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Abstract Nitric oxide (nitrogen monoxide, ‘NO) plays important physiological roles, but an excess can be toxic. ‘NO is present in cigarette smoke 
(CS) at up to 500 ppm, and probably represents one of the greatest exogenous sources of ‘NO to which humans are exposed. We show here that 
gas-phase CS is capable of converting tyrosine to 3-nitrotyrosine (fNO,-Tyr) and dityrosine, to an extent dependent on time of exposure and pH. 
Glutathione, ascorbic acid and uric acid decreased the CS-induced formation of 3-NO*-Tyr and dityrosine. We suggest that nitrogen oxides in CS 
can modify proteins in the respiratory tract and may contribute to CS toxicity. 
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1. Introduction 

Cigarette smoking is associated with a variety of pulmonary 
and cardiovascular disorders including emphysema, athero- 
sclerosis, and cancer [1,2]. However, the exact chemicaybio- 
chemical mechanisms underlying CS-induced effects on biolog- 
ical systems are incompletely understood. It has been proposed 
that free radicals in CS or generated by exposure to it (e.g. by 
CS-dependent activation of phagocytes), may be major contrib- 
utory factors to CS-related diseases [3-51. 

An important free radical in CS is nitric oxide (nitrogen 
monoxide, ‘NO) [6], which is present in CS at up to 500 ppm 
and probably represents one of the greatest exogenous sources 
of ‘NO to which humans are exposed. ‘NO is a species of 
considerable recent interest, both because of its multiple phys- 
iological roles (ranging from blood pressure modulation to 
neurotransmission) and because of its toxic effects when gener- 
ated in excess [7,8]. The autoxidation of ‘NO, in air, to nitrogen 
dioxide (‘NO,) is well understood and proceeds with a rate that 
is second-order in ‘NO and first-order in O? It has been shown 
recently that ‘NO in CS is converted to l NO2 within minutes 
[9]. Similarly, ‘NO reacts quickly with superoxide radical (O;-) 
[lo] to give peroxynitrite [l 1,121 and with organic peroxyl rad- 
icals (known to be found in CS, [6]) to give alkyl peroxynitrites 
[13], both of which are cytotoxic species. 

Whereas the reactivity of ‘NO with most biological macro- 
molecules is somewhat limited, ‘NOz, peroxynitrite and per- 
oxynitrates are highly reactive cytotoxic species. For example 
‘NO2 undergoes both addition and hydrogen abstraction reac- 
tions with alkenes and unsaturated lipids, initiating lipid perox- 
idation [14-161. Peroxynitrite is a powerful oxidant towards 
-SH groups [17] and can decompose to a range of reactive 
species, possibly including ‘NOz, NO; and ‘OH [ 11,12,18]. In 
the present investigation we show that nitrogen oxides 
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and/or their reaction products in gas-phase CS convert the 
amino acid tyrosine to nitrated and oxidized products. Such 
reactions could cause damage to enzymes and transport pro- 
teins and would be expected to interfere with cell signalling 
pathways involving tyrosine phosphorylation. 

2. Materials and methods 

2.1. Chemicals and cigarettes 
L-p-tyrosine, 3nitro+tyrosine, N-acetyl+tyrosine (NAT), uric 

acid, ascorbic acid, glutathione, potassium nitrite, dithiothreitol and 
Dowex chelating resin were purchased from Sigma Chemical Co. 
(St. Louis, MO). Monobromobimane (3,7-dimethyl-4-bromomethyl- 
6-methyl-l,5-diazabicyclo-[3.3.0]octa-3,6-diene-2,&dione) was pur- 
chased from Calbiochem (La Jolla. CA). Ditvrosine was svnthesized 
from tyrosine, using H202 and horseradish peioxidase and purified as 
previously described [19]. The cigarettes used in this study were Univer- 
sity of Kentucky (UK) 2Rl cigarettes containing 23 mg tar and 2.2 mg 
of nicotine per cigarette (according to the Federal Tobacco Council). 
Filters were standard Cambridge filters rated to remove 99.9% of all 
particles > 0.1 pm in diameter. 

