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a b s t r a c t 

Chlorine dioxide (ClO 2 ), an alternative disinfectant to chlorine, has a superior ability to in- 

activate microorganisms, in which protein damage has been considered as the main inac- 

tivation mechanism. However, the reactivity of ClO 2 with amino acid residues in oligopep- 

tides and proteins remains poorly investigated. In this research, we studied the reaction rate 

constants of ClO 2 with tryptophan residues in five heptapeptides and four proteins using 

stopped-flow or competition kinetic method. Each heptapeptide and protein contain only 

one tryptophan residue and the reactivity of tryptophan residue with ClO 2 was lower than 

that of free tryptophan (3.88 × 10 4 (mol/L) −1 sec −1 at pH 7.0). The neighboring amino acid 

residues affected the reaction rates through promoting inter-peptide aggregation, chang- 

ing electron density, shifting p K a values or inducing electron transfer via redox reactions. A 

single amino acid residue difference in oligopeptides can make the reaction rate constants 

differ by over 60% (e.g. 3.01 × 10 4 (mol/L) −1 sec −1 for DDDWNDD and 1.85 × 10 4 (mol/L) −1 sec −1 

for DDDWDDD at pH 7.0 (D: aspartic acid, W: tryptophan, N: asparagine)). The reaction rates 

of tryptophan-containing oligopeptides were also highly pH-dependent with higher reac- 

tivity for deprotonated tryptophan than the neutral specie. Tryptophan residues in proteins 

spanned a 4-fold range reactivity toward ClO 2 (i.e. 0.84 × 10 4 (mol/L) −1 sec −1 for ribonucle- 

ase T1 and 3.21 × 10 4 (mol/L) −1 sec −1 for melittin at pH 7.0) with accessibility to the oxidant 

as the determinating factor. The local environment surrounding the tryptophan residue in 

proteins can also accelerate the reaction rates by increasing the electron density of the in- 

dole ring of tryptophan or inhibit the reaction rates by inducing electron transfer reactions. 

The results are of significance in advancing understanding of ClO 2 oxidative reactions with 

proteins and microbial inactivation mechanisms. 

© 2020 Published by Elsevier B.V. on behalf of The Research Centre for Eco-Environmental 

Sciences, Chinese Academy of Sciences. 

Introduction 

Chlorine dioxide (ClO 2 ), an alternative disinfectant to chlo- 
rine, has been widely used in water treatment plants. ClO 2 
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has been reported as being used in 8.1% of water treatment 
plants in the United States and 32.8% of those in China 
( AWWA Water Quality Division, 2000 ; Zhang et al., 2016 ). In 

comparison to chlorine, the generation of toxic halogenated 

disinfection byproducts (DBPs) is greatly reduced through 

ClO 2 oxidation ( Han et al., 2017 ; Kim et al., 2017 ; Zhong 
et al., 2019 ). Meanwhile, ClO 2 has a superior ability to in- 
activate bacteria ( Huang et al., 1996 ), viruses ( Huang et al., 
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1997 ), fungi ( Wilson et al., 2005 ) and protists ( Zuo et al., 
2006 ) including Cryptosporidium parvum oocysts ( Chauret et 
al., 2001 ; Murphy et al., 2014 ) and Giardia intestinalis cysts 
( Winiecka-Krusnell and Linder, 1998 ). In order to achieve a 
health-based target and prevent viral disease outbreaks, it is 
important to investigate the mechanisms of microorganism 

inactivation by ClO 2 so as to guide the more effective and ex- 
tensive application of ClO 2 for disinfection. 

Although ClO 2 can penetrate cell walls and destroy the in- 
ternal structures of microorganisms including proteins and 

genomes, it is generally believed that protein damage is the 
dominant inactivation mechanism ( Krista et al., 2012 ; Ogata, 
2007 ), as ClO 2 reacts more readily with amino acids than with 

nucleotides ( Ison et al., 2006 ; Sharma, 2012 ). A study of the 
inactivation of human rotavirus (HRV) by ClO 2 reported that 
denaturation of virus proteins was the dominant inactivation 

mechanism and that there was no genome damage when the 
HRV was completely inactivated ( Xue et al., 2013 ). Roller found 

that when Haemophilus influenzae were exposed to ClO 2 , to- 
tal dehydrogenase enzymes and protein synthesis were com- 
pletely inhibited while DNA-transforming activity was not af- 
fected ( Roller et al., 1980 ). Moreover, it was found that three 
bacteriophages (MS2, fr and GA) could be completely inacti- 
vated by ClO 2 as a result of capsid protein degradation, which 

inhibited the attachment of virus to host cells, before de- 
tectable genome damage had accumulated ( Hauchman et al., 
1986 ; Noss et al., 1986 ; Sigstam et al., 2013 ). Setlow has also 
suggested that a major inactivation mechanism of Bacillus 
subtilis spores by ClO 2 was the damage to the proteins re- 
lated to germination on the inner membrane ( Setlow, 2006 ; 
Young and Setlow, 2003 ). Cho et al. (2010) studied the inac- 
tivation of E. coli and found that ClO 2 could penetrate into 
the cytoplasmic membrane and degrade the intracellular β- 
D-galactosidase in E. coli cells. Thus, understanding the reac- 
tion of ClO 2 with protein is of great significance for advancing 
understanding of microbial inactivation. It is also necessary 
for better control of waterborne microorganisms in drinking 
water. 

