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Abstract 

 

 
An analog of coomassie brilliant blue R (CBB-R) recently found to act as an 

antagonist to ATP-sensitive purinergic receptors (P2X7R) and has potential to be 

used in medicine. With the aim of understanding its transportation and distribution 

through blood, in this investigation, we measured the binding parameters of CBB-R 

with bovine hemoglobin (BHG). The molecule specifically bound to single binding 

site of the protein with stoichiometric ratio 1:1 and the observed  binding constants Ka 

were 3.5, 2.5,  2.0  and 1.5 x 105 M−1 at 20 oC, 27 oC, 37 oC and 45 oC,  respectively. 

The measured  respective ∆G
0 values  of the binding in four temperatures were 

-30.45, -22.44, -18.04 and -11.95 kJ mol-1. The ∆H0  (change in enthalpy)  and ∆S0  

(change in entropy) values were -23.6 kJ mol-1 and -70.66 J mol-1 respectively in the 

binding process. The negative value of ∆H0 and ∆S0 indicated that the binding of the 

molecule was thermodynamically favorable. The best energy structure in molecular 

docking analysis revealed that CBB-R preferred to be intercalated in the cavity 

among the α2, β1 and β2 subunits and the binding location was 7.4 Å far from Trp37 

in the β2 subunit. The binding of the molecule with the protein was stabilized by 

hydrogen bonds involving side chain of two amino acid residues. The residues were 

Lys104, Glu101 in β2 subunit. The binding was further stabilized via hydrogen bond 

formation between amide group of peptide backbone (residue Tyr145 of β1 subunit) 

and CBB-R. A shift of amide I (-C=O stretching) band frequency  of ~ 8 cm-1 to low 

energy was ascribed to the hydrogen bond interaction involving the polypeptide 

carbonyl of the protein and the CBB-R molecule. In addition, two π-cation interaction 

between Lys99 of α2 subunit and Lys104 of β2 subunit and CBB-R contributed 
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favorably in the binding processes. No substantial change in soret and ‘Q’ absorption 

bands of BHG could be observed in the presence of CBB-R. It indicated that the 

oxygen binding domain or the heme proximity was not blocked or substantially 

perturbed due to the binding of CBB-R. The circular dichroism and the molecular 

dynamic analysis further established that the binding interaction caused no significant 

alteration in the proteins long range secondary structure. 
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1. INTRODUCTION 

 

Coomassie brilliant blue R (CBB-R; chemical formula: C45H44N3NaO7S2 (Figure 1); 

MW = 825.97) is an important triphenylmethane type dyes very similar to the 

commonly used blue food color and food additives (FD&C Blue No. 1, Brilliant Blue 

FCF). 1-3  The intense color of the molecule was due to its conjugated system spread 

over three rings and, the color largely depends on the pH of the solution. A unique 

presence of two sulfonic groups and three nitrogen atoms render CBB-R to produce 

this color and provides a configuration to interact with proteins and other 

macromolecules. In the interaction it is observed some changes in planarity of the 

conjugated ring moiety.4, 5 The molecule prefers to bind basic amino acid residues 

and regions containing poly-(L-lysine), poly-(L-arginine), poly-(L-histidine), and 

poly-(L-ornithin).6, 7 Affinity to protein molecules and its brilliant color producing 

ability was proved to be beneficial for protein detection method and it is used as a 

protein staining agent in SDS-PAGE electrophoresis.8, 9 A recent study further 

showed that another analog of CBB-R (Coomassie brilliant blue G) could be used for 

the ATP-sensitive purinergic receptor, the P2X7 receptor (P2X7R) antagonist.10 The 

excessive release of ATP by the traumatized tissue from the damage area of spinal 

cord injury, followed by the activation of the P2X7R causes the increase of Ca2+ ion 

concentration in the injured area, which makes the ultimate cell death. All these 

processes could be prevented by the P2X7R antagonist such as an analog of CBB-R10-

13  
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Recent studies indicated that CBB-G250 shows significant affinity towards drug 

carriers proteins such as serum albumin proteins.14 However a deeper understanding 

of the interaction is still much obscured. It is also not clear how it could bind other 

carrier proteins present in blood such as hemoglobin, myoglobin and others. In the 

current study, we investigated the binding behavior of the molecule with bovin 

hemoglobin (BHG). 

Hemoglobin is a respiratory protein found in red blood cell in all vertebrates as well 

as in other living species like archaea, bacteria, fungi, protists and plants. Its well 

known function is to carry oxygen and carbon dioxide in between cell and respiratory 

system. The protein is a tetrameric form and composed of two identical α and β 

subunits, in which each subunit carries a heme group and oxygen binds reversibly and 

the binding is a cooperative process.15  In addition, hemoglobin also acts as a carrier 

for other small molecules to deliver to different tissues. It also regulates the pH, nitric 

oxide and sulfide level. Because of its biocompatibility, biodegradability, usability 

and easy loading capability many drug molecules have attempted to design that may 

be carried out by hemoglobin. The studies also show different small molecule 

interaction and bind to this protein.16-18 In the current investigation, we established 

how CBB-R binds to bovine hemoglobin (BHG) and demonstrated its binding site in 

the protein molecule. BHG composed of tetramer of myoglobin like unit and consists 

of two α and two β subunits which are non-covalently associated within erythrocytes 

with molecular weight 64.5 kDa.19, 20 Earlier reports suggested that the 

heteropolyacid, various herbicides and favonoids interacts effectively with 
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hemoglobin.21-23 Wang et al also showed  that caffeine binds to the interface of the  

subunits.24 

 Several spectroscopic methods and techniques such as fluorescence, absorption and 

circular dichroism (CD) methods are used in studies metallo proteins and their 

interaction with different small molecules.25, 26  In the current manuscript the binding 

interaction of CBB-R with bovine hemoglobin was studied by fluorescence, FT-IR 

and many other methods including molecular docking and dynamics simulation. 

