, the rise 

component corresponds to a negative change in the refractive index and the subsequent decay 

component to the positive change. By comparison with Eq. (2), the rise and decay components of the 

TG signal were attributed to the molecular diffusion processes of the reactant (ground state protein; 

(D447)) and the photo-product, respectively. The faster rate of the rising component than the rate of 

the decay indicates that the product diffuses slower than the reactant (DR > DP) in this time range.  

The detection of the D-change and the kinetics was determined from the diffusion signal. Figure 7 

depicts the q2 dependence of the TG signal. It was found that the diffusion signal decayed to the 

baseline monotonously in a short time range (~ ms). This decay was expressed by a single 

exponential function. This single exponential decay in the ms time range clearly shows that D of the 

reactant (D447) and the product (S390) are the same (DR = DP); i.e., D does not change during the 

reaction in this observation time range. This fact suggests that phot1LOV2 does not change 

conformation significantly upon photoreaction within the time range of ~1 ms.  

Previous studies of the LOV domain by NMR [59] and x-ray [55] measurements did not reveal 

significant changes in secondary structure, which is consistent with the above result. On the other 

hand, the conformation changes of the LOV domains of YtvA and phot from Chlamydomonas 

reinhardtii with the time constant of the adduct formation were reported by detecting the volume 

change [62, 69]. Furthermore, recent time-resolved IR experiment for the phot2LOV2-I403V mutant 
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showed an intermediate species as changes in secondary structure in the helix or loop region with a 

time constant of 120 µs [70]. It looks these results contradict with results by other techniques. 

However, we consider that these results are not inconsistent with the TG result (no diffusion change). 

As stated in Introduction, any local structural change (such as the adduct formation) leads the 

volume change, whereas the diffusion change occurs by more global change of the shape and/or 

changes in intermolecular interactions. (Such global conformation change has been sometime 

refereed as the diffusion sensitive conformation change (DSCC).) Hence, the volume change [62, 

69] and the IR spectrum change without DSCC mean that the conformation change of the LOV 

domain by the adduct formation is a rather local change. Furthermore, the seeming discrepancy of 

the results between FT-IR and TG methods could be also explained, if the previously observed 

dynamics in FT-IR is due to the dimerization reaction as shown below. In millisecond time range, 

another intermediate was reported by the FT-IR measurement as changes in the secondary structure, 

including β-sheets [70]. This change was indeed observed as the volume change with a time constant 

of 9 ms by the TG method [23].  

On the basis of the three criterions mentioned in Section 4, the origin of this q2-dependent change 

was attributed to the time dependent D. The temporal profile of the TG signal was analyzed by a 

model with a time-dependent apparent D (Eq. (7)). By using the diffusion coefficient of the reactant 

DR = 9.8 × 10−11 m2/s (= DI) and the product DP = 8.0 × 10−11 m2/s, the observed TG signal can be 

reproduced very well in a wide observation time range (i.e., at various q2 values) using a single 

reaction rate, k. The time constant of the change determined from the fitting is 40 ms at 50 μM. 

Comparing D of phot1LOV2 (17 kDa, DR = 9.8×10−11 m2/s) with other water soluble proteins of 

similar size measured by different methods, it was concluded that phot1LOV2 exists in the 
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monomeric form in solution at this concentration.  

There are two possibilities to explain the decrease in D; a conformational change and/or 

oligomerization. These different origins can be distinguished by the concentration dependence 

measurement. If the protein conformational change is responsible for the change in D, the reaction 

rate should be independent of concentration. On the other hand, if this D-change is caused by a 

multi-molecular process, the kinetics of the TG signal should be sensitive to the concentration. The 

TG measurement at various concentrations showed that the temporal profiles were dependent on the 

concentration [21]. This change was attributed to the concentration dependence of the rate of the 

DP-change. In fact, it was shown that the D-change rate became slower at lower concentrations. This 

observation implied that more than one molecule is involved in the D-change process. Together with 

the 1.8 times increase in the molecular volume, it was concluded that dimerization is the cause of the 

D-change. 

For producing the dimer, there may be two possible reaction schemes: the phototransformed 

phot1LOV2 (LOV*) is associated with the ground state phot1LOV2 (LOV) to yield a dimer 

(Scheme 1), or two phototransformed phot1-LOV2 form the dimer (Scheme 2).  

