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Abstract. The interaction between metronidazole and some vital proteins, which exaggerates 

the reported toxicity of the drug, is uncertain. Herein, the molecular interaction between aldehyde 

dehydrogenase (ALDH), a major detoxifying enzyme with pathophysiological implications, and 

metronidazole was investigated by spectroscopy techniques. Spectrofluorimetric measurements 

revealed that metronidazole quenched the ALDH intrinsic fluorescence through a non-fluorescent 

ALDH-metronidazole complex. Dynamic quenching and non-radiative energy transfer were 

responsible for the bathochromic fluorescence quenching. Thermodynamic analysis showed that 

metronidazole binds to ALDH via hydrogen and van der Waals interactions. The association was not 

spontaneous but enough to cause perturbation of the protein structure. The enzyme has approximately 

two association sites for metronidazole, non-cooperative binding, with a binding constant (Ka) of 

5.8103 L·M–1. The association of the complex was favorable compared to its dissociation at 

temperatures and pH studied. The fluorescence emission quenching obeys FRET phenomenon with a 

R = 3.42 nm. ALDH as nano-particles in a drug delivery of metronidazole for detoxification is hereby 

suggested. 
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INTRODUCTION 

Aldehyde dehydrogenases (ALDH; EC 1.2.1.3), short-chain dehydro- 

genases/reductases (SDR), are a polymorphic superfamily of multifunctional 

NAD(P)+ dependent enzymes that catalyse the oxidation (dehydrogenation) of 

aldehydes to their corresponding carboxylic acid [16, 18, 23].  ALDH group of 

isoenzymes have multifaceted physiological and toxicological roles and are 

involved in cellular response to oxidative stress and detoxification of stress 

generated aldehydes [16]. Aldehydes are cytotoxic and mutagenic. ALDHs 

modulate cell proliferation, differentiation and survival and support cellular 

homeostasis [23]. The metabolic and regulatory properties of ALDH isoenzymes 
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are connected cancerous cell related diseases, myocardial ischemia, Alzheimer’s 

and Parkinson’s diseases, Sjorgren-Larsson syndrome and alcohols-related 

pathology [4, 10, 15, 16, 18, 19,]. LDH catalytic mechanism has been investigated 

extensively [27, 43] and is reported to be a sequential mechanism. ALDHs, 

however, have several non-enzymatic functions such as binding to some hormones 

and other small molecules [23, 35]. This clearly referred to its non-catalytic 

binding properties for small and structurally diverse endobiotics and xenobiotics 

[1, 12]. This function has been implicated in the ALDH detoxification by 

sequestration of accumulation of small molecules in the cells when the 

concentration becomes overwhelming. Little is known about this ligand binding 

functions.  
Metronidazole [1-(2-hydroxyethyl)-2-methyl-5-nitroimidazole], a nitroimi- 

dazole compound is a commonly used antibiotic, effective in treating anaerobic 
bacterial and protozoan infections [31]. The molecular structure is shown in Fig. 1. 
It has been used for the treatment of trichomoniasis [1] and inflammatory bowel 
disease [2]. Metronidazole has immunosuppressive properties and is a drug of 
choice for treatment of Crohn’s disease [32]. It is one of the groups of clinically 
significant heterocyclic radio sensitizing drugs [22]. Therapeutic impact of 
metronidazole runs with high rate of side effects. Metronidazole is mutagenic for 
bacteria and carcinogenic in mice. Metronidazole related has a documented 
harmful effect on human [49], nitroimidazoles have been banned from use in food 
producing animals within the European Union, the US and other countries 
including China. There is no report of the drug being banned in Nigeria and other 
West African countries.  It has become one of the over counter drugs [50]. 
However, the potential toxic effects of metronidazole to detoxification related 
enzymes seem not to have attracted attention on metronidazole toxicity, lately. To 
fill the gap, we investigated the toxicity on metronidazole to ALDH in this study 
using a spectroscopic approach.  

Various spectroscopic methods such as absorption, fluorescence, circular 
dichroism (CD), nuclear magnetic resonance (NMR), and electron spin resonance 
(ESR), have been adopted in the past for measuring the binding constants of small 
molecules with large macromolecules [28]. Fluorescence spectrometry is an 
effective, and very accessible tool to thermodynamically characterize ligand-
protein binding phenomenon [11, 13, 48]. It essentially probes changes in the local 
microenvironment of the fluorophore (fluorescent chromophore), which has been 
widely used for drug-protein studies and provides clue to the nature of the binding 
characteristics. The method is high sensitive, accurate, rapid, convenient and 
simple [37, 41]. 