Analysis of intrinsic protein fluorescence in the presence of ligand provides deeper 

understanding of binding mechanism, binding mode, binding constants, 

intermolecular distances and structure related information about the small molecule 

bound protein complex.27 

Each αβ dimer of BHG contains three tryptophan (Trp) residues, one in each α-

subunit and two in each β-subunit, so for a total six Trp residues, two α-14 Trp, two 

β-15 Trp, and two β-37 Trp are located.28, 29 Although there are six Trp residues, the 

intrinsic emission is very weak due to the tryptophan-heme energy transfer and R-T 

structural transitions in hemoglobin.30 Among the three Trp residues in each dimer 

subunit, only β-37 Trp residue holds the key role for intrinsic fluorescence of 

hemoglobin.31, 32  The interaction of any foreign ligand with β-37 Trp  alters the  

fluorescence behavior.33 In this study we measured parameters linked to binding of 

CBB-R to BHG by utilizing the fluorescence in the absence and presence of the 

molecule in the protein solution. In addition, molecular modeling and dynamics -

analysis assisted to locate the binding site, its specificity and the type of interacting 

forces. We showed residue specific hydrogen bonding interaction and their stability in 
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different time frame in the protein micro-environment. An investigation by circular 

dichroism (CD) spectroscopy further established that the binding of the  molecule 

caused no major changes in the protein secondary structure.  
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2. MATERIALS and METHODS 

Chemicals 

All chemicals used in this investigation were of analytical grade or of the highest 

purity available. BHG (lyophilized powder) and CBB-R were purchased from Sigma-

Aldrich. Disodium hydrogen phosphate (Na2HPO4) and sodium dihydrogen 

phosphate monohydrate (NaH2PO4, H2O) was purchased from Merck Millipore.  All 

reagents were used as received. Mill-Q water was used to prepare all the solutions in 

this study. 

Absorption spectroscopy 

Absorption spectra of all the samples for this study were measured with a JASCO V-

630 Spectrophotometer (JASCO International Co. Ltd, Japan) in the range of 230 to 

800 nm wavelength. High quality quartz cuvette was used to record the spectra. The 

concentration of BHG was 5×10-6 mol/L.  

FT-IR spectroscopy 

The FT-IR spectra of the samples were recorded on a Bruker TENSOR27 

spectrometer using liquid state techniques. The liquid samples (CBB-R or BHG) were 

mixed with 5mM phosphate buffer at pH 7.4 in a clean glass bottle and kept for three 

minutes at room temperature. The spectra were recorded from 400–4000 cm−1. 

Background spectra were obtained with above phosphate buffer for each sample. 

Bruker software was used for data processing. The strong peaks in the spectra were 

reproducible and appeared each time within ± 3 cm−1. 
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Fluorescence spectral measurements: 

The Intrinsic tryptophan fluorescence of the BHG and CBB-R were recorded with an 

Agilent Technology, Cary Eclipse fluorescence spectrophotometer equipped with 

Xenon lamp and a quartz cell (4cm × 1cm × 1cm).  The excitation slit was 10 nm and 

emission slit was 20 nm. The excitation wavelengths and emission measurement were 

selected according to the sample. All the fluorescence measurements were made after 

10 min of incubation CBB-R with BHG solutions. Fluorescence measurements were 

repeated at least three times for each sample. Synchronous intrinsic fluorescence 

spectra were measured by simultaneously scanning the excitation and emission 

monochromator in the excitation wavelength range 250–400 nm with a constant 

difference between excitation and emission wavelength ∆λ= 60 nm between them.  

Fluorescence spectra were plotted as a function of the excitation wavelength 

Windows-based software OriginPro 7.5 (OriginLab, USA, 2002) was used for the 

plotting purposes. 

 

Circular Dichroism (CD): 

Circular Dichroism (CD) measurements were conducted on a JASCO J-815 

spectropolarimeter equipped with the PFD-425 Peltier temperature control. All the 

CD measurements were performed at the 25 oC with accuracy of ±0.1 oC. Spectra 

were collected with a scan speed of 100 nm min-1 and with a spectral bandwidth of 

1.00 nm. Each spectrum was the average of three scans. Secondary structure (Far-UV 

CD) was measured over the wavelength range of 190-250 nm using a 1 mm path 
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length curvature.34 Each represented spectra were average of three individual scans. 

For all the measurement the protein concentration of 2.0 µM was used. 