   Scheme 1    2 LOV → νh LOV* + LOV → dk  (LOV*-LOV) 

   Scheme 2    2 LOV → νh 2 LOV* →k  (LOV*)2 

where kd is a bimolecular reaction rate. These possibilities can be tested by measuring the laser 

power dependence of the rate constant, and it was found that Scheme 1 appropriately describes the 

dimerization process [21]. The bimolecular reaction rate kd may be written as ki[LOV], where ki is 

the intrinsic bimolecular reaction rate constant and [LOV] is the concentration of phot1-LOV2. 

From the rate constant, ki was found to be 6.6 × 105 M−1 s−1. This value is much smaller than that of 
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the diffusion limited reaction rate calculated from DR and the estimated reaction distance. This small 

ki suggests that the dimerization reaction occurs only at a specific relative orientation of two 

phot1LOV2 monomers. The light-induced dimer should eventually dissociate to return back to the 

monomer in the dark state. Therefore, this dimer formation is not due to covalent bonding. This 

dimerization reaction itself may not be relevant with the biological reaction, because the longer 

protein phot1LOV2-linker exists as monomer and we did not observe dimerization reaction for this 

sample as described in 5-2. However, it could be also possible that the observed dimerization of the 

LOV domains plays an important role in vivo, specular to the PAS domains dimerization which has a 

regulative role. In this in vitro case, the light induced change in the protein-protein interaction (in 

more specific, dissociation reaction described below) may reflect the LOV- and linker- domains 

interaction (section 5-2), which should have physiological relevance.  

(b) Photo-induced dissociation reaction 

The dimerization reaction upon the photoexcitation of the monomer Phot1LOV2 indicates that the 

intermolecular interaction increases upon photoexcitation. After this finding, it was reported that [21], 

in the dark state, there exists a dimer species in solution, and the photoexcitation of the dimer 

induces a decrease in the intermolecular interaction. These findings were obtained by the following 

experiment and signal analysis. Figure 8 depicts the concentration dependence of the signal over a 

concentration range of 40−250 μM. When the concentration was low enough, the species grating 

signal decayed as a single exponential. This finding implies that this observation time window is 

faster than the dimer formation rate (i.e., no diffusion change). The signal showed the growth-decay 

feature when the concentration was increased (Fig. 8). This rise-decay profile is different from that 

observed in a slower time region (e.g., Figs. 6 or 7) in a sense that the signal did not reach the 
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baseline. The rise component is attributed to the diffusion of a product and the decay to that of the 

reactant. Apparently from the rates of the rise and decay components, one may easily find that the 

product diffusion is faster than that of the reactant at the high concentrations (DR < DP). 

The signal was reproduced almost perfectly with DR = 8.0 × 10−11 m2/s, DI = DR, DP = 9.8 × 10−11 

m2/s and k−1 = 300 μs. The D of the reactant and product agreed well with those of the dimer and 

monomer, respectively. Therefore, at these concentrated solutions, the reactant should exist in a 

dimeric form and the product as a monomer. The observed TG signal indicates that the dimer 

dissociates to yield the monomer with a time constant of 300 μs upon photoexcitation.  

The light-induced monomer does not return back to the dimer in the dark state until the recovery of 

the chromophore. The findings in this and previous sections suggest that the light induced structural 

changes of the dimer and monomer could be different. The reaction scheme of Phot1LOV2 is 

summarized in Fig.9. This light induced dimerization and dissociation reactions cannot be detected 

by the vis/UV absorption spectrum so that they are completely spectral silent. 

(c) Temperature dependence of the monomer-dimer equilibrium 

The above result clearly showed that there are two species in the solution: monomer and dimer. 

Frequently, the monomer and dimer are in equilibrium and the equilibrium constant depends on 

temperature. Although the equilibrium of Phot1LOV2 was confirmed by an independent method, 

size exclusion chromatography [24], the equilibrium constant could not be determine by this 

traditional technique, because it was difficult to measure the absolute concentration due to the 

dilution effect. However, the temperature effect on the equilibrium constant was successfully 

determined by the TG method as follows. 