From the aspect of the molecular level of proteins, ClO 2 
is a selective oxidant that only reacts with 5 out of 20 nat- 
ural amino acids, which are cysteine, tyrosine, tryptophan 

(Trp), histidine and proline. Specifically, cysteine, tyrosine and 

tryptophan have much faster reaction rate constants with 

ClO 2 (10 4 –10 7 (mol/L) −1 sec −1 ) than histidine and proline (˜10 −2 

(mol/L) −1 sec −1 ) at pH 7.0 ( Ison et al., 2006 ; Stewart et al., 2008 ; 
Tan et al., 1987 ). Tryptophan residues have been reported to 
be critical targets in the reaction between ClO 2 and proteins, 
causing fragmentation and denaturation of proteins ( Andrea 
et al., 2013 ; Ogata, 2007 ). For example, ClO 2 inactivation of 
influenza A virus is due to the oxidation of a tryptophan 

residue (W153) in haemagglutinin ( Ogata, 2012 ), destroying its 
ability to bind with host cells. ClO 2 oxidation of free amino 
acids has been well studied, especially with tryptophan. The 
reaction rate constant of tryptophan with ClO 2 is relatively 
constant at pH 5.0–7.0 (3.4 × 10 4 (mol/L) −1 sec −1 at pH 7.0), 
but it increases rapidly with pH increasing from 7.0 to 10.0 
( Merenyi et al., 1988 ; Stewart et al., 2008 ). Two moles of ClO 2 
are needed to oxidize one mole of tryptophan. ClO 2 first ab- 
stracts one electron from tryptophan to form a tryptophan 

radical cation (Trp 

•+ , p K a = 4.3), which then deprotonates to 
form a neutral tryptophan radical (Trp 

•). Trp 

• is unstable and 

immediately reacts with a second mole of ClO 2 to generate 
N -formylkynurenine, kynurenine, 3-hydroxykynurenine and 

other products ( Merenyi et al., 1988 ; Stewart et al., 2008 ). De- 
spite the understanding of reactions between ClO 2 and free 
tryptophan, the reactivity of ClO 2 with tryptophan in pep- 
tides and proteins is rarely studied. As the damages of pep- 
tides or proteins are directly related with the microbial inac- 

tivation during ClO 2 disinfection, a better understanding of 
ClO 2 reactions with peptides or proteins would help in defin- 
ing effective ClO 2 treatment and in optimizing strategies for 
disinfection. 

The reactivity of an amino acid residue in a peptide or 
protein can be affected by its relative position and neigh- 
boring residues. The accessibility of an amino acid residue 
to the oxidant determines its oxidation rate ( Jensen et al., 
2012 ; Sharp et al., 2004 ). A study of f2 viral capsid found that 
cysteine residues may not be accessible for reactions with 

ClO 2 due to their buried positions, although cysteine reacts 
rapidly with ClO 2 ( Noss et al., 1986 ). The reactivity of singlet 
oxygen with exposed histidine (H54) in glyceraldehyde-3- 
phosphate dehydrogenase was 4-fold higher than that with 

buried histidine (H108) ( Lundeen and Kristopher, 2013 ). The 
reactivity of singlet oxygen with exposed tryptophan was also 
higher than the buried one in proteins ( Jensen et al., 2012 ). 
Meanwhile, neighboring amino acid residues may change the 
reactivity by affecting the surrounding microenvironment. 
For example, Trp 

•+ can be converted back to tryptophan 

by some hydroquinones and phenols ( Jovanovic et al., 1986 , 
1991 ), which will slow down the oxidation of tryptophan by 
ClO 2 . Tyrosine, containing a phenol moiety, may also convert 
Trp 

•+ back to tryptophan ( Egli and Janssen, 2018 ). Neighbor- 
ing amino acid residues can also increase the reactivity of 
tryptophan residues to oxidant. During the reaction of singlet 
oxygen with a protein—Bacillus licheniformis subtilisin Carls- 
berg, asparagine residue was proposed to induce the transfer 
of electron density to the neighboring tryptophan residue, 
speeding up the oxidation of the tryptophan residue ( Jensen 

et al., 2012 ). These previous findings provide evidence that the 
reaction rate of a given amino acid residue depends on the 
local environment of the amino acid in a protein. However, the 
reactivity of ClO 2 with amino acids in peptides and proteins 
is missing and their reaction rate constants have not yet been 

reported. 
The objective of this study is to quantify the reactivity 

of ClO 2 with tryptophan residue in peptides and proteins. 
Among the five chlorine dioxide oxidizable amino acids, we 
focused primarily on tryptophan because of its high reac- 
tion rate constant with ClO 2 , the well-studied reaction mech- 
anisms with ClO 2 , and its prevalence in diverse proteins (e.g. 
capsid proteins, membrane proteins, vital enzymes). Firstly, 
five heptapeptides were designed and reacted with ClO 2 . 
Each heptapeptide contained only one tryptophan residue 
and six other unreactive amino acid residues, which repre- 
sent aliphatic residues (alanine and asparagines), aromatic 
residues (phenylalanine), cationic residues (arginine) and an- 
ionic residues (aspartic acid). The aim was to understand 

how the properties of neighboring amino acid residues in- 
fluence the oxidation of the tryptophan residue. Secondly, 
four proteins were chosen and reacted with ClO 2 , each of 
which contained only one tryptophan residue that varied 

in location and exposure. The evaluation aimed to under- 
stand how the position of tryptophan residue as well as its 
microenvironment within a protein affected the reactivity 
toward ClO 2 . 