 

Molecular docking studies: 

The docking experiments were performed using AutoDock4.2 and AutoDock Tools 

1.5.4 (ADT).35 A Lamarckian generic algorithmic method, implemented in the 

program AutoDock 4.2 was employed to identify appropriate binding modes and 

conformations of the ligand.36 The known crystal structure of BHG (PDB ID: 1G09) 

was obtain from the protein data bank. CBB-R constructed by chemdraw software, 

and optimized at the B3LYP/6-31G(d) level using the Gaussian 09 program.37 The 

Gasteiger charges were assigned to BHG and the non-polar hydrogen atoms were 

merged using Auto Dock Tools. BHG was held rigid and all the torsional bonds of 

CBB-R are taken as being free during the docking calculations. To recognize the 

binding sites in BHG, blind docking was carried out, the grid size set to 126, 126 and 

126 along the X, Y, and Z-axis with 0.0375 nm grid spacing. The docking parameters 

used were GA population size 150, maximum number of energy evaluation: 25, 0000. 

During the docking process, a maximum of 100 conformers was considered for each 

compound. The root mean-square (RMS) cluster was set to 2.0 Å in each run. The 

output from AutoDock is rendered with PyMOL.38 Here, PyMOL has also been used 

to calculate the distances between nearest atoms which interact with each other. 
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Molecular dynamic simulation 

A molecular dynamics simulation of the best energy docking conformation BHG-

CBB-R complex was carried out through Desmond.39, 40 Force field parameters for 

the BHG/CBB-R complex were set using OPLS 2005 molecular mechanics force 

field and this complex surrounded by a cubic box contain spc water solvent model  

and the cubic box dimension is 105 x 105 x 105 Å.41 42 The System was neutralized 

by adding a number of counter ions. SHAKE algorithm was used to constrain the 

geometry of covalent bonds involved hydrogen atoms. The energy of prepared 

systems for MD simulations was minimized up to a maximum of 5000 steps using a 

steepest descent method until a gradient threshold (25 kcal mol-1 A-1) was reached, 

followed by LBFGS (Low-memory Broyden-Fletcher-Goldfarb-Shano quasi-

Newtonian minimize) algorithm with maximum 2000 iterations. Non hydrogen atoms 

were restrained with an NVT ensemble (temperature 10 K) using 12 picoseconds (ps) 

simulation time. The similar MD simulation was then carried out for NPT ensemble. 

The pressure and temperature of the whole system were controlled by a Berendsen 

thermostat and berostat. The BHG/CBB-R complex was stimulated for 40 ns with 

NPT ensemble using a Nose-Hoover chain thermostat at 300 K and Martyna-Tobias-

Klein barostat at 1.013 bar pressure. The energy data of the complex were recorded 

every 1.2 ps  and the atomic coordinate trajectory data of the complex were recorded 

every 4.8 ps. 43, 44  
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3.  RESULT and DISCUSSION 

The binding interaction of CBB-R with BHG at pH 7.4 was measured via absorption, 

fluorescence and other spectroscopic methods. Figure 2 shows the absorption spectra 

of BHG in 10 mM phosphate buffer at pH 7.4 in the absence and presence of different 

concentration of CBB-R. The soret band of porphyrin moiety in BHG molecule 

appeared at ~405 nm. There was no significant change in the  soret band position in 

the presence of different concentration of CBB-R in the protein solution. The ‘Q’ 

bands were also not significantly affected. It indicated that the oxygen binding 

domain or the heme proximity was not the active binding site and there might be no 

direct interaction between CBB-R and porphyrin moiety. It was also confirmed by 

molecular dynamics study, as discussed later, that the binding of CBB-R to BHG did 

not perturb significantly the oxygen binding region.45 CBB-R also has a strong 

absorption in UV-Vis region. Hence, the consecutive addition of the molecule to the 

protein solution, the absorption band at ~ 600 nm was sequentially increased (Figure 

2B). 

 

Along with absorption, intrinsic tryptophan fluorescence of BHG was also measured 

in the presence of several concentrations of CBB-R. Figure 3 shows fluorescence 

spectra of BHG (5µM) solution containing different amounts of CBB-R. The 

fluorescence of the protein arises due to the emission from tryptophan residues and 

the fluorescence peak appeared at ~ 328 nm upon excitation at 290 nm. Among 

several Trp residues the fluorescence emission of BHG primarily originates from β-

Trp37.31, 32  A significant quenching of the protein fluorescence at 328 nm occurred in 
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the presence of CBB-R. The plot of F0/F against the quencher concentration did not 

show any downward turn and indicated that there was no more than one significant 

population of fluorophore (tryptophan) in the system (Figure S3). 

 Figure 3 shows the gradual decrease of the intrinsic tryptophan fluorescence upon 

addition of different amount of CBB-R. This indicated considerable binding 

interaction of the molecule with the protein. CBB-R itself showed some fluorescence 

and the band appeared at 366 nm (Figure S1). The fluorescence contribution from the 

CBB-R at 330 nm was very minimal (as shown in Figure S1).46 However, CBB-R 

fluorescence contribution to the protein emission was corrected (described in the 

supporting material). The absorbance of CBB-R was minimum at the emission of 

protein, but some contribution at an excitation wavelength of protein was observed. 

Therefore the inner filter effect correction was made on the acquired spectra using the 

following equation 1.  

