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Abstract ] 

M o d i f i c a t i o n  o f  tyrosine by reactive chlorine can produce both 
3-ch lo ro ty ros ine  (CY) and 3 ,5 -d i ch lo ro t y ros ine  (dCY). Both o f  

these amino acids have proven to be promising biomarkers for 
assessing the extent of myeloperoxidase-catalyzed chlorine stress 
in a n u m b e r  o f  adverse physiological conditions. To date, there has 
been no application of these biomarkers for determining the 
extent of exposure to environmentally present gaseous 
chlorinating chemicals. In this manuscript, we present a method 
using selective ion monitoring gas chromatography for the 
simultaneous analysis of both CY and dCY in nasal tissue excised 
f rom Fisher 344 rats exposed to varying concentrations of chlorine 
gas. Us ing  this method, we were able to demonstrate the 
f o l l ow ing :  1. a dose-dependent increase in the conversion o f  

tyrosine to CY and dCY in the respiratory epithelium tissue; 
2. preferential formation o f  CY and dCY in the respiratory and 
transitional epithelium versus the olfactory epithelium of the nasal 
cavity of the rat; and 3. s imi la r  rates o f  formation for CY and dCY 

when exposed to chlorine gas based on a strong [CY] versus [dCY] 

correlation (slope -- 1.001,  t a = 0.912) .  

Introduction 

Environmental and occupational exposure to chlorine or 
chlorinating compounds occurs by various routes of adminis- 
tration including inhalation. Inhalation of chlorinating com- 
pounds at low doses will result in mild to moderate airway 
irritation (coughing, sore throat, etc.), and high to severe ex- 
posure may result in chest tightening, dyspnea, bronchospasm, 
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non-cardiogenic pulmonary edema, and death (1,2). The mode 
of action for these chlorinating compounds in the respiratory 
tract results primarily from the corrosive nature of the sec- 
ondary products [hydrochloric acid and hypochlorous acid 
(HOCI)] formed when chlorine undergoes hydrolysis with the 
water present in the respiratory tract lining (1,3,4). In addition 
to the listed physiological effects, permanent cellular and 
tissue damage may also occur. Modification by the addition of 
chlorine to a molecule occurs with every class of biologically 
important compound, resulting in a loss, decrease, or change 
in primary biochemical function of that compound. Although 
the biochemical and physiological modes of action for chlori- 
nating compounds are fairly well recognized, information on 
the developmental, reproductive, or carcinogenic effects from 
long-term chronic inhalation exposures in humans is limited. 
Despite the need for these additional data, there are currently 
no specific clinical tests available that can determine the extent 
of environmental or occupational exposure to chlorine or chlo- 
rinating compounds. 

Two known biomarkers of in vivo generated chlorine stress 
are the chlorine modified forms of tyrosine: 3-chlorotyrosine 
(CY) (5,6) and 3,5-dichlorotyrosine (dCY) (7). These 
biomarkers form through the electrophilic addition of chlorine 
to the meta position(s) of the tyrosine aromatic ring. These 
modified amino acids are ideal biomarkers of chlorine stress as 
they are known to be chemically stable to the heated acidic 
conditions required for their analysis (7). Because of their 
chemical stability, these biomarkers have been used for in- 
vestigating the role myeloperoxidase-generated HOCI plays in 
the onset and/or progression of tissue damage associated with 
Parkinson's disease (8), Alzheimer's disease (9), atheroscle- 
rosis (10), asthma (11), and acute respiratory distress syn- 
drome (12). Despite the broad range of applications researchers 
have found for CY (and to a lesser extent dCY), there are very 
little, if any, data where it is used to assess the extent or dura- 
tion of an environmental or occupational exposure to chlori- 
nating compounds. 

