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ABSTRACT
Cigarette smoking has severe health issue resulting in tremendous economic
loss. Each year more than 480,000 people in the United States die due
to chronic use of cigarettes. The total economic cost of smoking is more
than $300 billion a year. Chronic smoking has been associated with
many diseases some of which are attributed to conformation changes in
proteins. Therefore, this study has investigated the effect of smoking on the
conformational changes of a model protein lysozyme and alteration in its
biological activity. The cigarette smoke was passed through citrate phosphate
(CP) buffer (pH 4.4) which resulted into the formation of cigarette smoke
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ach year more than 480,000 people in the USA die due to chronic use of
cigarettes in addition to 41,000 deaths resulting from secondhand smoke
exposure (1,2). The total economic cost of smoking is more than $300 billion
a year which includes about $170 billion in direct medical care for adults
(3) and more than $156 billion in lost productivity due to premature death
(2). There are hundreds of chemicals in a cigarette which are proven to be
toxic. Smoking cigarette exposes body to harmful chemicals which cause
damage to major organs of the body. Smoking is one of the major causes
of heart disease, aneurysms, bronchitis, emphysema, and stroke (1,4). Toxic
chemicals from cigarette smoke reduce fertility in men. Consumption of
cigarette by pregnant women can lead to miscarriage, premature birth and
stillbirth (5). The Centers for Disease Control and Prevention estimated that
adult male smokers lost an average of 13.2 years of life and female smokers
lost 14.5 years of life because of smoking (2). Chronic smoking has been
proven to be responsible for various kinds of cancers like lung, esophagus,
oral cavity (mouth, tongue, lips) and acute myeloid leukemia, chronic
obstructive pulmonary disease (COPD) (6). Cigarette smoke extract (CSE)
contains more than 4000 chemicals, of which more than 50 are carcinogenic
(7). Examples of toxic chemicals found in cigarette smoke include benzene,
ammonia, tar, nicotine, formaldehyde, carbon monoxide, arsenic etc.
Benzene is a carcinogenic colorless liquid found in cigarette smoke and
has been linked with leukemia (8,9). Nicotine is one of the most addictive
chemicals known and is the reason behind addiction for cigarette. Carbon
monoxide causes a reduction in the oxygen carrying capacity of the red
blood cells. Most diseases reported due to cigarette smoke are believed to be
associated with perturbation of structural and conformational integrity of
some specific protein (10-12). Cigarette smoke extract regulates the protein
expression in the airway epithelium (13). Aqueous cigarette smoke extract
contains chemicals and free radicals which can oxidize and cause damage to
the human plasma proteins and microsomal proteins (12,14). Degradation
of the proteins is believed to be caused due to the oxidation of proteins
or proteolytic degradation of oxidized protein by the microsomes. Many
diseases are caused due incorrect folding of proteins (11). Alzheimer’s disease
is a prime example of incorrectly folded proteins being brought together