The signals at various temperatures over the range of 278−303 K normalized by the concentration of 
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S390 were reported (Fig. 10). These signals indicated that the association reaction is the dominant 

source of the signal; i.e., the rise and decay components should represent the diffusion of the reactant 

(monomer) and the product (dimer), respectively. The relative intensity of the diffusion peak was 

found to decrease as the temperature decreased below 293 K. This temperature dependence was 

explained by the temperature dependence of the relative concentrations of the monomer and dimer 

as follows.  

For the dimerization reaction of the monomer, the reactant is the monomer and the product is the 

dimer. Conversely, for the dissociation reaction, the reactant is the dimer and the product is the 

monomer. If both of these reactions are superimposed, these contributions cancel each other. The 

dominant signal at the high temperature represents the dimerization reaction. If the contribution of 

the dissociation reaction becomes larger, the signal intensity should decrease. From the analysis of 

the signal, the relative contribution was determined quantitatively. The equilibrium constant K 

between monomer and dimer was determined at various temperatures [24]. From the temperature 

dependence of K, the differences in the enthalpy (∆H) and entropy (∆S) between the monomer and 

dimer were determined to be 90 ± 10 kJ (mol/dimer)−1 and 307 ± 30 J (K mol/dimer)−1. 

5-2. Phot1LOV2-linker 

(a) Inter-domain interaction change 

The TG technique revealed an inter-protein interaction change upon photoexcitation of Phot1LOV2. 

A description of how the above change in the inter-protein interaction is related with the 

domain-domain interaction change for a multi-domain sample, Phot1LOV2-linker, is presented 

below.  

A typical example of the observed signal after photoexcitation of phot1LOV2-linker at a 
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concentration of 70 μM and at a grating wavenumber of q2 = 6.0 × 1010 m−2 is shown in Fig. 11 [22]. 

This profile is qualitatively similar to that observed for phot1LOV2 without the linker, as explained 

above; i.e., the signal decayed to the baseline, and subsequently showed two rise-decay profiles 

before completely decaying to the baseline. Compared with the TG signal of Phot1LOV2, these 

phases were attributed to the adduct formation and the thermal diffusion. The time constant of the 

adduct formation was 2.0 μs, which is essentially identical to that of phot1LOV2 (i.e., 1.9 μs). This 

similarity between phot1-LOV2 and phot1LOV2-linker indicates that the linker part does not 

influence the kinetics of the photo-adduct formation. This result concurs with other data, as the linker 

is located distal from the chromophore binding site.  

The rise and decay components of the TG signal after the thermal grating signal were attributed to 

the species grating because of the reactant and the product, respectively. The characteristic diffusion 

peak was explained in terms of the two different D values for the reactant and the product. Because 

the feature of the signal satisfied the three criterions for the time-dependent D, it was concluded that 

DP is not constant in this time range but time-dependent. The observed TG signal was justified using 

Eq. (7), and DR = 9.2 × 10−11 m2/s and DP = 5.0 × 10−11 m2/s, with the time constant of the D-change 

equal to 1.0 ms. 

In the previous Phot1LOV2 case, the change in D was attributed to the dimerization reaction. If we 

simply apply a similar consideration to this phot1-LOV2-linker case, the observed reduction of DP 

by a factor of 1.84 compared with DR indicates that the molecular volume increases by ~6.2 fold 

upon photoexcitation. Assuming that this volume increase is caused by the aggregation process, it is 

possible to postulate that about six molecules aggregate in the S state. However, contrary to the 

Phot1LOV1 case, the concentration dependence of the rate constant showed that these dynamics 
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should involve a unimolecular reaction. Therefore, the D change observed in the phot1LOV2-linker 

is not due to any aggregation process. Combining this consideration with the observation that the D 

value for the photo-product of the LOV2 domain does not change significantly, it was concluded that 

the conformational change in the linker region is the main cause of the D reduction. Based on the 

fact that D decreases considerably upon unfolding of the α-helices (as observed from the protein 

folding reaction studies [27-29]), it is reasonable to attribute the conformation change in the linker 

region to the unfolding of the α-helices. Indeed, this unfolding of the linker helix is consistent with 

the conclusions from the NMR spectroscopy [59, 60] and CD spectroscopy [63].  