 

 

 

Where Fcorr and Fobs are the corrected and observed fluorescence intensity, 

respectively. Aex and Aem are the absorbance of CBB-R at excitation (290 nm) and 

emission wavelength (330 nm), respectively.33 The corrected spectra showed that 

fluoresce could be quenched more than 80% by the molecules. Figure 3B and figure 

S2 shows the corrected fluorescence spectra of BHG in the presence of different 

concentration of CBB-R.    
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To measure the apparent dissociation constant (Kd) of CBB-R binding to BHG a 

modified stern-volmer equation (Equation 2) (Lakowicz 2006, 3rd edition, p. 289)47  

was fitted to the corrected  fluorescence intensity at 328 nm of the BHG solution in 

the presence of  different concentration of CBB-R (Figure 4A).  

 

                F0/∆∆∆∆F = 1/ (f Ka [Q]) + 1/f   ................................. (2) 

 

Where F0 is the initial fluorescence intensity in the absence of CBB-R, ∆F is the 

difference in fluorescence in the absence and presence of the CBB-R at a 

concentration [Q], Ka is the stern-volmer quenching constant, and f  is the fraction of 

the initial fluorescence which is accessible to the quencher (Lakowicz 2006). The 

plots of F0/∆F versus 1/[Q] yield  f −1 as the intercept and (f Ka)
 −1 as the slope.  The 

measured stern-volmer quenching constants, using  the modified S–V equation can be 

expressed as binding affinity constant, Ka.
33, 48 The reciprocal of Ka gives the 

dissociation constant, Kd. The values of Ka were 3.5 x 105 M−1, 2.5 x 105 M−1, 2.0 x 105 

M−1 and 1.5 x 105 M−1  at 20 oC, 27 oC, 37 oC and 45 oC, respectively. The calculated 

Kd  values at different temperatures were 2.84, 4.00, 4.91 and 6.36 µM at 20 oC, 27 

oC, 37 oC and 45 oC,  respectively.  

The fluorescence quenching of a fluorophore is induced by the different types of 

interaction between fluorophore and a quencher molecule (CBB-R) such as energy 

transfer, collision, excited-state reaction, molecules rearrangement and ground state 

complex formation. These all belongs one of the two classes of fluorescence 

quenching mechanisms: (I) dynamic fluorescence quenching and (II) static 
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quenching. Dynamic fluorescence quenching processes occurs primarily via a 

collision process and the diffusion play a key role in the magnitude of the 

quenching.49 The solvent viscosity and size of the quencher play vital roles in 

diffusion and on the extent of quenching. On the other hand, the close association of 

the fluorophore and the quencher lead to decrease of fluorescence mainly involved in 

static mechanism.  

The static and dynamic quenching can often be distinguished by measurement of 

fluorescence lifetime of a protein in the presence of quencher. In a  dynamic 

quenching procees the fluorescent lifetime decreases and in static quenching the 

apparent concentration of the fluorophore (tryptophan) becomes less, however 

fluorescence lifetime remains quite similar. In the static method often complex 

formation occurred and the strengths of its often varied inversely with temperature. 

On the contrary, in the dynamic quenching, being it diffusion controlled the 

quenching rates, increase in temperature and the fluorescence lifetime decreases. The 

lifetime measurements of BHG tryptophan fluorescence were performed both in the 

presence and absence of the CBB-R. Table TS1 shows the average fluorescence 

lifetime of the protein and it was similar to the value reported earlier.50 Tryptophan is 

known to show multi-exponential fluorescence decay, however, we have not tried to 

identify the individual components; conversely, the average lifetime was determined 

in order to acquire a qualitative analysis. The average lifetimes (τ) computed from the 

decay parameters remained essentially unchanged. This indicated that a static 

mechanism is principally responsible for the observed steady-state fluorescence 

quenching when CBB-R binds and interact with bovine hemoglobin (BHG). We also 
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observed that steady state fluoresce quenching was higher at lower temperature 

(Figure 4A). Thus the lifetime results and temperature dependent study indicated that 

the fluorescence quenching mainly followed static quenching mechanism. 

 

Measurement of thermodynamic parameters and nature of binding force 

Temperature dependent fluorescence quenching was performed to obtain the Kd 

values at several temperatures and the thermodynamic parameters of binding were 

determined by fitting the van’t Hoff’s equation (equation 3) to fluorescence data. The 

plot is shown  in Figure 4B.  

                  

                                         ln Ka = -∆∆∆∆H
0
/RT +∆∆∆∆S0/R ………………. (3) 

Where Ka is the equilibrium constant (here the stern-volmer quenching constant) of 

binding at a corresponding temperature (K) and R is the universal gas constant (8.314 

J K-1mol-1). The obtained standard enthalpy change (∆Η0
) and entropy change (∆S0) 

on binding are given in Table 1. The free energy change (∆G0) was estimated using  

equation (4) and the values are given in Table 1. 