extract (CSE) which is reported to simulate the presence of various chemicals
found in such smoke. The CSE (10% to 50% v/v) was added to lysozyme
solution (0.06% w/v) samples were taken specific time points. The samples
were subjected to Fourier Transform Infrared (FTIR) and ultraviolet (UV)
spectroscopic analysis for evaluation of changes in conformational integrity
and biological enzyme activity of lysozyme, respectively. The results obtained
indicated that CSE causes conformational stability perturbation in lysozyme
which is associated with a corresponding decrease in its biological activity.
However, this study did not include the effect of water insoluble components
of cigarette smoke and the effect of CSE on long term exposure beyond the
72 hrs. Therefore, any future study should include the effect of long-term
exposure of water soluble as well as insoluble components on conformation
integrity and biological activity of proteins.
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(15). Damage to the alpha 1-Protease inhibitor has been linked to the
development of emphysema. Alpha 1 antitrypsin deficient patient develop
emphysema 10 years before in regular smokers compared to non- smokers
(16,17). Disruption of the p53 protein leads to about 50% to 55% of cancers
in humans. Other forms of diseases caused due to the incorrect folding of
the protein include Transmissible spongiform encephalopathies (TSEs),
mad cow disease (bovine spongiform encephalopathy; BSE) and Creutzfeld
Jakob disease (CJD) (11). These are a kind of amyloidosis in which the brain
degenerates to a structure similar a porous sponge. The protein responsible
for these conditions is prion protein, which is found normally in the nerve
cells. Cigarette smoke forms reactive oxidant species which causes damage
to the lung and is one of the prime reasons for development of Chronic
Obstructive Pulmonary Disease (COPD) (18). It has been reported that
smoking interferes with the protein folding in the endoplasmic reticulum.
An unfolded protein response is observed in regular smokers. The unfolded
protein interferes with the antioxidant response, cell cycle, inflammation,
apoptosis and protein synthesis (18). A chronic increase in the defective
protein structure and a dysregulation of the endoplasmic reticulum plays
a pathogenic role in diabetes, cardiovascular diseases, Alzheimer’s disease,
Parkinson’s syndrome and cancer (10,11,15,18,19). Lysozyme is the most
investigated protein of which biochemical and biophysical characteristics
are well reported in literature. It is a129 amino acid residues enzyme. It
catalyzes hydrolysis of 1,4-beta-linkages between N-acetylmuramic acid and
N-acetyl-D-glucosamine residues in peptidoglycan present in the bacterial
cell walls. Therefore, it is also named as 1,4-N-acetylmuramidase, L-7001,
N,O-diacetylmuramidase, PR1-lysozyme, globulin G1, globulin G, lysozyme
g, mucopeptide N-acetylmuramoylhydrolase, mucopeptide glucohydrolase
and muramidase. Gram-positive bacteria are more susceptible to hydrolysis
by lysozyme since its wall contains a high amount of peptidoglycan. However,
gram-negative bacteria are less prone to hydrolysis since they have a lower
amount of peptidoglycan in the cell wall (20). M. Luteus is a gram-positive
bacterium. Hence it was used as a substrate for quantifying biological activity
of lysozyme. Enzyme activity of lysozyme gets affected in the presence of strong
oxidizing agents. It loses its antibacterial activity due to a change in the structure
and conformation (21,22). Therefore, in this study we investigated the influence
of exposure of CSE on the conformation stability and biological activity of
lysozyme which could be related with pathogenesis of many diseases.
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MATERIALS AND METHODS
Materials
Cigarette smoke was prepared by burning five Kentucky University research
grade cigarettes. Lysozyme (EC 3.2.1.17) from chicken egg white and
Micrococcus lysodeikticus (Micrococcus luteus) were purchased from Sigma
Chemical Company, St. Louis, MO. All other chemicals bought were of
analytical reagent grade and used as obtained.
Preparation of the cigarette smoke extract
The generated smoke was passed through 10 ml of citrate phosphate
(CP) buffer (pH 4.4) which resulted into the formation of cigarette smoke
extract (CSE). CSE was added to lysozyme solution (0.06% w/v) in the
concentration range of 9% through 50% v/v. Samples were taken from the
mixture of lysozyme mixed with CSE at 4, 24, 48, and 72 hours’ time points
and subjected to Fourier Transform Infrared (FTIR) and ultraviolet (UV)
spectroscopic analysis for conformational changes in secondary structure of
lysozyme and its biological enzyme activity, respectively.
Secondary structure analysis using Fourier Transform Infrared (FTIR)
spectroscopy
Forty microliters of the lysozyme, a model protein, sample was placed in
the sample cell of the IR Prestige FTIR (Shimadzu, Kyoto, Japan). FTIR
spectra were obtained in the frequency range 4000-1000 cm-1 in absorbance
mode. The parameters chosen for running the scans were resolution of 4
cm-1, average of 15 scans was taken and no apodization option was selected.
Forty microliters of CP buffer was used to obtain the background spectra
which was subtracted automatically from each sample spectrum. The CSE
and lysozyme solution were mixed in various ratios (CSE: lysozyme:: 1-10:10)
to produce 10 samples containing CSE in the concentration range of 9% to
50% v/v. We used second derivative spectra for calculation of peaks in the
region of 1600-1700 cm-1 wavenumber.
Biological activity of lysozyme
Biological activity of the samples was determined by an enzyme activity
assay using Micrococcus lysodeikticus (M. luteus) as substrate using UV visible
spectrophotometer (UV 1700, Shimadzu). The method used for evaluating
biological activity of lysozyme is previously reported (23,24). Briefly, 100
mL sample of the bacteria M. luteus (0.015% w/v) in phosphate buffer (pH
4.4) was prepared. Ten samples of CSE and lysozyme mixture, containing
increasing concentrations of CSE, were prepared. Sample one was prepared
by adding 50 µL of CSE to 500 µL of lysozyme solution (1:10) which were
further diluted to obtain 9 other samples containing CSE: lysozyme in the
range of 1:10-10:10. Thirty µL of each of the 10 samples of CSE/lysozyme
mixture were withdrawn at 4, 24, 48, and 72 hrs and added to 2 mL of
microbial suspension. Phosphate buffer was used as the reference for the
study. This mixture was observed for change in absorbance by operating
the spectrophotometer in rate measurement mode using the parameters:
wavelength=450.0 nm, measure Time=180 seconds with (δ)=0.2, lag/rate=5
seconds/175 seconds, and temperature=25° C. A rate of change of 0.001 in
absorbance at 450 nm (A450 nm) was used to define 1 unit of biologically
active lysozyme and was calculated by using following formula (23):