1. Materials and methods 

1.1. Chemicals, heptapeptides and proteins 

L-tryptophan ( ≥98%) and L-tyrosine ( ≥98%) were obtained 

from Sigma (USA). The heptapeptides were synthesized and 

purified by Qiangyao Biotechnology Ltd. (China). They were 
AAAWAAA (98.80%), FFFWFFF (92.90%), RRRWRRR (98.08%), 
DDDWDDD (94.05%) and DDDWNDD (98.20%) (A = alanine, 
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Fig. 1 – Structures of the heptapeptides and amino acids. 

W = tryptophan, F = phenylalanine, R = arginine, D = aspar- 
tic acid, N = asparagine) ( Fig. 1 and Appendix A Fig. S1). The 
presence of free tryptophan in the heptapeptides was negli- 
gible ( < 0.5%) (details in Appendix A Text S1). The four pro- 
teins evaluated were bee venom melittin ( > 85%, Sigma, USA), 
nuclease from Staphylococcus aureus ( > 40%, Sigma, USA), sub- 
tilisin Carlsberg from Bascillus licheniformis (150 U/mg, Sigma, 
USA) and ribonuclease T1 from Aspergillus oryzae (1 kU/μL, 
YuanYe, China). To prepare the stock solutions, tryptophan, 
DDDWDDD, DDDWNDD, RRRWRRR and the four proteins were 
dissolved directly in the buffered solutions. The AAAWAAA 

and FFFWFFF stock solutions were prepared by dissolving in 

2% formic acid in water/methanol (50%/50%) solutions. The 
presence of 0.02% formic acid and 0.5% methanol in the di- 
luted solution for reaction shall have little impacts on the 
determination of reaction rate constants of ClO 2 with tryp- 
tophan residue. Each of the heptapeptides and proteins con- 
tained only a single tryptophan residue. All the heptapeptides 
and proteins solutions were freshly prepared before use. Lu- 
minol ( ≥97%) was obtained from Sigma (USA) and dissolved 

in 0.01 M NaOH solution. The stock solution of ClO 2 was pre- 
pared from gaseous ClO 2 by slowly adding dilute H 2 SO 4 to a 
sodium chlorite solution according to the standard method 

(APHA, 1998). 

1.2. Experimental procedures 

The reactions were conducted at pH ranging from 7.0 to 10.0. 
Samples were buffered with 10 mmol/L phosphate-buffered 

saline (PBS) solution for pH 7.0, 8.0 and 9.0 (137 mmol/L NaCl 
and 2.7 mmol/L KCl) or 10 mmol/L ammonia-ammonium 

buffered saline solution for pH 10.0 (137 mmol/L NaCl 
and 2.7 mmol/L KCl). The addition of NaCl and KCl was 
to maintain salt balance for the peptides and proteins. 
The reaction temperature was maintained at 25.0 ( ±1.0) 
°C using a circulating water bath monitored by a ther- 
mocouple (for stopped-flow kinetics measurements) or a 
constant temperature incubator (for competition kinetic 
measurements). 

Reactions of ClO 2 with free tryptophan and RRRWRRR were 
investigated using stopped-flow decay kinetics method. The 
reactions were initiated by mixing excessive tryptophan or 
RRRWRRR (1–4 mmol/L) with 0.1 mmol/L ClO 2 . A competition 

kinetic method was used to determine the reaction rate con- 

stants of ClO 2 with the heptapeptides (AAAWAAA, FFFWFFF, 
DDDWDDD and DDDWNDD) and proteins ( Ren et al., 2018 ), as 
the reactions were quite fast and completed in a few minutes. 
Luminol was applied as the competitor. The reactions were 
conducted in 20 mL amber borosilicate bottles. The reactions 
were initiated by adding varying amounts of ClO 2 to buffered 

solutions containing 10 μmol/L luminol and 10 μmol/L hep- 
tapeptide or protein. Samples were taken until the ClO 2 had 

been completely consumed. The heptapeptide samples were 
analyzed using liquid chromatograph and the protein samples 
were analyzed using three-dimensional fluorescence spec- 
trophotometry to track the changes of tryptophan residue 
concentration. The details for the calculation methods of the 
reaction rate constants of ClO 2 with the tryptophan residue 
in peptides and proteins were provided in Appendix A Text 
S2. The second-order rate constant of tyrosine’s reaction with 

Trp 

•+ was measured using a laser flash photolysis technique 
(details in Appendix A Text S3) ( Janssen et al., 2014 ; Lei et al., 
2019 ). Duplicate or triplicate tests were performed, and the er- 
ror ranges quoted for the rate constants are the 95% confiden- 
tial intervals. 