As part of a larger project for assessing the distribution of in- 
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haled reactive gasses within the nasal passage, we have devel- 
oped a method with a sensitivity sufficient to detect an in- 
crease in CY (and dCY) levels above those observed in control 
samples. In this manuscript we present a sample work-up pro- 
cedure coupled to a sensitive gas chromatography-mass spec- 
trometric (GC-MS) method with isotope dilution internal 
standardization for the analysis of CY and dCY in respiratory 
(lateral wall and septum) and olfactory (septum and ethmoid 
turbinate) nasal tissues of rats exposed to chlorine gas (C12). 
This method documented a statistically significant dose-de- 
pendent increase in CY and dCY in the nasal tissues of all Cl2 
exposure groups. In addition, a spatial distribution of CY and 
dCY was observed within the nasal cavity with preferential 
formation occurring in the lateral and septum respiratory ep- 
ithelium tissues after inhalation exposures of rats to several 
parts-per-million of chlorine. 

Materials and M e t h o d s  

Apparatus 
Processed samples were analyzed using an Agilent 6890 GC 

coupled to an Agilent 5973 inert mass selective detector (Agi- 
lent, Santa Clara, CA). Chromatographic separations were ac- 
complished through the use of a capillary column (RTX-5MS, 
30 m, 0.25-mm i.d., 0.25-pm film thickness, Restek, Belle- 
fonte, PA) with the carrier gas, electronics-grade helium, set to 
1.2 mL/min. The injection port was set to splitless, lined with 
a 2.0-mm internal diameter cyclo double gooseneck liner 
(Restek), and maintained at a temperature of 275~ The GC 
temperature gradient used for the analysis was as follows: 1. 
initial temperature was set to 100~ and held for 0.5 min; 2. at 
0.5 min, temperature was increased at a rate of 20~ and 
3. the final temperature, 300~ was held for 2 min. Total run 
time was 13.75 min. 

The mass selective detector was run in negative ion chem- 
ical ionization mode using ultra-high purity methane as the 
reagent gas. Temperature settings for the transfer-line heater, 
ion source, and quadrupole of the MS were 250~ 150~ and 
150~ respectively. Selective ion monitoring (SIM) of the 
derivatized amino acids was carried out on the following ions: 
tyrosine, 595 amu (M--HF); [13Cg]tyrosine, 604 ainu (M--HF); 
3-chlorotyrosine, 629 amu (M--HF); 3-[13Cg]chlorotyrosine, 
638 ainu (M--HF); and 3,5-dichlorotyrosine, 683 ainu (M-- 
HF). The MS was programmed to conduct a SIM scan for ty- 
rosine and its internal standard with an electron multiplier 
voltage (EMV) adjustment of -300V before switching over to 
the chlorinated tyrosine analytes with an increase in the EMV 
of +200. 

Methods 
Unless stated otherwise, all reagents purchased were of the 

highest purity available from Sigma Chemical (St. Louis, MO). 
All derivatization reagents used were of the highest purity 
available from Pierce Chemical (Rockford, IL). Isotopically la- 
beled tyrosine (13C 9) was purchased from Cambridge Isotope 
Laboratories (Andover, MA) (98% purity). Both the external 
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standard for 3,5-dichlorotyrosine and the internal standard 3- 
[13Cg]chlorotyrosine were synthesized at The Hamner Insti- 
tutes for Health Sciences [95% purity by high-performance 
liquid chromatography (HPLC)]. 