2.2. CS exposure of N-acetyltyrosine solutions 
Solutions of NAT (1 mMj were prepared in chelexed 100 mM 

KH,PO, buffer at various oH values and exposed to pas-ohase CS with 
slight modification of the method of Frei et al. [20]. T-he above solution 
(20 ml) was placed into a 500 ml side-arm flask and preincubated in a 
shaking water bath at 37°C for 5 min and a first set of samples was 
withdrawn. The side-arm of the filter flask was connected via a plastic 
Y connector to a vacuum and to a UK 2Rl standard cigarette with a 
Cambridge lilter and the top of the filter flask was closed with a rubber 
stopper. The flask was evacuated and then the connector to the vacuum 
was clamped. The cigarette was lit, and gas-phase (filtered) CS was 
slowly introduced into the flask, burning about one-fifth of the ciga- 
rette. The side-arm to the cigarette was clamped and the flask was 
removed from the apparatus and placed into the water bath and incu- 
bated at 37°C for l-20 min. At the end of the incubation, solutions were 
sampled and another ‘puff of CS was introduced into the flask. Control 
samples were incubated similarly, but with ‘puffs’ of room air instead 
of CS. In some experiments, solutions and the headspace of flasks were 
purged with N, prior to exposure. Glutathione (GSH), ascorbic acid 
and uric acid were added to the NAT solutions at final concentrations 
of 100 PM. 

2.3. Sample preparation 
Aliquots of 250 ~1, sampled at various times during CS exposure, 
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were placed in glass vials and 15 ~1 of BHT (5% wt/wt in ethanol) was 
added to prevent further free radical reactions. Concentrated hydro- 
chloric acid (HCl) (250 ~1) was added to each sample yielding a iinal 
HCl concentration of approximately 6 M. Samples were purged with 
a stream of NZ and incubated for 4 h at 110°C to hydrolyze the acetyl 
group and liberate tyrosine, 3-nitrotyrosine and/or dityrosine. The sam- 
ples were placed in a water bath (65°C) and evaporated to dryness with 
a stream of N,. Each dried sample was resolubilized in 250~1 of 50 mM 
KH,POJS% (v/v) methanol (PH 3.0) and analyzed by HPLC. The 
hydrolysis efficiency of NAT to tyrosine was approximately 90%. 

2.4. Analysis of 3-nitrotyrosine, dityrosine, antioxidants and nitrite 
Reconstituted samples were analyzed for 3-nitrotyrosine and dity- 

rosine by HPLC with combined in-line W and fluorescence detection. 
Briefly, the above components were resolved using a 5 pm Spherisorb 
ODS-2 anal&al column (250 x4.6 mm: Alltech. DeerEeld. IL) 
equipped with a 7 m RP-8‘ Aquapore g&d colt& (15 x 3.2’ m&i 
Dychrome Inc., Sunnyvale CA). Chromatographic separation em- 
ployed an isocratic elution consisting of 50 mM K&PO,-H,PD, 
@H = 3.0) with 8% (v/v) methanol at a flow rate of 1 ml/mm. Detection 
of 3-nitrotyrosine was accomplished by W absorbance at 274 mn, 
using a Shimadzu SPDdAV W detector (Shimadzu, Columbia, MD). 
Dityrosine was detected by fluorescence (excitation 1= 284 nm, emis- 
sion 1= 410 mn) using a Waters 470 Scanning Fluorescence Detector 
(Waters, Milford, MA). Peaks were identified based on coelution with 
authentic standards and quantiIied by peak area using external stan- 
dards. 3-Nitrotyrosine formation was confirmed by comparing absorb- 
ance spectra of the peaks with that of authentic 3-nitrotyrosine, using 
a Waters 996 Photodiode Array (PDA) Detector. All data were re- 
corded and processed on a 486 IBM clone computer using Waters 
Millennium 2010 software. 

Ascorbic acid and uric acid concentrations were determined by an 
HPLC eauinned with a Waters 464 Pulsed Electrochemical Detector 
operating at a voltage of 500 mV. Separations were performed on a 
Supelcosil LC-NH, analytical column (250 x 4.6 mm; Supelco, Belle- 
fonte, PA) with an isocratic elution consisting of 40 mM KH,PO, with 
5% (v/v) methanol. Glutathione was analyzed after pre-column deriva- 
tization with monobromobimane using HPLC with fluorescence detec- 
tion (excitation il = 394 nm, emission Iz = 480 mn [21]). 

Nitrite (NO;) concentrations were determined by a method based on 
the Griess reaction as previously described [22]. NO;, generated from 
aqueous-phase autoxidation of ‘NO in CS, is relatively stable in solu- 
tion at neutral pH. However, under highly acidic conditions the result- 
ing nitrous acid (HNO2) decomposes to form ‘NO, ‘NO2 and H,O [23], 
and these products are capable of nitrating tyrosine in proteins [24]. To 
exclude the possibility that 3-NO,-Tyr is formed artifactually by the 
above mechanism during acid hydrolysis of NAT, CS-exposed buffer 
solutions were added to stock solutions of N-acetyltyrosine, hydro- 
lyzed, and analyzed for 3-NO,-Tyr and dityrosine. 3-NO,-Tyr and 
dityrosine were not detected in three separate experiments, thus con- 
firming that CS-induced formation of these products was not artifac- 
tual. 