1.3. Analytical methods 

The ClO 2 loss was tracked using its maximum absorbance at 
360 nm ( ɛ = 966 cm 

−1 (mol/L) −1 ) for the stopped-flow kinetics 
tests and its loss was tracked on a chlorine analyzer (DR2800, 
HACH, USA) based on diethyl-p-phenylene diamine (DPD) col- 
orimetric method for the competition kinetics tests (APHA, 
1998). The stopped-flow kinetics tests were performed using a 
stopped-flow spectrometer (SX20, Applied Photophysics, UK) 
equipped with a SX photodiode array detector. 

Luminol, tryptophan, AAAWAAA, FFFWFFF, DDDWDDD 

and DDDWNDD concentrations were measured on a high- 
performance liquid chromatograph (U3000, Thermo Scientific, 
USA) equipped with a fluorescence detector and an Agilent 
ZORBAX SB-C 18 column (4.6 mm × 250 mm, 5 μm particle 
size). The mobile phase for the determination of luminol, 
tryptophan, AAAWAAA, DDDWDDD and DDDWNDD was 25% 

acetonitrile and 75% 30 mmol/L sodium acetate buffer (pH 

5.7). The mobile phase for the determination of FFFWFFF was 
90% acetonitrile and 10% 30 mmol/L sodium acetate buffer 
(pH 5.7). The excitation and emission wavelengths for luminol 
detection were 380 nm and 425 nm, respectively and those 
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Table 1 – The second-order reaction rate constants of ClO 2 with tryptophan, luminol and tryptophan residues in heptapep- 
tides. 

Substance k (10 4 (mol/L) −1 sec −1 ) 

k pH = 7.0 k pH = 8.0 k pH = 9.0 k pH = 10.0 

luminol (competitor) 7.10 ±0.17 8.82 ±0.14 16.5 ±0.24 26.8 ±0.26 
tryptophan (W) 3.88 ±0.39 4.18 ±0.32 5.16 ±0.64 9.19 ±0.85 
RRRWRRR 3.18 ±0.15 3.27 ±0.18 3.81 ±0.25 2.51 ±0.32 
DDDWDDD 1.85 ±0.21 1.88 ±0.32 3.61 ±0.41 4.39 ±0.87 
DDDWNDD 3.01 ±0.24 / / / 
AAAWAAA 1.92 ±0.29 / / / 
FFFWFFF 0.61 ±0.09 / / / 

W = tryptophan, R = arginine, D = aspartic acid, N = asparagine, A = alanine, F = phenylalanine 

for tryptophan or heptapeptides were 300 nm and 350 nm, 
respectively. 

The elimination of luminol and tryptophan residues in 

the protein samples were tracked using a three-dimensional 
excitation-emission matrix (3D-EEM) fluorescence spec- 
trophotometer (Aqualog UV-800-C, HORIBA, Japan). The 
excitation spectra were scanned from 200 to 500 nm in in- 
crements of 5 nm by varying the emission wavelength from 

243 to 830 nm with 2.36 nm increments. Under the same con- 
ditions, the EEM spectrum of ultra-pure water was recorded 

as a blank and then subtracted from the EEM spectrum of 
each sample to eliminate water’s Raman scattering and other 
background noise ( Zhang et al., 2018 ). The excitation and 

emission wavelengths for quantifying luminol and trypto- 
phan residues in proteins were the same as those in the 
high-performance liquid chromatography (HPLC) analyses. 

The tryptophan-solvent accessible surface area (Trp-SASA) 
in the proteins were calculated from the static crystal struc- 
tures using the GETAREA online facility ( http://curie.utmb. 
edu/getarea.html ) ( Lundeen and Kristopher, 2013 ). GETAREA 

is an algorithm that computes the accessible surface areas of 
residues (relative to a certain probe radius) using atomic coor- 
dinates from crystal structure data. The PDB file identifiers for 
bee venom melittin, nuclease from Staphylococcus aureus , sub- 
tilisin Carlsberg from Bacillus licheniformis and ribonuclease T1 
from Aspergillus oryzae were 6DST, 1F2M, 1BFU and 1FYS re- 
spectively. The default radius of the water probe (1.4 Å) on an 

area-per-residue basis was used. Software UCSF Chimera was 
used to determine distances between tryptophan residues 
and its neighboring amino acid residues according to crys- 
tal structures of the studied proteins ( Pettersen et al., 
2004 ). Quantum chemical calculations were performed using 
the GAUSSIAN 09 program package (details in Appendix A 

Text S4). 