Units of lysozyme / m1 sample =
where, df=Dilution factor

tobacco smoke-related diseases. Furthermore, lysozyme is reported to
correctly identify abnormal decrease of DCL in smokers with normal lung
function which may suggest it to mirror monocyte/macrophage (and/
or neutrophil) mediated disease process presumably related to pulmonary
microvasculature system (30,31). Moreover, lysozyme is also reported to have
acute role in inflammation response associated with pulmonary emphysema.
Lysozyme (1,4-β-N-acetylmuramidase) is a bacteriolytic enzyme that was
discovered by Alexander Fleming, the pioneer of penicillin, and exists widely
in nature, including in humans and birds. Lysozyme is an enzyme with lytic
action that is found in human secretions such as respiratory tract secretions.
It is present in high levels in the respiratory epithelium and neutrophil
granules and has antibacterial activity against gram-negative and grampositive pathogens (32,33) A study was conducted in pigs (34) to determine
the effect of lysozyme and antibiotics on growth performance and immune
response during an indirect immune challenge. It was found that lysozyme
is a suitable alternative to antibiotics in swine nursery diets, and lysozyme
ameliorates the effects of a chronic indirect immune challenge.
Evaluation of conformational changes in lysozyme by FTIR
IR spectrophotometer was used to investigate the conformational changes
in the lysozyme sample mixed with CSE. We focused on region 1600-1700
cm-1 because different secondary protein structures absorb IR in this region
(25). We observed significant (p<0.05) decrease in peak heights and areas for
the lysozyme sample exposed to CSE for 72 hrs (Figure 1a) in comparison to
those of exposed only for 4 hrs (Figure 1b). Similar trends were found for all
the samples exposed for other time points.
Table 1 shows the splitting of β sheets with increase in exposure time in
all samples. We observed bathochromic shift (Table 2) corresponding to α
helix and β turns in all the samples at most of the time points. The different
secondary structures like β sheet, random coils, α helix, and β turns absorb in
the range 1640-1620, 1650-1640, 1660-1650, and 1695-1660 cm-1, respectively
(17,25,26). We observed some random coils in 24 and 48 h samples which
disappeared in 72 h samples containing 25% v/v or more CSE. FTIR data
suggests that the exposure of cigarette smoke to protein lysozyme lead to
change in the structural conformation. The β sheet structure is found in the
1620-1640 cm-1 region (17). Splitting of peak in this region shows breaking
of some bonds. Due to the change in structure of lysozyme there is an
expected reduction in enzymatic action which was observed by carrying out
the enzyme assay technique.

(∆A450 nm / min Test − ∆A450 nm / min Blank )(df )
(0.001)(0.1)

0.001=Change in absorbance at A as per the unit definition
0.1=Volume (in ml) of sample/standard used.
Data analysis
Statistical comparisons were made using student’s t-test and analysis of
variance (ANOVA). The level of significance was used as p<0.05.

RESULTS AND DISCUSSION
Lysozyme was selected as a model protein in this study because it is reported
as one of the serum biomarkers related to tobacco elicited
injuries of the pulmonary microvasculature as indicated by isolated
decrease of diffusion capacity of the lung (DCL) (25-29). There is an inverse
relationship between serum lysozyme concentration and DCL which might
suggest a causal relationship between these two factors in early phase of
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Figure 1) Decrease in FTIR peak areas representative of lysozyme sample exposed to
CSE:lysozyme :: 6:10 for 72 hrs (a) in comparison to that exposed for only 4 hrs (b)
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The effect of cigarette smoke
The reduction in peak height and area could be due to loss in secondary
character of protein. Longer exposure to CSE led to the corresponding
greater reduction in secondary character of lysozyme.
Determination of biological activity of lysozyme
The IR data were supported by a corresponding decrease in activity of
lysozyme in the samples with increasing ratios of CSE and exposure times
(Figure 2).