Current hypothetical reasoning suggests that factors such as other protein 

binding may impair drugs absorption and bioavailability and even mask their 

therapeutics or its toxicity and side effects. However, little attention has been 

directed to interactions of the important and abused compounds with the other 
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detoxifying and ligand binding enzymes. These are in a strategic position to limit 

the efficacy of the drug and exaggerate the side effects and toxicity. With these, 

thermodynamic basis, affinity and binding parameters of non-substrate ligand 

binding of ALDH to metronidazole were sought. This should be of great 

importance of toxicology/detoxification point of view. 

 

Fig. 1. Structure of metronidazole. 

MATERIALS AND METHODS  

MATERIALS 

Baker’s yeast aldehyde dehydrogenase (ALDH) molecular weight 200,000 

Dalton (Millipore EMD Millipore Corporation, Billerica, MA, USA) was used 

without further purification. Trizma base, potassium phosphate monobasic, di-

potassium hydrogen phosphate, acetic acid, sodium acetate, hydrochloric acid, 

were purchased from Sigma-Aldrich Fine Chemicals (St. Louis, MO, USA). 

Bovine Serum Albumin standard and Bradford reagent were products of BioRad 

(Palo Alto, CA, USA). Pure Metronidazole (Pharmaceutical grade,  99%) was a 

generous gift from Sam Pharmaceutical limited (Ilorin, Nigeria). All other 

chemicals were commercial products of analytical reagent grade and used without 

any purification. The stock solution of metronidazole (molecular weight of 

171.15g/mol) was prepared in double distilled absolute ethanol. Reagents solutions 

and buffers used were filtered with a Millipore membrane filter (0.45 micron filter, 

VWR, USA) immediately before use. ALDH protein concentrations were 

measured by Bradford method. pH was monitored by Crison pH meter BASIC 20
+
 

(Crison Instruments, Barcelona, Spain) 

FLUORESCENCE MEASUREMENTS 

Hitachi F-4500 fluorescence spectrometer (Hitachi Ltd., Tokyo, Japan) 

interfaced to a refrigerated circulating water bath (Pharmacia Biotech, Uppsala, 
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Sweden) and 1.0 cm quartz cell was used to obtain the fluorescence emission 

spectra and synchronous spectra. Fluorescence emission data were stored at 10 Hz 

sampling rate to a Dell PC (Windows XP). The spectra were recorded in the 

wavelength range of 300–500 nm upon excitation at 280 nm when ALDH samples 

were titrated with metronidazole. Both excitation and emission bandwidths were 

set at 5 nm with a scan speed of 900 nm/min and a response time of 2 s. Titrations 

were performed manually by using trace syringes. A 2.0 mL solution containing an 

appropriate concentration of ALDH (0.250 µM) in 25 mM Tris-HCl at pH = 7.4 

containing 0.1 M NaCl was titrated manually by successive additions of ethanol 

stock solution of metronidazole to final concentrations of 100 µM. The presence of 

this volume of ethanol in the assay mixtures had no effect on the fluorescence 

measurements. Also, respective blanks of the buffer were used for the correction of 

all fluorescence spectra. The experiments were conveniently reproducible. The 

maximum emission intensities were used to calculate the binding constants, the 

number of binding sites and thermodynamic parameters. Synchronous fluorescence 

spectroscopy (SFS) was used to study the environment of amino acid residues. It 

involves the measurement of any shift of the emission maximum, to reflect the 

changes of polarity around the chromophore molecule, on addition of ligand 

molecules. Synchronous fluorescence spectra of solutions prepared as above were 

measured on the same fluorescence spectrometer. The excitation wavelength (ex) 

was set at 280 nm. The excitation and emission slit widths were set at 5.0 nm. The 

D-value (Δ) between the excitation and emission wavelengths was set at 15 or  

60 nm. PMT voltage was 700V.  