3. Results 

3.1. Nitration of N-acetyltyrosine 
Initial studies with solutions of free tyrosine exposed to gas- 

phase CS showed that aldehydes, or other species in CS, react 
with the free amino group of tyrosine and caused significant 
losses of tyrosine and very low recoveries of its oxidized and 
nitrated products (data not shown). Hence, in all further exper- 
imentation we used N-acetyltyrosine (NAT), which has a 
blocked amino group and is a more representative model for 
tyrosine residues in a peptide sequence. When 1 mM solutions 
of NAT were exposed to gas-phase CS, at pH 7.4, both 3-NO*- 
Tyr and dityrosine were detected following hydrolysis. Fig. 1 
illustrates the formation of 3-NO,-Tyr, dityrosine and nitrite 
(NO;) after 18 puffs of gas-phase CS (equivalent to approxi- 
mately 3 cigarettes smoked). After an initial lag phase, there 
was a rapid increase in 3-NO,-Tyr formation, slowing some- 
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Fig. 1. (A) Formation of 3nitrotyrosine (0) and dityrosine (m) by 
gas-phase cigarette smoke (CS) as a function of incubation time. 
(B) Formation of nitrite (NO;) by gas-phase CS. Solutions of N-ace- 
tyltyrosine (1 mM) were exposed to a total of 18 puffs of CS and 
incubated for various periods of time after each puff of CS, as described 
in section 2. Each data point represents the mean ?r S.D. of 3 separate 
experiments, or the average of 2 separate experiments for NO;. 

what at longer incubation times. By contrast, dityrosine con- 
centrations increased linearly with incubation time. The overall 
yields of 3-NO,-Tyr and dityrosine, after 18 puffs of CS and 20 
min incubations between puffs, were 17.1 + 0.6 and 1.5 + 0.07 
PM, respectively (n = 3). Formation of NO; seemed to parallel 
3-NO,-Tyr formation (Fig. 1B). Fig. 2 shows that formation of 
both 3-NO,-Tyr and dityrosine increased with increasing pH, 
although the yield of dityrosine was always much smaller than 
that of 3-NO*-Tyr. Changing the pH of the solutions from 6.0 
to 8.5 resulted in a 1.8- and 10.5-fold increase in 3-NOz-Tyr and 
dityrosine, respectively, after 9 puffs of CS. 

3.2. Effect of antioxidants 
The effect of uric acid, ascorbic acid and reduced glutathione 

(GSH) is shown in Fig. 3. GSH, ascorbic acid and uric acid (100 
PM final concentrations) inhibited the formation of 3-NO,-Tyr 
in solutions of NAT exposed to 18 puffs of gas-phase CS; the 
mean % inhibitions were 24, 38 and 77%, respectively. GSH, 
ascorbic acid and uric acid inhibited the formation of dityrosine 
in the same experiments by 8,45 and 7896, respectively. Com- 
plete depletion of GSH and ascorbate occurred within 3 and 
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Fig. 2. pH dependent formation of 3-nitrotyrosine (dark bars) and 
dityrosine (shaded bars) by gas-phase cigarette smoke. Solutions of 
N-acetyltyrosine (1 mM) were exposed to a total of 9 puffs of CS and 
incubated for 5 min between puffs. Each data point represents the mean 
f S.D. of 3 separate experiments. 

6 puffs, respectively, whereas uric acid was only depleted by 
approximately 60% after 18 puffs of CS. The abilities of ascor- 
bic acid and uric acid to inhibit nitration and oxidation of 
tyrosine were comparable until 6 puffs of CS were adminis- 
tered. However, after complete depletion of ascorbic acid, the 
rate of formation of 3-N02-Tyr and dityrosine paralleled that 
of the control without added antioxidant. 

3.3. Effect of anaerobic conditions 
Purging the NAT solutions and the headspace of the expo- 

sure flasks with N2 before CS exposure and successive purging 
of the headspace of the flask between puffs of CS, inhibited the 
formation of 3-NOz-Tyr by a mean value of 52% after 18 puffs 
of CS. By contrast, dityrosine formation was not affected by 
purging with with N, (Table 1). 