TABLE 1
Splitting of β sheet secondary structure of lysozyme exposed
to CSE
Samples

Exposure Time (hr)

Location (cm-1)

Control (lysozyme)

4

1624 ± 1

24

1624 ± 1

48

1624 ± 1

72

1624 ± 1

4

1639 ± 2

24

1630 ± 2
1637 ± 1

CSE:lysozyme (1:10)

48

1630 ± 1
1636 ± 1

72

1628 ± 3
1636 ± 1

4

1635 ± 1
1639 ± 1

24

1631 ± 2
1639 ± 2

CSE:lysozyme (1:1)

48

1631 ± 1
1639 ± 1

72

Figure 2) Biological activity of lysozyme exposed to different concentrations of CSE
(9% to 50% v/v)
The lysozyme activity was monitored at different time points on addition of
increasing concentrations of CSE. The ratio of CSE added to lysozyme was
increased from 1:10 to 1:1. The biological activity of lysozyme was found to
decrease with increasing concentrations of CSE. As the concentration of CSE
was increased the biological activity of lysozyme decreased by approximately
10 folds when kept together for 72 hrs duration. The decrease in lysozyme
activity is attributed to a change in conformation due to chemicals present
in the CSE. There are about 4000 chemicals in the cigarette smoke which
can affect the conformation of lysozyme which in turn affected its enzymatic
action on the cell wall of the bacteria. CSE contains chemicals like carbon
monoxide, nicotine, nitrous oxide and other free radicals. These chemical
cause the protein to go under oxidative stress. Methionine (Met) amino
acid from the lysozyme undergoes oxidation in presence of CSE and gets
converted to Met sulfoxide.
Trypsin, histidine and tyrosine residue get oxidized and render the protein
inactive (19,27,28). We used a water soluble extract of smoke which did
not include the water insoluble components of cigarette smoke. Those
components could also affect the stability and conformation of lysozyme.
Further research is required to study the effect of water insoluble components
on proteins. Also, our study was carried out to study effect of smoke extract
on lysozyme for a period of 72 hrs. Further research could be aimed to study
the effect of cigarette components on protein conformation for a longer
duration. Looking at the results obtained from this study we can predict that
longer exposure to smoke extract will affect the protein in a negative way
thereby reducing its activity against the microbial attack. Results show that the
cigarette smoke extract will cause changes in the structure and conformation
of proteins thereby rendering them inactive. Slight changes in the protein
structure or unfolding of protein are prime reasons for development of
diseases like Alzheimer’s disease, Parkinson’s disease, cardiovascular diseases
and also cancer. Although, this study did not account for the various barriers
which the cigarette smoke has to face before coming in contact with lysozyme
a future study using animal models could be carried out to test the amount
of cigarette smoke chemicals reaching the body fluids.

CONCLUSION
It is concluded that CSE causes conformational stability perturbation in
lysozyme which is associated with a corresponding decrease in its biological
activity. In this study lysozyme has been used as a model protein. Our study
showed that CSE causes conformational changes in lysozyme which might
be expected in other protein also such as alpha synuclein (35,36) which
is involved in the pathogenesis of Alzheimer and Parkinson’s disease.
Therefore, any future study should involve alpha synuclein also.
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1631 ± 1
1620 ± 3

TABLE 2
Bathochromic shift in lysozyme exposed to cigarette smoke
extract (CSE)

Sample

Exposure Time
(hr)

α helix
Location
(cm-1)

β turn
Location
(cm-1)

Rando coil
location
(cm-1)

Control (lysozyme)

Apr-72

1658 ± 1

1671 ± 1

1693 ± 1

4

1656 ± 1

1666 ± 1

1687 ± 3

24

1653 ± 2

1664 ± 1

1686 ± 1

48

1653 ± 1

1662 ± 2

1684 ± 1

72

1653 ± 2

1662 ± 2

1684 ± 2

4

1653 ± 1

1676 ± 1

1683 ± 2

24

1649 ± 3

1666 ± 1

1676 ± 1

48

1649 ± 2

1666 ± 1

1683 ± 1

72

No peak

1664 ± 2

1683 ± 2

CSE: lysozyme (1:10)

CSE: lysozyme (1:1)
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