UV-VISIBLE ABSORPTION SPECTROSCOPY 

UV-1800 Shimadzu double beam UV-Visible spectrophotometer (Shimadzu 

Corporation, Tokyo, Japan) equipped with a Pharmacia refrigerating circulator for 

temperature control was used to record UV-Vis spectra. The scan speed and slit of 

absorbance (λabs) were set to medium and 1.0 nm respectively. The spectra were 

recorded between 200–500 nm. A 1.0 mL solution of 0.250 M ALDH was titrated 

with successive addition of metronidazole. Each result was the average of the three 

scans.  

STATISTICAL ANALYSIS    

Graphical analysis for ALDH-metronidazole adduct was performed using 

KaleidaGraph 4.5 software (Synergy software, Reading, PA, USA ) for Macintosh 

Computer. 
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RESULTS AND DISCUSSION 

CHARACTERISTICS OF ALDH-METRONIDAZOLE FLUORESCENCE SPECTRA 

The fluorescence spectroscopy was used to determine the nature of 
interaction between metronidazole and ALDH. The fluorescence spectra of ALDH 
with different concentrations of metronidazole are shown in Fig. 2. The maximum 
of fluorescence emission of the protein in the absence of the ligand (metronidazole) 
was at 350 nm, after excitation at 280 nm. The intensity and position of 
fluorescence maximum are related to microenvironment of the tryptophan and 
tyrosine residues in ALDH [6]. Metronidazole was non-fluorescent and the 
possible inner filter effect was corrected as described elsewhere [39]. The 
fluorescence intensities of ALDH decreased gradually with the concentration of 
metronidazole (0–110 µM). This indicates strong binding of metronidazole with 
ALDH. Fluorescence quenching refers to any process which decreases the 
fluorescence intensity of certain fluorophores with phenomenological and 
application instincts, most often, in protein-ligand interaction studies [33].  The 
fluorescence quenching can result from a variety of molecular interactions – 
molecular rearrangement of ground state complex formations, excited-state 
reactions, energy transfer and collision quenching [25]. 

 

 

Fig. 2.  Effect of metronidazole (0–110 M) on the intrinsic fluorescence of ALDH 0.25 M)  

at 25 C and pH 7.4. The excitation wavelength was 280 nm and the spectra were recorded  

between 300–500 nm. 
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These interactions cause changes in the fluorescence spectra. There was a 

significant bathochromic shift of 25 nm, from 350 nm to 375 nm. The red shift 

result was not unusual. This observation was in agreement with earlier observations 

of the interaction of metronidazole with bovine serum albumin [18, 43]. This is 

connected to exposure of fluorophores to a more hydrophilic environment. The 

tendency of metronidazole to hydrate the hydrophobic core of protein might be 

connected to its small phenolic structure and its probing functional groups. The 

interaction makes it less hydrophobic making the Met-ALDH complex less 

compact. This could lead to a large enthalpic penalty. 

The mechanism of fluorescence quenching can be either dynamic or static 

and in some cases both. The dynamic quenching mechanism is dependent on 

diffusion while the static quenching mechanism is not [9]. The quenching rate 

constants decrease with increasing temperature for static quenching, but the reverse 

effect is observed for dynamic quenching [34].  The quenching constants for the 

evaluation of the collisional quenching mechanism were analyzed by Stern-Volmer 

equation [34]: 

    0 SV q 01 1F F K Q K Q      (1) 

 
q SV 0K K /  ,  (2) 

where F0 and F are the fluorescence intensities in the absence and presence of 

quencher respectively. KSV is the Stern-Volmer constant, and [Q] is the 

concentration of quencher (metronidazole). Kq is the bimolecular reaction rate 

constant, 0 (10
–8

 s) [33] is the average lifetime of biomolecule without quencher.  

The quantitative analysis of the binding of metronidazole to ALDH was 

carried out using the fluorescence quenching at 350 nm at various concentrations, 

pH and temperatures. The regression curve of Stern-Volmer plots of the quenching 

of ALDH fluorescence by metronidazole at 25 C is shown in Fig. 3. The plot was 

linear (R
2
0.94) at a low concentration of the drug suggesting compliance with 

Stern-Volmer equation and curves upward as the concentration of the drug 

increases above 50 M (a concentration ratio of 200 drug/enzyme). The Stern-

Volmer constants were derived from the linear part of the quenching curves (for 

example, dotted line in Fig. 3). Table 1 summarizes the calculated Stern-Volmer 

quenching constants (KSV and Kq) at each temperature and pH studied. The results 

showed that the values of Stern-Volmer quenching constants KSV increase with 

increasing temperature along all the temperature range. This suggested that the 
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quenching mechanism of ALDH by metronidazole was a dynamic quenching 