This TG kinetic measurement implies that the conformational change in the linker region does not 

accompany the formation of the S390 state (1.9 μs), because the time constant is much larger, i.e., 1.0 

ms. This process is spectrally silent. Since we did not observe concentration dependence of the TG 

signal, we concluded that there is no contribution of the dimerization reaction between two LOV2 

domains to the TG signal. 

For revealing the reaction in more detail, the transient lens (TrL) method was used. The TrL method 

is another technique to monitor time dependence of the refractive index in a slower time region 

[73-75]. Information from the TrL signal is essentially the same as that from the TG signal. However, 

because the thermal diffusion process in the TrL method is much slower than that of the TG method 

[73-76], reaction dynamics in the sub-millisecond time region for the TrL signal is not superimposed 

by the kinetics of the thermal component. Consequently, any reaction kinetics (volume change) 

should be clearly observed. The TrL signal upon photoexcitation of phot1LOV2-linker was reported 

[22], and it showed the thermal lens component and other phases, which were attributed to the 

refractive index change because of a change in volume (volume lens component). The kinetics of 
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this volume change were fitted using a bi-exponential function with time constants of 300 μs and 1.1 

ms. The sign of the refractive index changes was negative, indicating the molecular volume 

contracted during this process. The longer time constant, 1.1 ms, was very close to that of the D 

change detected by the TG measurement. Hence, this refractive index change should represent the 

dynamics associated with the unfolding of the α-helix. The volume contraction implies that the 

molecular volume of the α-helix is larger than that of the unfolded (probably random coil) 

conformation.  

Interestingly, the faster rate, 300 μs, was quite similar to the rate of the photo-induced dissociation 

reaction of phot1LOV2 without the linker (Section 5-1(b)). When the linker part is absent, the 

phot1LOV2 domain forms dimer probably by hydrophobic interactions. When the linker part in the 

phot1LOV2-linker protein is associated with the LOV2 domain by a hydrophobic interaction before 

the unfolding of the linker region, it should dissociate from the LOV2 domain. Hence, it is 

reasonable to consider that the 300 μs-phase observed for the phot1LOV2-linker represents the 

dissociation process of the linker domain from the LOV2 domain. Therefore, following 

photoexcitation, the linker part dissociates from the LOV domain without the unfolding of the 

helices, and the linker part is then destabilized and finally unfolds with the time constant of 1 ms. 

This new state should be a precursor state of the T390 state and is called T390
pre. The similar kinetics 

of the dissociation reactions of the dimer and phot1LOV2-linker suggests that the driving force of 

both reactions is the same; i.e., the photo-induced adduct formation between FMN and the Cys 

residue leads to a conformational change or change in protein fluctuation, which leads to the 

disruption of the hydrophobic association. 

Figure 12 represents the photocyclic reaction scheme of phot1LOV2-linker determined by the 
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absorption monitoring and spectrally silent dynamics detection methods. It was found that the 

photoreaction of phot2LOV2-linker can be described by the same scheme [15]. 

(b) Temperature dependent reaction of phot1LOV2-linker 

As shown in the previous section (Section 5-1(c)), the Phot1LOV2 dimer dissociates at high 

temperatures. Can the linker domain dissociate from the LOV2 core at high temperatures in a similar 

way? To answer this, the temperature dependence measurement of the TG signal of LOV2-linker 

was conducted [19]. Figure 13 shows the TG signal representing the molecular diffusion at various 

temperatures over the range of 278−303 K at relative low q2 (q2 = 2.0 × 1012 m−2). The signal was 

normalized by the amount of the S390 state that had formed. The intensity of the diffusion peak was 

found to have increased with decreasing temperature. This tendency is opposite to what was 

observed for the LOV2 sample (Fig. 10). This temperature dependence was interpreted in terms of a 

decrease of the population of the reactant that contributes to the diffusion signal with increasing 

temperature; that is, there is an equilibrium between the reactive and the non-reactive structures in 

the dark state and the reactive state is energetically more stable. It is reasonable to consider that the 

photoexcitation of phot1LOV2 yields the blue shifted species (S390) at any temperature; however, a 

part of the species did not induce a conformation change (T390) at the higher temperatures.  