Synthesis of 3-[13C9]chlorotyrosine and 3,5-dichlorotyro- 
sine was based on a previously published method (7,10) with 
some modifications. Briefly, sodium hypochlorite is added to a 
solution of tyrosine [5 mL deionized (DI) water containing 10 
mg of tyrosine] at a molar ratio of 1:1 for the 3- 
[13Cg]chlorotyrosine and 2:1 for the 3,5-dichlorotyrosine. Both 
solutions are incubated at room temperature overnight. Fol- 
lowing incubation, solutions are diluted 1:1 with 0.2% (v/v) tri- 
fluoroacetic acid in water and applied to a cation exchange 
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Figure 1. Mass spectral fragmentation pattern for 3,5-dichlorotyrosine 
(dCu (A), 3-chlorotyrosine (CY)(B), and [13Cg]-3-chlorotyrosine (iS) (C) 
using negative chemical ionization mass spectrometry with methane as 
the reagent gas. The most prominent ions were those resulting either from 
the loss of HF or the loss of the heptafluorobutyryl group from the 
molecular ion. Because selective ion monitoring of the m/z 451 ion 
produced noisy chromatograms (not shown), it was only used to confirm 
analyte elution times, and the m/z 629, 638, and 683 ions were used as 
the quantitative ions for CY, IS, and dCY, respectively. Quantitative ions 
for the analysis of tyrosine and [UCg]-tyrosine also corresponded to the 
M-HF ions. 
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column (Waters MCX Oasis, Waters, Milford, MA) previously 
equilibrated with methanol and 0.1% TFA. The loaded columns 
are washed twice with I mL of 0.1% TFA and eluted with 5 mL 
of 50% methanol. Eluents are dried under nitrogen, reconsti- 
tuted in 4 mL of 30:70:0.1 acetonitrile/water/TFA, and further 
purified by preparative HPLC (Waters X-Terra C18, 10 IJm, 19 
x 150 ram). Purified product was dried down in a centrifuge 
evaporator, reconstituted in 0.1% formic acid, and quantified 
by UV-vis spectroscopy (8274 = 1879 Mqcm q for 3-chlorotyro- 
sine and ~279 = 1368 Mqcm q for 3,5-dichlorotyrosine) (13,14). 
A sample of the suspected analyte peak(s) from the preparative 
HPLC step was derivatized (see Tissue collection and prepara- 
tion section) and analyzed by GC-MS. The fragmentation pat- 
tern (negative chemical ionization, NCI) for commercially 
available 3-chlorotyrosine was compared with that of isotopi- 
cally labeled 3-chlorotyrosine in order to confirm the identity 
of the internal standard (Figure 1). The identity of 3,5- 
dichlorotyrosine was inferred from the NCI fragmentation 
pattern of the preparative HPLC isolated peak believed to be 
the analyte of interest (Figure 1). 

Tissue collection and preparation 
The isolated upper respiratory tract (URET) of anesthetized 

male and female Fisher 344 (F344) rats were exposed for 90 
min to various combination sets of exposure concentrations 
and unidirectional flow rates (15). Concentrations included 
0.5, 1.0, and 2.5 ppm, which correspond to concentrations 
used in a two-year bioassay of chlorine (16). Flow rates were 
100, 200, and 400 mL/min which bracket the typical ventila- 
tion rates for these rats (15). Nasal tissue samples were isolated 
from the septal respiratory epithelium (SRE), lateral wall res- 
piratory epithelium (LRE), septal olfactory epithelium (SOE), 
and ethmoid olfactory epithelium (ETH) sections of the nose 
(15), placed in polypropylene screw-cap rnicrocentrifuge tubes 
(1500 IJL), and frozen immediately after necropsy in liquid 
nitrogen. Samples were stored at -80~ until analysis. Proteins 
isolated from the samples were obtained by transferring tissue 
samples to labeled polypropylene screw-cap microcentrifuge 
tubes (1500 IJL) and adding 150 IJL of DI water, 300 IJL of 
methanol, and two 3-mm stainless steel bearings. Samples 
were then homogenized using a ball mill tissue homogenizer 
(MM 301, Retsch, Newtown, PA) set at 30 Hz for 3 rain. Fol- 
lowing homogenization, 700 IJL of chloroform was added to 
each sample and vortex mixed. Samples were cooled for 15 rain 
at ~4~ and centrifuged at 6000 x g and 4~ for 5 rain. The 
protein in the sample precipitates and forms a solid disc sus- 
pended between the aqueous (top) and organic (bottom) layers. 
The protein disc was isolated by removing both the aqueous 
and organic layers using a glass pipette. Diethyl ether (700 pL) 
was added to each sample (to remove any additional lipophilic 
compounds), vortex mixed briefly, and centrifuged at 6000 x g 
and 4~ for 5 min. The diethyl ether layer was poured off the 
top and the resulting protein pellet was dried in a nitrogen 
evaporator. Dried protein samples were stored at -80~ until 
hydrolyzed. 