mechanism. At high concentrations it can be seen the deviation from linearity of 

the plots, suggesting that there are both types of quenching: static and dynamic 

quenching [34, 35]. This is not unusual. The study of BSA-metronidazole 

interaction [30, 31] presented the same quenching pattern. However, pH change 

either to 5.0 or 9.0 did not alter this quenching pattern. The calculated apparent 

bimolecular quenching constant, Kq, was of the order of 10
12

 L∙M
–1

·s
–1

 based on 

Eqs. (1 and 2). The values were 100 times greater than the maximum permissible 

value for dynamic quenching, i.e. 2×10
10

 M
–1

∙s
–1

. The result confirmed that the 

probable quenching mechanism of ALDH by metronidazole is a dynamic collision 

process.  

 

Fig. 3.  The Stern-Volmer plots for the quenching of ALDH by metronidazole at different 

temperatures and pH = 7.4. 
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Table 1 

Stern-Volmer quenching constants (KSV) and bimolecular reaction rate constants (Kq)  

for the ALDH- metronidazole system at different temperatures and pH 

 pH 5.0 pH 7.4 pH 9.0 

Temp. 

K 

KSV∙10–3 

L∙M–1 

Kq∙10–11 

L∙M–1∙s–1 

KSV∙10–3 

L∙M–1 

Kq∙10–11 

L∙M–1∙s–1 

KSV∙10–3 

L∙M–1 

Kq∙10–11 

L∙M–1∙s–1 

288 6.5 6.5 5.7 5.7 5.5 5.5 

293 7.9 7.9 8.0 8.0 7.7 7.7 

298 8.2 8.2 8.5 8.5 7.9 7.9 

303 9.2 9.4 8.9 8.9 8.2 8.2 

308 9.4 9.7 9.6 9.6 8.5 8.5 

313 9.7 9.8 9.9 9.9 9.8 9.8 

BINDING CONSTANT AND NUMBER OF BINDING SITES  

Quenching of intrinsic fluorescence was further used to assess the binding 

parameters [37]. The binding constant or affinity constant (Ka) of the metronidazole 

on the protein (ALDH) and number of binding sites (n) were calculated using the 

following equation, the Scatchard equation (modified Stern-Volmer plot): 

  0log loga

F F
log K n Q

F

 
   

 
 (3) 

The linear regression plot is shown in Fig. 4. Here, Ka and n were obtained 

from the slope and the intercept, respectively (Fig. 4.). The binding constant at all 

three pH (5.0, 7.4, and 9.0) was calculated. ALDH shows two binding sites for the 

drug (Table 2). The binding constant, Ka, between metronidazole and ALDH was 

of the order of 10
3
 L∙M

−1
, representing a moderate ligand-protein interaction. This 

is lower compared to BSA-metronidazole complex and one available binding site 

on human serum albumin for metronidazole as stressed earlier [30, 31]. 

Importantly, here, it was found that the value of Ka increases as the temperature 

increased. This coincided with the changes in the KSV, and suggested that a 

dynamic quenching mechanism may explain the behaviour of the metronidazole-

ALDH interactions.  
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Fig. 4.  Scatchard plot for the interaction between metronidazole and ALDH.  [ALDH] = 0.250 M,  

λ = 280 nm, pH = 7.4 in phosphate buffer 25 mM. 

As a result, the metronidazole-ALDH linkage has an affinity of moderate 

strength and two binding sites for the drug (2 moles metronidazole to 1 mole 

ALDH) compared to metronidazole-HSA linkage which has higher affinity but of 

lower capacity. This might readily explain the reported metronidazole intoxication 

in eukaryotic cell. 