As mentioned above, the origin of the D-change was attributed to the unfolding of helices in the 

linker region. Hence, although the photochemistry of the chromophore took place at any temperature, 

the conformational change in the linker was blocked for the non-reactive species. As a possible 

reason of the prohibited conformational change of the linker region, dissociation of the linker region 

from the phot1LOV2 domain at higher temperatures was suggested (Fig. 14). This dissociation of 

the linker region from the phot1LOV2 domain is consistent with an NMR study on A. sativa 
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phot1LOV2 with Jα-helix. According to this report, the dark adapted state is in an equilibrium 

between the LOV-Jα bound state and LOV-Jα dissociated state [71]. The presence of this 

equilibrium is consistent with the above conclusion from the TG method.  

On the other hand, although the NMR study showed that the dissociated form resulted in the 

unfolding of the Jα-helix, the CD spectra at various temperatures did not show any apparent 

difference in shape and intensity [24]. One of possible origins of the different results between the CD 

and the NMR studies could be the difference in the samples: LOV2 with Jα-helix (404-560 aa of A. 

Sativa phot1) used in the NMR study, and LOV2 with linker for the above TG and CD study 

(449-661 aa of Arabidopsis). This difference may affect the protein structure. It is important to stress 

that the equilibrium is shown both by the TG and NMR methods. Recently, it was reported that 

appropriate mutations of the LOV domain (A. sativa phototropin) can stabilize the LOV-Jα 

association in the dark adapted state and this mutation should be useful for improving the 

engineering applications of the phototropins [72]. It may be quite interesting study for these mutants 

by the TG technique described above.  

The observed temperature dependence might have a role in the phototropin protein biological 

functions. Many signal transduction mechanisms are dependent on temperature for maintaining their 

function over a wide range of physiological temperatures. Conversely, such signaling mechanisms 

are sensitive to changes in temperature. Phot1LOV2 was found to be a mixture of reactive and 

non-reactive species and the fraction of these species was dependent on the temperature. At the same 

time, the conformational change in phot1LOV2 should regulate biological function. On the basis of 

these facts, it was proposed that phot could be a temperature sensor in addition to being a 

photosensor. This postulate will require examination using in vivo systems.  
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6. Future perspectives 

In this review, experimental methods to characterize reaction intermediates of proteins using the TG 

technique have been presented. In particular, the diffusion measurement in the time-domain has been 

the focus of the review. By measuring the time-profile and the signal intensity of the TG signal, 

spectrally hidden dynamics (dimerization, dissociation, domain-domain interactions and 

conformational changes) can be extracted by monitoring changes in the diffusion coefficient. This 

information is quite unique and no other method can extract such information. This method should 

be suitable to many other reaction systems, and therefore reveal hidden reaction mechanisms of 

proteins. I hope that this technique will be more frequently used method for studies of reactions of 

biological molecules in future, like CD, IR, or small angle X-ray scattering techniques.  

Although the diffusion measurement was mainly described in this review, an important property that 

should be considered in the future could be the kinetics of the change in the fluctuation. 

Understanding the biological reactions at the molecular level represents a major target in many 

scientific fields, e.g., physical chemistry, biochemistry, medical science and engineering. A crucial 

factor in many of these reaction processes is "fluctuation". Biological molecules are always 

fluctuating due to thermal energy; even during reactions. Why can proteins perform selective and 

efficient reactions? Do molecular fluctuations have important roles in facilitating many reactions? 

Information on the static structures of the molecules represent a starting point, but additional 

information is crucially required to clarify the molecular mechanism working in huge thermal 

agitations and studies from a view point of fluctuation and reaction dynamics will be important. 

In this respect, detection methods that accurately measure fluctuations are essential. Of course, 

several experimental techniques have been developed, such as single molecule spectroscopy, hole 
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burning, the photon echo, and so on. An important quantity that reflects protein fluctuation is 

thermodynamic quantity. For example, it is well established that protein compressibility (βT) is 

related with volume fluctuations ((∆V)2) by a relationship of [7]  

( ) VTk
P
VTkV TB

T
B β=








∂
∂

−=∆ 2  

where P and V denote the pressure and molar volume, respectively. Hence, if the compressibility is 

traced along the reaction coordinate, it is possible to obtain information about changes in fluctuation 

during the reaction. Because the TG method can measure thermodynamic quantities in time domain, 

this type of method is valuable in extracting such dynamics. Although there has been no report on 

the compressibility measurement in time-domain yet due to the technical difficulty using high 

pressure, it will be reported in near future. Accumulation of data on protein fluctuations over the 

coming years will enable researchers to determine whether such fluctuations are enhanced during a 

reaction. Developing theoretical methods to characterize fluctuations is also a research target of this 

field. 
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Figure captions 

Fig. 1. A schematic illustration of a photosensor protein reaction to induce a biological response. 