Protein hydrolysis was carried out by first adding 500 IJL of 
DI water and vortex mixing in order to create a protein sus- 
pension. Aliquots (250 IJL) of reconstituted protein samples 

were transferred into 1-mL Reactivials (Pierce Chemical) along 
with 250 pL methane sulfonic acid (MSA, 6M) and internal 
standards ([13C9]tyrosine at 3000 ng/sample and 3- 
[13C9]chlorotyrosine at 30 ng/sample). Samples were purged 
with nitrogen, tightly capped, and placed in a 120~ heating 
block for 24 h. Upon completion, samples were diluted 1:10 
with DI water and applied to a 96-well mixed mode cation ex- 
change plate (Waters Oasis MCX LP, 60 tJm, 60 rag) previ- 
ously equilibrated with methanol followed by 0.3M MSA. The 
loaded column wells were washed twice with 1 mL of DI water 
and eluted with 2 mL of 2M pyridine in water into a 96-well 
deep plate. The deep well plate containing the eluent was dried 
at 40~ overnight in a 96-well plate nitrogen evaporator (Glas- 
Col, Terre Haute, IN). Amino acid residues were then recon- 
stituted in 200 tJL of 2M pyridine in DI water, transferred to a 
GC vial, and dried in a centrifuge evaporator. 

N-Propyl/heptafluorobutyryl derivatives of the amino acids 
were prepared in two steps. Hydrogen bromide (3.5M) in n- 
propanol was prepared by slowly adding 5.2 mL of acetyl bro- 
mide to 20 mL of ice cold anhydrous n-propanol while gently 
swirling the solution. Each sample was spiked with 150 IJL of 
this solution, capped tightly, and incubated at 65~ for 1 h. 
Once the incubation time has elapsed, samples were dried in a 
centrifuge evaporator and spiked with 50 tJL of a 1:3 solution 
of heptafluorobutyric acid anhydride in ethyl acetate. Samples 
were capped and allowed to incubate at room temperature for 
1 h. After incubation, samples were completely dried down in 
a centrifuge evaporator, reconstituted in 100 tJL of ethyl ac- 
etate, and analyzed by selective ion monitoring (SIM) GC-MS. 

Data analysis and calculations 
CY and dCY were quantified using an external calibration 

curve with 13C9-CY as an internal standard for both analytes, 
whereas tyrosine was quantified using an external calibration 
curve and 13C9-tyrosine as internal standard. Chromatograms 
for both standards and samples were integrated using Chem- 
station software (Agilent). Once all of the integrated sample 
areas were converted to analyte concentrations (represented as 
moles of each analyte), CY and dCY values were converted to 
percent of total tyrosine present using the following equa- 
tions: 

%CY- [CY] x 100% (Eq. 1) 
[CYI + [dCY] + [Tyr] 

%CY- [dCY] x 100% (Eq. 2) 
[CY] + [dCY] + [Tyr] 

Results and Discussion 

A number of derivatization schemes involving combina- 
tions of esterification reactions (methyl, ethyl, and propyl al- 
cohols) followed by various acetic anhydrides (trifluoroacetic, 
pentafluoroacetic, and heptafluoroacetic anhydride) were in- 
vestigated. Although all of the alcohols investigated were es- 
sentially identical in derivatization efficacy, there was a 
noticeable difference in the acetic anhydrides selected. The 
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higher molecular weight acetic anhydrides produced chro- 
matograms with fewer interfering peaks. As a result, the final 
derivatization procedure used in this method was very similar 
to a previously developed method (7) for the analysis of 
chlorotyrosine in human tissue samples. Figures 1A-1C illus- 
trates the negative chemical ionization mass spectral frag- 
mentation patterns for 3,5-dichlorotyrosine (dCY) (A), 
3-chlorotyrosine (CY) (B), and []3C9]-3-chlorotyrosine (IS) (C). 
Additional, higher intensity ions representing the M--HFB 
species of both the mono and dichlorotyrosine were observed 
and considered for this method; however, because there was a 
considerable amount of chromatographic interference associ- 
ated with this ion (not shown), it was not selected as the ana- 
lytical ion for quantitative analysis of the nasal tissue samples. 
Figure 2A illustrates typical chromatogram obtained using the 
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Figure 2. GC-MS chromatogram of a typical total ion chromatogram of 
a tissue sample (LRE) removed from a Fisher F344 rat exposed to 0.36 
iJmol (cumulative exposure) chlorine gas (A); select ion monitoring 
overlap of the m/z 629 ion (CY) in a treated (solid line) and control 
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(C). DCY (not shown) has a retention time of 6.9 min and does not have 
any interfering peaks present in control tissue. The peak present at ~6.69 
min is a non-interfering peak of unknown identity. 
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selective ion monitoring mode on the GC-MS along with the 
sample work-up procedure outlined to analyze LRE tissue from 
a chlorine gas-exposed F344 rat. Figures 2B and 2C are en- 
larged views of the m/z 629 (CY) and 638 (dCY) extracted ion 
chromatograms superimposed onto a control LRE sample. 