THERMODYNAMIC PARAMETERS AND NATURE OF INTERACTION FORCES 

The interaction force between the ligand (i.e. the drug) and biological 

macromolecule produces rarely covalent bond but usually hydrogen bond, van der 

Waals force, electrostatic force, or hydrophobic bonding [33]. The thermodynamic 
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parameters are given by the enthalpy change (ΔH), entropy change (ΔS), and free 

energy change (ΔG) and they are used to predict the binding mode.  The Ka 

dependence against temperature in the range of 288–313 K was evaluated by van’t 

Hoff equation [34]:  

 
aln

R R

H S
K

T

 
    (4) 

 aR lnG H T S T K        (5) 

The regression curve of ln Ka versus 1/T was linear as shown in Fig. 5 and 

produced negative values for ΔH (–33.30 kJ∙M
−1

) and ΔS (–171.04 J∙M−1∙K−1) at 

pH = 7.4. The positive ΔG values, 16.81 kJ∙M
−1

 were obtained from eq. (5). The 

positive value of ΔG means that the binding process was non-spontaneous but 

however exothermic (ΔH < 0) (Table 3). The enthalpic contribution was too low 

thus ruling out the possibility as metronidazole to form covalent bonding with 

ALDH. The signs and magnitude of thermodynamic parameters, enthalpy variation 

(H) and entropy variation (S) for protein reactions are the main evidence for 

confirming the binding force [36]. The negative values of enthalpy variation ΔH 

and entropy variation ΔS suggest that the binding is mainly by van der Waals 

interaction and hydrogen bonding interaction. These interactions might be 

connected to ALDH polarity and its molecular configuration. pH change tends to 

alter the ionization of the ligand functional groups, the polarity of the solvent 

environment and conformation of enzyme and hence could affect the association 

constant of ligand binding [27]. This could consequently affect the energetics of 

binding.  The influence of acidic pH (5.0) close from metronidazole pKa of 2.38 

[45] and alkaline pH (9.0) at pI (near the isoelectric point of ALDH) on the 

interaction between metronidazole and ALDH was investigated. The summary of 

the result is shown in Table 2. The stoichiometry of the binding was not altered. 

The binding was non-spontaneous at both pH and is essentially based on van der 

Waals forces and maybe on hydrogen bond. The hydrogen bond is stronger than 

a van der Waals interaction, but weaker than covalent or ionic bonds. However, 

the feasibility of the reaction was improved at pH close to the pKa of 

metronidazole and ALDH optimum pH compared to other pHs of 7.4 and 5.0.  On 

average, ΔG value at pH 9.0 was more feasible compared to that at pH 5.0 and  

pH 7.4.  From this, it showed metronidazole pKa and ALDH optimum pH dictates 

the spontaneity of the reaction. The pHs stabilize the folded native structure of 

ALDH, while this does not interfere with the functionality of ALDH. In summary, 

ALDH must acquire a unique conformation in order to operate effectively. This is 

also crucial for its catalysis. 

https://en.wikipedia.org/wiki/Van_der_Waals_force
https://en.wikipedia.org/wiki/Covalent_bond
https://en.wikipedia.org/wiki/Ionic_bond
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Fig. 5. Van’t Hoff plot for the interaction between ALDH and metronidazole at pH = 7.4. 

Table 2 

The temperature and pH dependence of the number of binding site (n) and  thermodynamic 

parameters of the metronidazole-ALDH system 

Temp. pH 5.0 pH 7.4 pH 9.0 

K n 
H 

kJ∙M–1 

G 

kJ∙M–1 

S 

J∙M–1∙K−1 
n 

H 

kJ∙M–1 

G 

kJ∙M–1 

S 

J∙M–1∙K−1 
n 

H 

kJ∙M–1 

G 

kJ∙M–1 

S 

J∙M–1∙K−1 

288 1.5   16.82   1.5   15.96   1.9   16.91   

293 1.8  17.62   1.8  16.82   1.7  17.55   

298 1.6 –29.46 18.43 –160.68 1.8 –33.30 17.67 –171.04 1.7 –20.03 18.20 –128.27 

303 1.5  19.23   1.5  18.53   1.8  18.84   

308 1.3  20.03   1.7  19.38   2.2  19.48   

313 1.6   20.84   1.9   20.24   1.6   20.12   
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ALDH-METRONIDAZOLE DISSOCIATION 

Protein-ligand interaction is a reversible interaction [45]. The reversibility is 
a function of  association constant (Ka), dissociation constant Kd and binding free 

energy (G).  The net balance between Ka and Kd dictates the possible ligands/ 
drugs transportation, therapeutic and toxicity [45]. ALDH-metronidazole was 
treated as an enzyme-inhibitor (EI) complex using previous assumptions [5, 36]. 
The dissociation constant, Kd, was calculated as described elsewhere [5, 24]. 