2. Results and discussion 

2.1. The reaction of ClO 2 with free tryptophan and 

tryptophan residue in heptapeptides 

Table 1 shows the reaction rate constants of ClO 2 with free 
tryptophan and tryptophan residue in heptapeptides (de- 
tails in Appendix A Figs. S2 and S3). The second-order reac- 
tion rate constant of ClO 2 with free tryptophan was deter- 
mined to be 3.88 × 10 4 (mol/L) −1 sec −1 at pH 7.0, being con- 
sistent with that reported from a previous study (3.4 × 10 4 

(mol/L) −1 sec −1 ) ( Stewart et al., 2008 ). Luminol, the competi- 
tor for the competition kinetics study, reacted with ClO 2 at 
7.1 × 10 4 (mol/L) −1 sec −1 at pH 7.0. Tryptophan residue in 

tested heptapeptides exhibited lower reaction rate constants 

than free tryptophan. Among these heptapeptides, trypto- 
phan residue in RRRWRRR had the highest reaction rate con- 
stant with ClO 2 (3.18 × 10 4 (mol/L) −1 sec −1 ) at pH 7.0, whereas 
tryptophan residue in FFFWFFF had the lowest reaction rate 
constant (0.61 × 10 4 (mol/L) −1 sec −1 ). The reaction rates of 
tryptophan residues in DDDWDDD and AAAWAAA were very 
close at pH 7.0, which were 1.85 × 10 4 (mol/L) −1 sec −1 and 

1.92 × 10 4 (mol/L) −1 sec −1 , respectively. Interestingly, although 

the amino acid sequences of DDDWDDD and DDDWNDD 

are very similar, the reaction rate of tryptophan residue in 

DDDWNDD (3.01 × 10 4 (mol/L) −1 sec −1 ) was 62.7% higher than 

that in DDDWDDD (1.85 × 10 4 (mol/L) −1 sec −1 ). The results sug- 
gested that neighboring amino acid residues greatly affected 

the reaction rate constants of tryptophan residues. 
The properties of neighboring amino acids had great im- 

pacts on the accessibility of the tryptophan residue to ClO 2 
by forming complex secondary structures. The primary struc- 
tures of the heptapeptides are shown in Appendix A Fig. 
S1. Electrostatic interaction is the major interaction among 
the ionic polypeptides. Because of same-charge repulsion, 
RRRWRRR and DDDWDDD cannot form α-helix or β-sheet 
structures ( Uversky, 2010 ) and they are in a stretched state in 

water, that is, random coil structure. FFFWFFF was the most 
hydrophobic heptapeptides among those studied, as pheny- 
lalanine was the most hydrophobic amino acid (Appendix 
A Table S1). Due to the hydrophobic driving force, FFFWFFF 
can fold spontaneously to form a β-folded structure. β-folded 

sheet structure also dominated in alanine (A) oligomers ( Ma 
and Nussinov, 2010 ). Compared with coil structure, α-helix 
and β-sheet structures tend to have smaller water accessi- 
ble surface area due to the presence of more hydrophobic 
amino acids ( Garg, 2005 ). As such, the accessibility of trypto- 
phan residues in DDDWDDD and RRRWRRR could have been 

higher than that in β-folded AAAWAAA and FFFWFFF, leading 
to higher reactivity of tryptophan residues in DDDWDDD and 

RRRWRRR. Besides intra-peptide aggregation, inter-peptide 
aggregation may also have occurred with the hydrophobic 
peptides in order to reduce the water contact area ( Kim and 

Hecht, 2006 ). A previous study on the reactions of singlet oxy- 
gen reported that tryptophan residue in FFFHFFF in methanol 
reacted much more readily (5.4 × 10 7 (mol/L) −1 sec −1 ) than in 

water (9.3 × 10 6 (mol/L) −1 sec −1 ). It is therefore likely that intra- 
peptide and inter-peptide aggregation of FFFWFFF in water 
greatly reduced the accessibility of the tryptophan residue in 

FFFWFFF to ClO 2 , resulting in the lowest reaction rate constant 
(0.61 × 10 4 (mol/L) −1 sec −1 at pH 7.0). 

Moreover, electron-rich amide groups could induce elec- 
tron transfer, increasing the reactivity of tryptophan residue. 
Besides tryptophan residue, DDDWDDD had six aspartic acid 

residues and DDDWNDD had five along with an asparagine 
residue. Unexpectedly, the reaction rate of tryptophan residue 

http://curie.utmb.edu/getarea.html
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in DDDWNDD (3.01 × 10 4 (mol/L) −1 sec −1 ) was much higher 
than that in DDDWDDD (1.85 × 10 4 (mol/L) −1 sec −1 ) at pH 7.0. 
Clearly, asparagine residue led to the increase in the reaction 

rate constants with ClO 2 . ClO 2 is known to initially attack car- 
bons 2 and 3 in the indole ring of tryptophan ( Sharma, 2012 ; 
Stewart et al., 2008 ). According to Jensen’s study, the electron- 
rich nitrogen and oxygen atoms of the amide group in as- 
paragine residue may induce electron density on carbons 2 
and 3 in the indole ring ( Jensen et al., 2012 ), thus resulting in 

greater reactivity of tryptophan residue with ClO 2 . 