Spectrally silent processes are key steps for understanding protein reactions and for determining the 

biological function of the macromolecule.  

Fig. 2.  A flow chart showing the causes of the refractive index change following photoexcitation 

of proteins in solution.  

Fig. 3. (Upper) Schematic illustration of the TG method. (Lower) Concentration modulation 

induced by the grating light irradiation causes the creation of the TG signal. Open circles; reactant, 

closed circles; product. The grating wavenumber q is defined by 2π/Λ, where Λ is the fringe length 

of the grating. The concentration modulation gradually decreases with time by the translational 

motion of the molecules so that the TG signal intensity decreases.  

Fig. 4. Schematic showing the domains of phot. The light absorption of the chromophore in the 

LOV domains initiates the phot reaction and the light information is transferred to the kinase 

domain.  

Fig. 5. Photoreaction of the chromophore of phot (FMN). The kinetics of this reaction can be 

monitored by an optical absorption detection method. 

Fig. 6. A TG signal (broken line) of phot1LOV2 at q2 = 3.4 × 1010 m−2 [16]. The best fitted curve 

to the observed TG signal by Eq. (7) is represented by the solid line. Assignments of the kinetics in 

the signal were labeled.  

Fig. 7. The q2 dependence of the diffusion signals (broken lines) of phot1LOV2 [16]. The arrow 

shows the increase of the q2-value, which are 5.3 × 1012, 6.3 × 1011, 3.4 × 1011, 7.3 × 1010 and 4.5 × 

1010 m−2 following the curves from left to right. The best-fitted curves to the observed TG signals by 
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Eq. (7) are represented by the solid lines.  

Fig. 8. Concentration dependence of the TG signals (broken lines) of phot1-LOV2 solutions in a 

short time region [16]. The arrow shows the increase in the concentration. The concentrations are 56, 

110, 180, 200 and 300 μM from the lower to higher curves. The signals are normalized at the initial 

part of the diffusion signal. The best-fitted curves to the observed TG signals using Eq. (7) are 

represented by the solid lines. Assignments of the kinetics in the signal were labeled. 

Fig. 9. Schematic showing the photoreaction process of phot1-LOV2 detected by TG, (a) 

light-induced dissociation of LOV2 dimer and (b) light-induced association of two LOV2 

monomers. 

Fig. 10. (a) Temperature dependence of the observed TG signal (gray broken lines) after 

photoexcitation of phot1LOV2 [19]. The temperatures were 303, 298, 293, 288, 283 and 278 K in 

the direction of the arrow. The best fitted curves using Eq. (7) are represented by the black solid 

lines. 

Fig. 11. An example of the observed TG signal (dotted line) of Phot1LOV2-linker at q2 = 6.0 × 1010 

m−2 [17]. The best fitted curve using Eq. (7) is represented by the solid line. 

Fig. 12. Photo-cyclic reaction of the phot1LOV2-linker including the spectroscopically active and 

silent dynamics. The color of the chromophore indicates the changes in the absorption spectra (blue: 

dark adapted state, red: excited triplet state, yellow: lit state). The equilibrium between the folded 

and unfolded forms of the linker both in the dark and in the light state (Fig.14) is also taken into 

account in this scheme. 

Fig. 13. Temperature dependence of the observed TG signal (gray broken lines) after 

photoexcitation of the phot1LOV2-linker [19]. The temperatures were 278, 283, 288, 293, 298 and 
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303 K in the direction of the arrow. The best fitted curves using Eq. (7) are represented by the black 

sold line. 

Fig. 14. Schematic illustration showing the analogy of the dimerization-dissociation equilibrium for 

phot1LOV2 and the linker association-dissociation equilibrium for the phot1LOV2-linker. Left 

figures represent a favorable conformation at higher temperature.  
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