                                 ∆∆∆∆G
0
 = ∆∆∆∆ΗΗΗΗ0000 −  −  −  − ΤΤΤΤ∆∆∆∆S

0
  ….……………… (4) 

The measured ∆G0 for the binding process was -20.72 kJ mol-1 (average of all four 

temperatures). The negative ∆G
0 value indicated that the binding was spontaneous 

processes and thermodynamically favorable. Both the ∆H
0 and ∆S

0 were also 

negative. The negative values for ∆G0, ∆H0 and ∆S0 indicated that the van der Waals 

force and H-binding type of interaction may significantly contribute to the stability of 

the  BHG/CBB-R association.51, 52 
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The number of binding sites of the protein with ligands was calculated from 

fluorescence quenching data obtained at four different temperatures (Figure 5). The 

fluorescence intensity in the presence of different concentration of CBB-R was fitted 

with the Scatchard equation (equation 5). 

 

                                                                                          ……………………… (5) 

 

where n is the number of binding sites in each BHG molecule, [Q] is the molar 

concentration of CBB-R and K is the equilibrium binding constant.53 Figure 5 

displays a linear plot of log [(F0−F)/F] versus log [Q]. The number of binding sites 

(n) was obtained from the slope of the fitted straight line and listed in Table 1. 

 

To measure the binding proximity of CBB-R and Trp that produces fluorescences 

synchronous spectra of BHG were measured by simultaneous scanning the excitation 

and emission monochromater and maintained the ∆λ (difference between excitation 

and emission wavelength) of 60 nm (Figure 6).54 The  plot shows that  the excitation 

peak of Trp emission was red shifted about 4 nm due to  binding of CBB-R to the 

protein. The red shift indicated that the polarity around the tryptophan residues was 

increased to some extent. This may be due to the changes of residue micro-

environment with the insertion of CBB-R. Our docking result, as discussed below, 

revealed that CBB-R binding site was ~ 7.4 Å away  from Trp37 of β1 subunit of the 

protein molecule. 
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 FT-IR study 

FT-IR spectroscopy is one of the well defined and versatile techniques often used for 

the determination of protein’s secondary structure and their interaction with small 

molecules and other ligands in diverse physiochemical conditions.15, 55-59 Figure 7A 

and 7C shows FT-IR spectra of the protein in aqueous solution in the absence and 

presence of CBB-R, respectively. In all the cases FT-IR bands between 700-2000 cm-

1 are shown. The significant FT-IR bands of both the protein and ligand are marked in 

the figures. The band positions were assigned based on available information in the 

literatures.57, 60-62 63 The spectrum of the CBB-R molecule alone is shown in figure 

7B. Solid state FT-IR spectra of both the BHG and CBB-R are shown in figure S4 

and S5, respectively.   

The major structural information of a protein from FT-IR spectra is obtained from 

amide I band position which appeared in 1600-1700 cm-1. The band is ascribed 

largely C=O stretching vibrations of the peptide bond in a polypeptide chain. A 

strong band at 1652  cm- 1 (solid state, Figure S4) was due to amide I mode vibration 

and the band was assigned to major α-helical structure of BHG.64 The band was 

shifted to 1648 cm-1 in aqueous buffer solutions (Figure 7A). The amide II bands of 

free protein appeared at 1546 cm−1 in the solution state (in the solid state the band 

appeared 1539 cm-1). The bands at 1310 and 1245 cm-1 well could be assigned to 

amide III vibrations. In the proteins polypeptide backbone the N-H stretching 

vibration appears as amide A and B bands between 3300 and 3250 cm-1.  BHG in the 

buffer solutions showed a band at 3278 cm-1 (in the solid state 3277 cm-1). This band 

could be due to the contribution of NH vibration (amide A). However, the frequency 
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associated with this band highly dependent on the strength of hydrogen bond it form 

with the surrounding molecules and solvents. The amide B band appeared at ~2985 

cm-1. The methylene group –CH2- usually gives a band around 2850 cm-1 and the 

protein in solid state showed a band at 2874 cm-1 (in solution 2882 cm-1) which was a 

possible candidate for the above vibration. 

CBB-R showed a number of absorption peaks in FT-IR spectra and these were due to 

different vibrations of aromatic ring, aliphatic groups (-CH2, -CH3) and functional 

groups (-NH, -SO3H and -SO3-).  The FT-IR spectrum of solid CBB-R is shown in 

Figure S5 and the solution state FT-IR spectrum of the molecule is shown in Figure 

7B. The major vibration bands in solid state were observed at 3436, 3255, 2969, 

2927, 1580, 1510, 1412, 1368, 1343, 1296, 1226, 1169,1112, 1037, 1075, 911, 829 

and 615 cm-1. The band in the region between 3122-3680 cm-1 were originated mainly 

due to hydroxyl (-OH) groups stretching motion. 3436 cm-1 attributed to the –OH 

stretching vibrations of –SO3H group. The band at 2969 and 2927 cm-1 represented 

the presence of alkanes groups. In the solution state we observed a broad band at ~ 

3443 cm-1 due to the –OH (-SO3H) vibration.  Possible aromatic skeletal vibrations 

appeared at 1580 and 1412 cm-1 and in solution the band shifted to 1583 cm-1 

observed. The vibration bands at 1037 cm−1 could be due to sulfoxide (S=O) 

stretching mode and 1368 cm−1 stretching in SO3H. The band at 2969 and 1510 cm-1 

suggest the presence of possible CH2 stretching and bending, respectively.  