 
 
 

max

d

F L
F

K L


 


 (6) 

This was linearized to: 

       d max maxL F K F L F      (7) 

where ΔFmax is the maximum decrease in fluorescence observed when the enzyme 
is saturated by metronidazole. The validity of equation (7) is confirmed by the 
linearity of the Hanes-Woolf plot ([L]/ΔF vs. [L]). The result is presented in Fig. 6. 

The Hanes-Woolf plot for metronidazole concentration range (0 ÷ 105 M) gave a 

Kd of 82.16 M at pH 7.4 and 25 C. The pattern of linearity and the statistical 
value of standard deviation (S.D.) of the Kd [40] clearly showed that metronidazole 
has one dissociation pattern to ALDH and exhibited a distinct Kd value within the 
concentration range. This confirmed that metronidazole has a dissociation mode 
with ALDH. The Kd value at other temperatures and pHs was also estimated.  The 
Kd value strongly depends on the pH and temperature in the range we examined. 
The thermodynamics of dissociation constant was calculated from van’t Hoff 
equation (equations (4) and (5)). 

Table 3 

The temperature dependence of thermodynamic parameters of the metronidazole-ALDH system 

between 15 ºC – 40 ºC, pH 5, 7.4, and 9 by van’t Hoff plot 

pH 5 7.4 9 

Temp 
K 

ΔGd 
kJ∙M

–1
 

ΔHd 
kJ∙M

–1
 

ΔSd 
J∙M

–1
 

ΔGd 
kJ∙M

–1
 

ΔHd 
kJ∙M

–1
 

ΔSd 
J∙M

–1
 

ΔGd 
kJ∙M

–1
 

ΔHd 
kJ∙M

–1
 

ΔSd 
J∙M

–1
 

288 17.58     49.36     34.15     

293 19.02    56.75    29.74    

298 20.78 27.90 –120.38 59.84 27.32 –106.33 26.56 –13.65 –100.98 

303 23.63    56.73    22.78    

308 25.14    52.67    19.54    

313 26.95     49.86     18.76     

Keys: H = enthalpy change, G = Gibb’s free energy change, S = entropy change, d index signifies 

dissociation. 
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The result is shown in Table 3. This clearly indicates that ionization of 

metronidazole dictates the dissociation of metronidazole-ALDH complex. As 

shown, the dissociation was very feasible at pH 5.0. 

 

 

Fig. 6. The Hanes-Woolf plot of the quenching of the ALDH fluorescence 

 in the presence of metronidazole at pH 7.4 and 25 oC.  

The x-intercept of the linear regression represents – Kd value in this study. 

SYNCHRONOUS FLUORESCENCE SPECTRA AND UV-VISIBLE SPECTRA 

Synchronous fluorescence spectroscopy provides information about the 

micro-environmental changes around protein intrinsic fluorophore functional 

groups [7]. The synchronous fluorescence spectra of ALDH were measured for Try 

residues and Trp residues when the wavelength interval Δλ (Δλ = λem − λex) is 

fixed at 15 and 60 nm, respectively [46]. Blue shift and red shift in λem max 

signify the enhancement in hydrophobicity and polarity of the environment around 

the fluorophores (Tyr and Trp), respectively [29]. The results are shown in Fig. 7.a 

and b. The red shift of the position of the maximum wavelength indicates that the 

microenvironment of ALDH system was affected by metronidazole. The polarity 

around the tryptophan residues was increased and might likely increase the 

hydrodynamic volume of the ALDH. This exaggerated the results deduced from 
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Fig. 2. The hydrophobicity of ALDH tryptophan residues was obvious based on the 

maximum emission wavelength (λmax) and it was more sensitive to change while 

the microenvironment around the tyrosine residues has less discernible change 

during the binding process. It was apparent that the fluorescence of tyrosine 

residues was weak.  With this, we reckoned that metronidazole would bind a 

hydrophobic cavity within the vicinity of ALDH tryptophan residue and 

consequently affect the conformation of ALDHUV-Vis absorption spectroscopy 

was used to further explore the protein structural changes in the interaction of 

metronidazole with ALDH. The UV-Vis absorption spectra of ALDH in the 

absence and presence of metronidazole are shown in Fig. 8. The complex formed 

between metronidazole and ALDH was evident from the data of UV-Vis 

absorption spectra. ALDH has two absorption peaks, the absorption peak at 210 nm 

shows the conformation of the peptide bonds, while the peak of 272 nm is 

connected to aromatic amino acids [44]. The absorption maximum position of the 

metronidazole-ALDH was clearly visible. The red shift could indicate that 

metronidazole changes the peptide strands of the ALDH, the skeleton of ALDH 

becames loosen and the hydrophobicity decreases [12]. The absorption peak at 

about 278 nm can provide us information about the three buried aromatic amino 

acids: tryptophan, tyrosine, and phenylalanine. When the concentration of 

metronidazole increases, the ALDH molecules gradually become less compact. 