2.2. Effect of pH on the reactivity 

The reaction rate constants showed pH-dependence based on 

the results of free tryptophan, DDDWDDD and RRRWRRR. As 
the pH increased from 7.0 to 10.0, the reaction rate constants 
of ClO 2 with free tryptophan increased from 3.88 × 10 4 to 
9.19 × 10 4 (mol/L) −1 sec −1 . Similarly, ClO 2 oxidation rates of 
tryptophan residue in DDDWDDD more than doubled from 

pH 7.0 (1.85 × 10 4 (mol/L) −1 sec −1 ) to pH 10.0 (4.39 × 10 4 

(mol/L) −1 sec −1 ). However, the reaction rate constants of ClO 2 
with tryptophan residue in RRRWRRR showed little variation 

at pH 7.0–9.0 and decreased slightly at pH 10.0 (2.51 × 10 4 

(mol/L) −1 sec −1 ). 
The p K a values had great impact on the reaction rates. 

The p K a values of the tryptophan residues in the heptapep- 
tides were affected by the neighboring amino acids. The 
reaction rate constant of ClO 2 with free tryptophan increased 

sharply between pH 9.0–10.0 when the deprotonated am- 
monium group in tryptophan became dominant (p K a = 9.39) 
(Appendix A Text S5, and Fig. 1 ). This was attributed to 
electrostatic interaction between the indole ring and the side 
chain. The indole ring was the site for ClO 2 attack, which 

initiated a single-electron abstraction reaction to form an 

indole cation radical ( Sharma, 2012 ). When ClO 2 extracted 

an electron from tryptophan, the positive charge on the 
ammonium group close to the indole cation radical slowed 

down the reaction ( Stewart et al., 2008 ). When the ammonium 

group was deprotonated, the reaction rates increased greatly 
as the electrostatic interaction was weakened. Over the tested 

pH range (7.0–10.0), DDDWDDD was negatively charged and 

RRRWRRR was positively charged. Electrostatic forces were 
assumed to be the major determinant of p K a shifts of tryp- 
tophan residues in the peptides and proteins ( Nielsen et al., 
2011 ). No exact p K a values were obtained for the tryptophan 

residues in heptapeptides, but the positively-charged guani- 
dinium group of R may inhibit the protonation of tryptophan, 
leading to a lower p K a . In contrast, the negatively-charged 

carboxylate groups of D may inhibit the deprotonation of 
tryptophan, leading to a higher p K a . The shift in p K a values 
of tryptophan residue in the heptapeptides thus affected the 
reactivity toward ClO 2 (Appendix A Fig. S4). 

2.3. The reaction of ClO 2 with tryptophan residue in the 
proteins 

In this study, four different proteins contained a single trypto- 
phan residue were chosen: (1) Bee venom melittin (melittin), 
(2) nuclease from Staphylococcus aureus (nuclease), (3) subtilisin 

Carlsberg from Bacillus licheniformis (subtilisin Carlsberg), (4) ri- 
bonuclease T1 from Aspergillus oryzae (ribonuclease T1). Be- 
sides a tryptophan residue, nuclease and subtilisin Carlsberg 
contain 7 and 13 tyrosine residues, respectively. Ribonuclease 
T1 contains 9 tyrosine residues and 5 cysteine residues ( Fig. 
2 ). Based on the positions of the single tryptophan residue in 

the proteins tested, they were classified as exposed (in melit- 
tin), partially exposed (in nuclease and subtilisin Carlsberg) or 
buried (in ribonuclease T1) ( Fig. 2 ). The classification is based 

Fig. 2 – Three-dimensional structures of the four proteins. 
The single tryptophan residue is displayed in red, tyrosine 
residues are displayed in green, cysteine residues are 
displayed in pink. 

on the relative accessible surface area (RASA) −the ratio be- 
tween the SASA of the residue in proteins to that of its free 
state. The ranges of 0–10%, 10%-40%, and 40%-100% were used 

to define the status of buried, partially exposed and exposed, 
respectively ( Nadericmanesh et al., 2001 ; Ma et al., 2015 ). The 
RASA values of melittin, nuclease, subtilisin Carlsberg and ri- 
bonuclease T1 were estimated as 75.2%, 19.8%, 21.2% and 0.5%, 
respectively (Appendix A Table S2), being consistent with the 
tryptophan exposure levels shown in Fig. 2 . 

The bleaching of tryptophan fluoresence was used to track 
the extent of ClO 2 oxidation of tryptophan residue in the 
proteins with luminol as the competing probe in the kinet- 
ics studies. Tryptophan fluorescence was tracked at 300 nm, 
an excitation wavelength at which the other amino acids 
would not be excited ( Lakowicz, 2013 ). Luminol also absorbs 
at 300 nm, but luminol’s fluorescence emission spectrum is 
different from that of tryptophan (Appendix A Fig. S5). Lumi- 
nol fluorescence was tracked at 380 nm, an excitation wave- 
length at which tryptophan is not excited (Appendix A Fig. 
S5). Interference from the products generated was minimal 
( Daly et al., 2009 ; Eriksen et al., 1981 ; Sadowska Bartosz et 
al., 2014 ). We also checked the reaction rate constants of free 
tryptophan and luminol using both fluorescence analytical 
method and HPLC analytical method and found the difference 
was less than 20% (Appendix A Fig. S6). Thus, the decrease in 

tryptophan fluorescence can be reasonably used to reflect the 
changes in tryptophan concentration in the proteins. 