Because there was no observable CY or dCY present in any of 
the control tissues, we assessed whether or not there was a 
need to work up the tissue samples using the outlined protein 
extraction method. In a separate study (data not shown) using 
B6C3F1 mice, samples were analyzed without the protein iso- 
lation step because of prohibitively small sample sizes. The 
chromatograms obtained from the mouse samples were 
markedly noisier compared to F344 rat samples analyzed for 
this manuscript, although the CY and dCY were still baseline 
resolved from any neighboring peaks. In addition, there was no 
CY or dCY artifacts formed in the control tissues of the F344 
samples (Figures 2B and 2C) or the B6C3F1 samples (data not 
shown) as a result of sample work-up and the CY/tyrosine ra- 
tios calculated were comparable in range to previous investi- 
gations (10). Although previous experiments have shown that 
hydrolysis of proteins in hydrochloric acid forms CY as a by- 
product (10), the levels of free chlorine present in small tissue 
samples (such as nasal tissue from mice) do not appear to con- 
tribute significantly to the formation of CY or dCY. This ob- 
servation imp]ies that the current method, as outlined here, 
can be modified for the analysis of CY and dCY in much smaller 
sample sizes, such as those obtained from human nasal skin 
scrapings. 

The limit of detection for both CY and dCY was determined 
using a propagation of error formula for chromatography (17), 
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the LOD for tyrosine was not determined. Calibration curves 
were prepared in triplicate for both CY and dCY with an oper- 
ational range of 50-500 pg/pL along with a constant amount of 
13C9-CY. Using this technique, we calculated the LOD for CY to 
be 500 fg/pL (2.3 fmol on column) and for dCY 1100 fg/pL (4.4 
fmol on column). These values were far below the lowest CY 
and dCY levels observed in any of the LRE or SRE rat tissues 
exposed to chlorine gas. Method linearity and ranges were as- 
sessed for CY, dCY, and tyrosine. Calibration curves were linear 
up to a 500 pg/pL for both CY and dCY and up to a 100 ng/pL 
for tyrosine. Replicate calibration samples prepared on dif- 
ferent days produced a precision for the low middle and high 
end of the calibration curve below 5% (Figure 3). 

Figure 4 shows percentage CY values obtained from the 
analysis of LRE and SRE tissues from rats exposed to known 
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amounts of CY were not present in either the SOE or the ETH 
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SOE showed a small increase. This observation is consistent 
with previously investigated chlorine gas exposures (16). The 
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(14-16). Hypochlorous acid is believed to be the form of reac- 
tive chlorine which converts tyrosine to the mono and dichlo- 
rinated tyrosine species in addition to reactions of HOC1 with 
many other biologically important compounds (18). Early re- 
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moval of reactive chlorine (as well as any reactive gases) in the 
nasal passage would be advantageous from a diagnostic testing 
perspective. Obtaining tissue scrapings from the LRE or SRE 
sections of the nasal passage provides less of a problem com- 
pared to sampling from the SOE or ETH tissues in humans. 