Table 1 
Effect of air or nitrogen atmospheres on the CS-induced formation of 
3-nitrotyrosine and dityrosine 

FM-S of cs Air Nitrogen 

3-Nitrotyrosine @M) 
0 n.d.* n.d.* 
6 3.6 + 0.1 2.2 + 0.9 

12 5.7 * 0.9 3.2 + 1.3 
18 8.9 + 0.5 4.3 f 1.5 

Dityrosine @M) 
0 0.04 + 0.01 0.02 + 0.01 
6 0.30 f 0.07 0.32 f 0.06 

12 0.35 z!x 0.07 0.41 f 0.05 
18 0.42 + 0.09 0.54 + 0.12 

Solutions of N-acetyltyrosine (1 mM) in 100 mM KH,PO, buffer (PH 
7.4) were exposed to 18 puffs of gas-phase CS with 5 min incubations 
following each puff. Initially, solutions were either purged with air or 
N2, exposed to CS and the headspace was purged with N, or air for 15 
s before each subsequent puff of CS. Data are expressed as mean + S.D. 
from three separate incubations. 
*n.d. = not detected. 
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4. Discll&on 

There is considerable current interest in the toxicity of excess 
oxides of nitrogen [7,25-27] and CS is one of the major sources 
of ‘NO to which humans are exposed. We show here that 
gas-phase CS is capable of nitrating and oxidizing N-acetylty- 
rosine in aqueous solutions. The relatively low yields of dity- 
rosine compared to 3-NO,-Tyr could be due to competitive 
reaction of the tyrosyl radical with the plethora of other radi- 
cals produced in CS [6]. 

The inhibitory effects observed with the antioxidants GSH, 
ascorbic acid and uric acid are consistent with free radical 
mechanisms of both 3-NOiTyr and dityrosine formation by 
CS. These water soluble antoxidants are present in the respira- 
tory tract lining fluids, and thus may help to protect against 
CS-induced damage [28,29]. 

The exact species responsible for nitration of tyrosine by CS 
has not been identified in our experiments, but it is likely to be 
one or more of the reaction products of *NO. ‘NO* may be 
involved, since oxidation of ‘NO to ‘NO, in CS has been shown 
to occur within minutes [9]. For instance, exposure of various 
peptides and proteins to ‘NO, causes damage, including the 
formation of 3-NOa-Tyr and dityrosine in amounts increasing 
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Fig. 3. Inhibition of cigarette smoke-induced formation 3nitrotyrosine 
(graph A) and dityrosine (graph B) by glutathione (m), ascorbic acid (0) 
and uric acid (0). Control samples without added antioxidant are rep- 
resented by (0). Each data point represents the mean f SD. of 3 sepa- 
rate experiments. 
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with pH [3&32]. Purging the NAT solutions and headspace 
with N, prior to CS exposure inhibits formation of 3-NO,-Tyr 
and suggests that formation of a nitrating species in CS is 
O,-dependent. 

Autoxidation of ‘NO to NO; in aqueous solutions has been 
observed [25] and is thought to proceed via a steady-state con- 
centration of the reactive intermediates ‘NO* and nitrous anhy- 
dride (N203) [33]. It is possible, then, that aqueous autoxidation 
of CS-derived ‘NO produces a species capable of nitrating 
tyrosine. Formation of 3-NO,-Tyr paralleled very closely the 
formation of NO; in solutions exposed to CS (Fig. 1B) and may 
indicate a temporal correlation between aqueous autoxidation 
of ‘NO to NO;, and subsequent formation of 3-NO,-Tyr. 

Other contributing reactions may include reaction of ‘NO 
with superoxide (O;-) and organic peroxyl radicals (ROW), both 
of which are formed in CS, to form peroxynitrite ((OONO) and 
organic peroxynitrites (ROONO) [6,11,13]. Superoxide can be 
additionally produced by CS-induced activation of neutrophils 
and macrophages in.the lungs of smokers, potentially increas- 
ing the formation of -0ONO. In aqueous solutions both 
-0ONO and ROONO decompose into ‘NO,, and possibly 
NO;; both would be capable of reacting with tyrosine to form 
3-NO,-Tyr [l 11. Indeed, addition of -0ONO to human plasma 
produces nitration of aromatic amino acids [34]. 

Nitration of tyrosine can damage protein function, e.g. it can 
inactivate human a-1-proteinase inhibitor [35], an element in 
CS-induced emphysema [36]. Exposure of pulmonary surfac- 
tant protein A to -0ONO caused significant nitration of tyro- 
sine and decreased the ability of this protein to act synergisti- 
cally with surfactant proteins B and C in lowering surface 
tension of surfactant lipids [37]. CS-induced nitration of tyro- 
sine residues in respiratory tract proteins may inactivate critical 
enzymes and membrane transport/receptor proteins, impair 
functions of surfactant proteins, and interfere with cell sig- 
nalling pathways involving tyrosine phosphorylation. Such re- 
actions may be a significant mechanism by which CS causes its 
deleterious effects. They are also relevant to other situations in 
which excess exposure to ‘NO causes toxicity in humans, e.g. 
in chronic inflammatory disease [38], atherosclerosis [39] and 
septic shock [7]. Indeed, the use of 3-NO,-Tyr as a ‘marker’ to 
assess -0ONO formation in humans is becoming increasingly 
popular [38,39] and the potential confounding effects of ciga- 
rette smoking on this ‘marker’ warrant further investigation. 
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