The reaction rate constants for ClO 2 with tryptophan 

residue in the proteins are shown in Fig. 3 . Tryptophan residue 
in melittin had the highest reaction rate constant with ClO 2 
(3.21 × 10 4 (mol/L) −1 sec −1 ) at pH 7.0, while tryptophan residue 
in ribonuclease T1 had the lowest (0.84 × 10 4 (mol/L) −1 sec −1 ) 
(details in Appendix A Fig. S7 and Table S2). The reaction rates 
of tryptophan residue in subtilisin Carlsberg and nuclease 
were 2.77 × 10 4 (mol/L) −1 sec −1 and 2.30 × 10 4 (mol/L) −1 sec −1 , 
respectively at pH 7.0. Note that tryptophan residue is well ex- 
posed in melittin and that it is buried in ribonuclease T1. In 

nuclease and subtilisin Carlsberg it is partially exposed. 
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Fig. 3 – Specific reaction rate constants of ClO 2 with tryptophan residue in different proteins and with free tryptophan ( k trp ) 
depending on the tryptophan-solvent accessible surface area (Trp-SASA). Trp-SASA indicates the accessibility of the 
tryptophan residue to solvent (ClO 2 solution), the greater the Trp-SASA value, the greater possibility the tryptophan residue 
is exposed to ClO 2 . 

Fig. 4 – Fluorescence spectra of proteins before and after reaction with 36 μmol/L chlorine dioxide (a) Melittin; (b) Nuclease; 
(c) Subtilisin Carlsberg; (d) Ribonuclease T1. The excitation wavelength is 300 nm. The band whose λmax falls in the range 
310 to 350 nm is due to tryptophan emission. The band at λ > 380 nm is due to emission from the competitor, luminol. 

To further validate the effect of accessibility of tryptophan 

residue, Trp-SASA was calculated. The greater the Trp-SASA 

value, the greater possibility that the tryptophan residue is 
exposed to ClO 2 . The Trp-SASA values of melittin, nuclease, 
subtilisin Carlsberg and ribonuclease T1 were estimated as 
167, 44, 47 and 1.1 Å 

2 , respectively (Appendix A Table S2), 
being consistent with the tryptophan exposure levels shown 

in Fig. 2 . Fig. 3 relates the specific reaction rate constants 
of tryptophan residue in proteins with the Trp-SASA values. 
A modest correlation coefficient was observed ( R 

2 = 0.71), 

indicating that exposure level of the tryptophan residue 
in protein was an important factor affecting the reaction 

rates. 
The local molecular microenvironment of the tryptophan 

residue in proteins may also have an effect, since two points 
in Fig. 3 deviate from the linear relationship. It is noteworthy 
that the intercept of the linear regression is not zero, meaning 
that buried residues can still react with ClO 2 to some extent. 
A reasonable explanation could be that Trp-SASA values were 
calculated from static crystal structure data, which may not 
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reflect the instantaneous accessibility of tryptophan residue 
as the protein moves about in solution ( Richards, 1977 ). The 
reaction of ClO 2 with each protein was discussed in details 
below. 

2.3.1. Melittin 

The reaction rate of tryptophan residue in melittin with ClO 2 
(3.21 × 10 4 (mol/L) −1 sec −1 ) was 17.3% lower than that of free 
tryptophan (3.88 × 10 4 (mol/L) −1 sec −1 ) at pH 7.0 although the 
tryptophan residue in this protein is well exposed. In fact, 
the estimated Trp-SASA value in melittin (167 Å 

2 ) was lower 
than that of free tryptophan (222 Å 

2 ) as a result of the α-helix 
structure. Moreover, melittin has a certain hydrophobic driv- 
ing force, since 13 of its 26 amino acids are non-polar and hy- 
drophobic (1 tryptophan, 2 alanine, 4 leucine, 3 isoleucine, 1 
proline and 2 valine residues). It is therefore reasonable that 
the reaction rate of tryptophan residue in melittin would be 
slightly lower than that of free tryptophan. 

2.3.2. Nuclease 
The tryptophan residue in nuclease was classified as partially 
exposed with a Trp-SASA value (44 Å 

2 ) much lower than that 
of melittin (167 Å 

2 ). Compared with melittin, the spatial struc- 
ture of nuclease is more complex. The secondary structure in- 
cludes not only helices but also folded structures. The reaction 

rates of tryptophan residues in melittin and nuclease and that 
of free tryptophan were linearly related to their Trp-SASA val- 
ues. Thus, the location of tryptophan residue seems to pre- 
dominately determine its reaction rate with ClO 2 in nuclease. 

2.3.3. Subtilisin Carlsberg 
The tryptophan residue in subtilisin Carlsberg was also 
deemed partially exposed with a Trp-SASA value like that in 

nuclease. However, the reaction rate of tryptophan residue 
in subtilisin Carlsberg was 20.4% higher than that in nucle- 
ase. We examined the neighboring amino acids and found an 

asparagine residue close to the tryptophan residue (4.27 Å) 
( Fig. 4 ). We conducted quantum chemical calculations and 

found that the Mulliken charge and natural population anal- 
ysis charge of the indole ring of tryptophan increased when 

there was a neighboring asparagine residue (Appendix A Text 
S4, and Table S4). Therefore, the amide group in asparagine 
(structure shown in Appendix A Fig. S8) could induce electron 

density on the indole ring of tryptophan, resulting in faster 
oxidation, as indicated by the study of the reactions of ClO 2 
with DDDWDDD and DDDWNDD above. 