The amide I band was noticed to be shifted from 1648 cm−1 (in free BHG) to 1640 

cm−1 in the BHG/CBB-R complex. Amide I band arises mainly due to the C=O 

stretching vibration. However, some minor contributions come from the out-of-phase 
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C≡N stretching motion. C-C-N deformation and the N-H in-plane bending motion 

also contribute to the band to some extent. The amide II marker band was at 1545 cm-

1 in the complex. No significant change was observed in this band. The origin of the 

amide II bands is due to C–N stretching coupled with N–H bending mode. The 

lowering of C=O stretching in amide I mode occurs due to weakening of the average 

carbonyl group in the peptide bond. The weakening of the bond and the resulting shift 

in the amide I frequency of a protein depends on peptide backbone conformation.56  

In addition interaction such as hydrogen bond formation with water or ligands may 

also cause measurable shift in the amide I band vibration frequency of protein 

molecule.65 The molecular vibration frequency depends on its bond length and 

strength (force). Hydrogen bonding in general however, lowers stretching frequency 

of carbonyl group (C=O) as it lowers the restoring force that. The same phenomenon 

may increase the frequency of bending vibrations since it adds some amount of 

additional restoring force.66 

In our investigation, we observed that amide I mode frequency  was 8 cm-1 shifted to 

lower frequency range. However, there were no major changes in the amide II 

vibration mode in the BHG/CBB-R complex. It indicated that some hydrogen bond 

formation between the protein backbone carbonyl and  CBB-R/water caused these 

changes in the frequency. In model compound studies it was observed that the 

carbonyl stretching vibration may be reduced 20 cm-1 due to formation of a C=O 

group of methylacetate with water.67-69 Several reports further show a linear 

relationship between the enthalpy of hydrogen bond formation (∆H) and the change 

in frequency of the stretching vibration.65, 70-74 It is known that the carbonyl group of 
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methyl acetate which is often used as a model for Lys and Glu, showed ~ 1 cm-1 shift 

to low frequency of the C=O stretching with a favorable binding enthalpy of 1.7 kJ 

mol-1. 58, 74 65 As discussed below, the lowest energy docked model suggests one 

hydrogen bonding possibility in case of CBB-R and BHG, namely between the C=O 

of the peptide linkage involving Tyr145 (β1 subunit) of BHG and NH group of CBB-

R. We observed ~8 cm-1 change in the amide I band  frequency when CBB-R bound 

to the protein. Using the above mentioned relationship, the calculated energy 

contribution was ~ 13.6 KJ Mol-1. From fluorescence quenching results the obtained 

∆H was -23.6 kJ mol-1. Additional stability the complex may gain from other 

interaction, such as π-cation interaction as explained in the molecular dynamic 

analysis. It has also been shown by Raman studies that C=O groups of substrates 

bound to enzymes  showed considerable shift in frequency due to water binding via 

hydrogen bonding in the complex.75 Our investigation did not focous how the general 

hydration lavel of the protein backbone changed upon the binding of CBB-R to the 

protein, however, synchronous emission (Figure 6) mesurment indicated increase in 

polarity surrounding the Trp37 and therefore it could be possible that some 

contribution from hydrogen bond formation of C=O bond with the water caused the 

red shift in the amide I bond vibration. Both the molecular dynamic analysis and the 

CD studies also indicated no significant perturbation of the protein secondary 

structure. Thus the shift in the C=O stretching frequency well could be correlated to 

the formation of one hydrogen bond interaction between CBB-R and the protein 

backbone.65, 76 
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Circular dichroism spectra study 

To investigate the possible influence of CBB-R on the secondary structure of BHG, 

we have performed far-UV circular dichroism spectroscopy of BHG in the absence 

and in the presence of CBB-R. Figure 8 displays the CD spectra of BHG in the 

presence of several concentrations of CBB-R. The addition of the CBB-R into BHG 

solution did not cause large perturbation of the UV-region CD spectrum. It indicated 

no long changes in the protein secondary structure upon due to CBB-R binding to the 

protein.77 

 

 Computational study 

Molecular docking 

Molecular docking and dynamic analysis indicated that H-bonding interaction 

between specific amino acid residues and CBB-R plays a significant role in the event 

of binding of CBB-R molecule to the protein. For the docking of CBB-R to BHG the 

best energy conformer of the molecule was chosen out of 100 different conformers 

(Figure 1, right). The ∆G0 value of best energy conformer as docked was -22.99 kJ 

mol-1. The best energy structure revealed that CBB-R located near the cavity of BHG 

generated by three subunits α2, β1 and β2 (Figure 9A). It is well-known that  

hemoglobin has two binding site: site-I is present between α2 and β1 subunits may be 

suitable for the binding of electronegative ligands and site-II present near the α1 

subunit contributes to electropositive ligands binding.33 It was observed that CBB-R 

was preferably binds to site-I and stabilized by hydrogen bond interaction with 
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Tyr145 of β1 subunit, Lys104 and Glu101 of β2 subunit of the protein. The  two π-

cation interactions were also observed with Lys99 of α2 subunit (Figure 9B).  