This might affect the activity of the enzyme.  

 

Fig. 7 
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Fig. 7 (continued). Synchronous fluorescence spectra of ALDH in the presence of different 

concentrations of metronidazole: (a)  = 60 nm (b)  = 15 nm. Both at pH = 7.4; T = 25 C. 
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Fig. 8. The influence of metronidazole on UV-Visible absorption spectrum of ALDH.  

Spectra were obtained at pH = 7.4 and at temperature of 25 C. 
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ENERGY TRANSFER FROM ALDH TO METRONIDAZOLE 

As shown in Fig. 9, there is an obvious overlap between absorption spectrum 

of metronidazole (acceptor) and fluorescence spectrum of ALDH (donor) which 

forms the basis of fluorescence resonance energy transfer (FRET). According to 

Förster's non-radiative energy transfer theory [8], the energy transfer will likely 

happen when the donor can produce fluorescence light, fluorescence emission 

spectrum of the donor and UV absorption spectrum of the acceptor have more 

overlap and the distance between the donor (ALDH) and the acceptor 

(metronidazole) is lower than 8 nm [8, 17, 38]. The fluorescence quenching of 

ALDH upon binding with metronidazole indicated the energy transfer between 

metronidazole and ALDH. The efficiency of energy transfer, E, was calculated 

using the equation: 

 

6

0 0

6 6

0

1
F R

E
F R r

  


 (8) 

where F and F0 are the fluorescence intensities of ALDH in the presence and the 

absence of metronidazole, r the distance between acceptor and donor and R0 the 

critical distance when the transfer efficiency is 50%. The value of R0 is calculated 

using the equation 

 6 25 2 4

0 8 79 10R . K n J    (9) 

where K
2
 is the spatial orientation factor of the dipole related to the random 

distribution of the donor and the acceptor; n is the refractive index of the medium; 

 is the fluorescence quantum yield of the donor in the absence of acceptor and J is 

the spectral overlap integral between the fluorescence emission spectra of the 

donor and the absorption spectra of the acceptor, which can be calculated by the 

equation: 

      4J F / F        , (10) 

where F() is the donor fluorescence intensity at the wavelength of  , and ε() is 

the molar absorption coefficient of the acceptor at the wavelength of . In the 

above equations, K
2
 = 2/3, n = 1.336 and  = 0.15 [50].  From equations (8–10), J, 

R0, E and r were calculated and are shown in Table 4. The binding distance was  

<7 nm and 0.5 R0 < r < 2.0 R0. The results show that the non-radiative energy 

transfer occurs between metronidazole and ALDH.
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Fig. 9.  The overlap of the fluorescence emission spectrum of ALDH (the upper curve, ex = 280 nm, 

em = 300–500 nm) with the absorption spectrum of metronidazole (the lower curve).  

T = 298 K; pH = 7.4. 

Table 4 

FRET data obtained from the overlapping of  spectra of ALDH fluorescence emission  

and metronidazole  absorption at 25 C and pH = 7.4  

J (cm3∙L∙M–1) Ro (nm) r (nm) 

1.682  10–14 3.83 3.42 

CONCLUSION  

The present work provides an approach for studying the interactions of 

ALDH with metronidazole using absorption, fluorescence, and synchronous 

fluorescence techniques under physiological conditions. The results showed that 

ALDH fluorescence was quenched by metronidazole through a dynamic quenching 

mechanism. Metronidazole interacted with ALDH through van der Waals forces 

and possibly through hydrogen bonds. The distance between ALDH and bound 

metronidazole, based on FRET, is less than 8 nm; the secondary and tertiary 
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structures of ALDH were altered. ALDH as nano-particles in a drug delivery of 

metronidazole prior to detoxification/intoxication is hereby suggested. 
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