2.3.4. Ribonuclease T1 
Tryptophan residue in ribonuclease T1 was the least exposed 

and had the lowest reactivity among the four proteins. The 
deviation of reaction rate from the linear relationship ( Fig. 
3 ) indicated that there may be other factors slowing down 

the reaction. We examined the neighboring amino acids and 

found that there was a tyrosine residue near the tryptophan 

residue (10.57 Å) (Appendix A Fig. S9). Tryptophan radical 
cation (Trp 

•+ ) can be reduced back to tryptophan by phenolic 
compounds ( Egli and Janssen, 2018 ). In this study, the reaction 

rate of Trp 

•+ with tyrosine was examined experimentally to 
be 1.53 × 10 7 (mol/L) −1 sec −1 (details in Appendix A Text S3, 
and Fig. S10). However, the direct electron transfer can only 
occur when the distance between the electron accepting in- 
dole nitrogen in tryptophan and the donating phenol oxygen 

in tyrosine was within 5.64 Å ( Egli and Janssen, 2018 ). We 
further examined the amino acids residues in ribonuclease 
T1 and there was a basic histidine near the phenol moiety 
of the tyrosine (4.39 Å) (Appendix A Fig. S9). Through electro- 
static interaction and formation of the hydrogen bonds with 

structural water in the protein, the base group of the histidine 
can serve as an electron transfer station and promoted the 

intramolecular electron transfer when the distance of tyro- 
sine and tryptophan residue was between 5.64 Å and 17.14 Å 

( Chen et al., 2009 ; Xiong et al., 2010 ). Therefore, electron 

transfer is supposed to occur between Trp 

•+ and tyrosine 
residue in the ribonuclease T1, making the observed reaction 

rates of tryptophan residue in ribonuclease T1 lower than 

the predicted one based on Fig. 3 . Moreover, it should be 
noted that significant blue-shift of maximum of tryptophan 

fluorescence ( λmax = 316 nm) was observed in ribonuclease 
T1, in comparison to free tryptophan ( λmax = 350 nm) (Ap- 
pendix A Table S2 and Fig. 4 ). This implies a more nonpolar 
and hydrophobic local environment in ribonuclease T1 than 

in free tryptophan ( Vivian and Callis, 2001 ), which could 

adversely influence the reaction rate. 
It should be noted that reaction rate constants obtained 

from this study refers to the reactivity of the specific trypto- 
phan residue with ClO 2 , not the whole protein. In the proteins, 
tyrosine and cysteine, the ClO 2 reactive amino acid residues, 
were also co-present ( Fig. 2 ). Their SASA and RASA values cal- 
culated and listed in Appendix A Table S3. For example, al- 
though the tryptophan residue in Ribonuclease T1 had very 
low reaction rate with ClO 2 , some of the tyrosine and cysteine 
residues having high RASA can also be the attack sites for 
ClO 2 . In this study, we used five heptapeptides and four pro- 
teins as model compounds to investigate the effect of position 

as well as microenvironment on ClO 2 reactivity of tryptophan 

residues. The results indicate that it may be possible to make 
preliminary prediction of the susceptibilities of virus to disin- 
fectants based on the compositions, structures and functions 
of viral proteins. By recognizing the positions of these three re- 
active amino acid residues (cysteine, tyrosine and tryptophan) 
in proteins and utilizing the relationships between the acces- 
sibility of the typical amino acid residue and ClO 2 reactivity 
(e.g. Fig. 3 ), we may obtain the reaction rates of each residue 
in the protein and find the “hotspots” for ClO 2 reaction. Future 
studies should focus on ClO 2 oxidation of proteins or enzymes 
with biological functions to further improve understanding 
the inactivation of virus and bacteria. 

3. Conclusions 

This study makes quantitative evaluation of the reactivity of 
ClO 2 with tryptophan residue in oligopeptides and proteins 
and improves understanding of the relationship between the 
structures of proteins and their reactivity toward the oxidant. 
The reaction rate depends on both the tryptophan residue’s 
position in the peptide or protein—its accessibility, and the 
surrounding amino acid residues. The reaction rate constant 
of the tryptophan residue in protein is significantly affected by 
the extent of exposure to the oxidant. The microenvironment 
around the tryptophan residue also affects the reaction rates 
through shifting p K a values, changing electron density, and in- 
ducing electron transfer via redox reactions. In fact, the tryp- 
tophan residues in the four tested proteins span a 4-fold range 
of reactivity toward ClO 2 . Among these influencing factors, the 
accessibility to the oxidant determinates the reactivity. There- 
fore, to access the protein damage rates in disinfection pro- 
cess, it is of importance to make a quantitative understanding 
of how the accessibility to the oxidant affects the amino acids 
reactivity. 
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