 

Molecular dynamics 

Molecular dynamics (MD) simulation was often carried out to clarify the 

conformational changes of proteins and the stability of the complex in the event of 

small molecule binding to the protein. The MD stimulation was carried out for 40 ns 

with both the unbound BHG and the complex (BHG/CBB-R) of lowest energy 

structure in water. The dynamic structural properties (RMSDs and radius of gyration 

(Rg)) of free BHG and BHG/CBB-R complex were analyzed to measured the stability 

and compactness. 

The MD simulation results revealed that the root mean square deviation (RMSD) 

provides insights of protein conformation throughout the simulation; it also indicated 

that the simulation has equilibrated or its fluctuations towards the end of the 

simulation are around some thermal average structure. The RMSD values of atoms of 

free BHG and complex BHG/CBB-R with respect to initial structures have been 

calculated along the 0 to 40000 ps trajectories as shown in Figure 11. It should be 

noted that two trajectories have RMSD values within 0.8-2.4 Å during 40000 ps 

simulation. For free BHG system, the RMSD value is 1.6 Å at 22894 ps. After this, 

the value is increased up to 2.4 Å. In case of the BHG/CBB-R complex, the RMSD 

values show a similar trend to free BHG up to 6492 ps. After this there is no 

additional increase of RMSD values up to 22950 ps and the complex system reaches 

equilibrium. After 29460 ps, the BHG/CBB-R complex system shows lower RMSD 
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value than the free BHG system. The decrease in the RMSD value of the complex 

system from that of the free BHG system signified increased rigidity and stability of 

BHG binding with CBB-R. 

A similar structural envelope was obtained from the variation in the radius of gyration 

(Rg) of the protein. The radius of gyration provides a rough estimate of the 

compactness of a protein structure. The radius of gyration of both free BHG system 

and BHG/CBB-R complex system has been determined and plotted as a function of 

time (Figure 12). During the stimulation time trajectory, the average Rg of the bound 

complex was 23.8 Å and the free BHG was 23.6 Å. The similarity of Rg values of the 

free protein and complex signified almost unchanged secondary structure of the 

protein. We did not find much structural changes in the BHG structure due to CBB-R 

binding from the MD simulation and circular dichroism studies. 

 The intermolecular hydrogen bond between protein and ligand plays a significant 

role in stabilizing the protein-ligand complexes.78 We performed H-bond analysis to 

find out distance between the CBB-R and interaction amino acid residus of BHG. We 

observed during docking simulation three H-bond interactions form with two side 

chain residues Lys104, Glu101 of β2 subunit and one backbone Tyr145 residue of β1 

subunit. During 40 ns of MD simulation, we observed that two stable H-bonds are 

formed between Tyr145 of β1 subunit and Asp99 of β2 subunit of BHG and CBB-R 

(Figure 13, S7). Here, one H-bond with Asp99 of β2 subunit of BHG was newly 

formed during MD simulation (Figure S7). We also showed the distances of two 

stable H-bond after 40 ns of MD simulation (Figure S8). 
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These numbers H-bonding indicated that binding of CBB-R stabilized the protein 

system. A Trp residue has a significant contribution toward the fluorescence of 

protein. BHG contain 6 Trp residues, Trp37 at the β interface is a significant 

contributor of intrinsic fluorescence emission.31, 32 Results obtained by molecular 

docking and dynamic analysis indicated that the distance of bound CBB-R from the 

Trp residue was ~9.5 Å (as observed for 40 ns molecular dynamics analysis, Figure 

14 and Figure S10). For excited state energy transfer distance between fluorophore 

and the quencher varied between 1 nm (10 Å) to 9 nm (90 Å). The measured distance 

of ~9.5 Å is therefore significant for energy transfer.33, 79 The CBB-R presents very 

close to the Trp37 of β2 subunits, evident from the docking study (Figure 10). During 

the MD simulation, distance of CBB-R slightly increases to ~ 9.5 Å away from the 

Trp37 residue (Figure 14 and Figure S10).  

Another significant feature that appeared from MD simulation was the distance 

between CBB-R and the iron atoms of the heme moieties. Figure 15 displays the 

projection of CBB-R binding to BHG. The nearest distance of CBB-R to any of the 

four Fe atoms was 16 Å. This observation indicated that the CBB-R did not hamper 

oxygen binding of hemoglobin, the condition which was also observed in the 

absorption spectra where soret band of the protein was similar in the presence of 

CBB-R. 
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CONCLUSION 

The significance of the present work lies in the fact that hemoglobin is a natural drug 

carrier in physiological systems and CBB-R favorably binds at the interface of several 

subunits present in the protein. The study also suggested that the binding interaction 

caused no significant alteration in the proteins long range secondary structure. 

Importantly the binding of the molecule to the protein did not prefer the heme binding 

site and thus it may not hamper the proteins important function of oxygen 

transportation. An analog of the molecule (CBB-R) was recently found to act as an 

antagonist to ATP-sensitive purinergic receptors and our observation were that the 

molecule specifically could bind to this oxygen carrier protein without effecting the 

oxygen binding site. Absorption and molecular docking and dynamics analysis all 

showed that the oxygen binding domain or the heme proximity was not blocked or 

substantially perturbed due to the binding of CBB-R. This information may have 

significant implication in understanding the pharmacokinetics of similar other 

molecules including its own derivatives. 
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Table 1: Modified Stern-volmer quenching constant (Ka), dissociation constant (Kd) 

and thermodynamic parameters of BHG/CBB-R complex 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Temperature 

(K) 

Kd 

(µµµµM) 

       Ka 

(M
-1
) 

Number of 

binding sites 

(n) 

∆∆∆∆G
0
 

(kJ mol
-1
) 

                            ∆∆∆∆H
0
 

(kJ mol
-1
) 

   ∆   ∆   ∆   ∆S
0
 

(J mol
-1
) 

 

20 oC 2.84 3.51 x 105 1     - 30.45  

 

-23.6 

 

 

    -70.66 

27  oC 4.00 2.49 x 105 1     - 22.44 

37  oC 4.91 2.03 x 105 1     - 18.04 

45  oC 6.36 1.57 x 105     1      -11.95 
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Figure 1: 2D structure of CBB-R (left) and its energy minimized 3D structure using the 

Gaussian 09 program  .  This structure was used in molecular docking and dynamic study (right). 
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Figure 2: Panel A. UV-Vis spectrum of CBB-R in 5mM phosphate buffer at pH 7.4. The spectra 

were recorded in different concentration of molecules and they were labeled accordingly. Panel 

B. Fluorescence spectra of BHG (5µΜ) in the presence of different concentration of CBB-R. 

Inset in the panel B shows an expanded UV-Vis spectrum in the region 500 to 750 nm. 
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Figure 3: Change of fluorescence of BHG (5.0 µM) in 10.0 mM phosphate buffer solutions upon 

the addition of different concentration of CBB-R at pH 7.4 at 37 
o
C. The concentration of CBB-

R was varied from 0.125 µM to 2.0 µM.with the increase of CBB-R concentration the intrinsic 

fluorescence intensity of BHG decreases. The excited wavelength (λex) was 290 nm and the path 

length of the cell/cuvette was 10 mm. The panel A indicates the original spectrum as given by 

the instrument and panel B show the normalized and inner-filter corrected (using the values of 

emission at 440 nm and  the inner-filter correction was done using equation 1, respectively) 
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Figure 4: Panel A show the modified stern-volmer plot of fluorescence of BHG at 330 nm 

against reciprocal of different CBB-R concentration. The experiment was done at four different 

temperatures. Panel B shows van’t Hoff plot of the BHG/CBB-R complex in the same buffer 

solution. 
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Figure 5: Determination of binding affinity constant from fluorescence data at four different 

temperatures. 
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Figure 6: Synchronous fluorescence spectra (∆λ = 60 nm) of BHG (5.0 µM) in the presence of 

the different concentration of CBB-R in 5.0 mM phosphate buffer solution at pH 7.4 
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Figure 7A: The expanded  FT-IR spectrum of BHG (10.0 µM ) in aqueous phosphate buffer 

solution.The spectrum in figure S6 panel A was expanded in the region 2000 to 700 cm
-1

.  
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Figure 7B: The expanded  FT-IR spectrum of CBB-R (20.0 µM ) in aqueous phosphate buffer 

solution. The spectrum in figure S6 panel B was expanded in the region 2000 to 700 cm
-1

.  
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Figure 7C: The expanded  FT-IR spectrum of  BHG (10µM) in the presence of CBB-R (7.5 

µM). The spectrum in figure S6 panel C was expanded in the region 2000 to 700 cm
-1

. 
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Figure 8: Circular dichroism (CD) spectra of BHG (2.0 µM) in 2.0 mM phosphate buffer 

solution and in the presence of different concentration of CBB-R in protein solution at 25 
o
C. 
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Figure 9A: The docking conformation of BHG/CBB-R complex. The image shows docked 

CBB-R into cavity of bovine hemoglobin, four subunits; each subunit of BHG is colored 

differently (white α1, red β1, green α2, and blue β2. CBB-R is colored as per atom and processes 

sphere (carbon atom yellow, oxygen atom red, nitrogen blue and hydrogen atom white in 

colour). 

 

 

 

 

 

 

A 

Page 42 of 49Physical Chemistry Chemical Physics



 

 

 

 

 

 

 

Figure 9B: 2D plot of best docking conformation observed during docking simulation. The three 

H-bonds between β2 subunit of Lys104, Glu101, β1 subunit of Tyr145, and two π-cation 

interaction between α2 subunit of Lys99 and β2 subunit of Lys104 (the notation as A, B, C and 

D below the three letter code of amino acids indicates α1, β1, α2 and β2 subunit, respectively). 
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Figure 10: The distance between β1 Trp37 and β2 Trp37 of BHG with CBB-R in the best 

docking conformation. The presentation was made by pymol and it shows the stick model. 
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Figure 11: RMSD plot for the backbone of BHG (blue) and backbone of  BHG when it forms 

complex with CBB-R (pink) during 40000 ps MD simulation. 
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Figure 12: Change in radius of gyration of BHG (blue) and BHG/CBB-R complex (red) during 

40000 ps MD simulation. 
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Figure 13: The H-bond interaction pattern of BHG/CBB-R complex during the molecular 

dynamic analysis for 40000 ps. 
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Figure 14: Minimum distance between CBB-R and Trp37 during 40000 ps MD simulation. 
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Figure 15: Minimum distance between CBB-R and four Fe atoms in heme center of BHG during 

40000 ps MD simulation. 
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