Figure 5 shows the dCY values for both LRE and SRE tissues 
under the same conditions as in Figure 4. Once again, there 
was no significant increase in the presence of dCY in the SOE 
and ETH samples until the highest concentrations (data not 
shown). The dCY values observed in the LRE and SRE were 
considerably higher than we were anticipating. Based on review 
literature (18) and previously published kinetic data (19), our 
original hypothesis was that dCY would take longer to form 
compared with CY and therefore we would see the rate of for- 
mation of dCY lag behind that of CY. Hypothetically, this would 
have allowed us to use CY for assessing acute chlorine expo- 
sures, while using dCY for assessing chronic or high dose ex- 
posures. However, it appears as though the dCY is formed at a 
similar rate as CY. In fact, plotting the CY data versus the dCY 
data in the LRE samples yielded a high correlation between 
both data sets (slope = 1.001, r 2 = 0.912, control samples were 
excluded). 

Conclusions 

Both analytes investigated in this paper appear to be good 
biomarkers of environmental exposure to chlorinating chem- 
icals, with CY appearing to be slightly better than dCY based on 
its ability to consistently detect the effects of chlorine at the 
lowest exposures investigated. Increases of CY and dCY at the 
exposure concentrations of these studies appeared to be local- 
ized to the LRE and SRE sections of the nose making these 
areas an important focus for further methods development. Al- 
though there were some observable levels of CY in both the 
SOE and ETH tissues, in general these areas are not likely to 
play an important future role in the development of new and 
better methods for assessing acute chlorine exposure, although 
lesions in these regions are important for chronic risk assess- 
ment. 

The method presented in this paper is only applicable to 
the use of determining exposure levels in laboratory animals, 
as the collection of samples for assessing human exposure 
using the current technique would be too invasive. Additional 
investigations need to be conducted on making this method 
less invasive and more "user friendly" for diagnostic purposes. 
Future work will involve identifying and quantifying new 
biomarkers of chlorine exposure from nasal mucous samples or 
skin scrapings; determining how persistent and versatile these 
new biomarkers of chlorine exposure are; and finding 
biomarkers of natural inflammation (e.g., chlorination re- 
sulting from polymorphonuclear leukocyte activity). Ideally, 
these yet to be identified biomarkers will be measured without 
the currently used time consuming steps of delipidation, acid 
hydrolysis, and derivatization. Although the method presented 
in this manuscript is not likely to be used as a diagnostic for 
human chlorine gas exposures, it does represent a good 
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starting point for future method development and has value for 
applications in research of chlorine absorption in various re- 
gions of the respiratory tract. 

Acknowledgments 

This project was funded in part through the American 
Chemical Council's (ACC) Long Range Initiative (LRI) as well 
as the US EPA ORD intramural program on hazardous air pol- 
lutants. 

References 

1. C. Winder. The toxicology of chlorine. Environ. Res. 85:105-114 
(2001). 

2. R. Das and P.D. Blanc. Chlorine gas exposure and the lung: a re- 
view. Toxicol. Ind. Health 9:439-455 (1993). 

3. R.B. Evans. Chlorine: state of the art. Lung 183:151-167 (2005). 
4. V. Nodelman and J.S. Ultman. Longitudinal distribution of chlo- 

rine absorption in human airways: comparison of nasal and oral 
quiet breathing. J. Appl. Physiol. 86:1984-1993 (1999). 

5. N.M. Domigan, T.S. Charlton, M.W. Duncan, C.C. Winterbourn, 
and A.J. Kettle. Chlorination of tyrosyl residues in peptides by 
myeloperoxidase and human neutrophils. J. Biol. Chem. 270: 
16542-16548 (1995). 

6. S.L. Hazen, F.E Hsu, D.M. Mueller, J.R. Crowley, and J.W. Hei- 
necke. Human neutrophils employ chlorine gas as an oxidant 
during phagocytosis. J. Clin. Invest. 98:1283-1289 (1996). 

7. S.L. Hazen, J.R. Crowley, D.M. Mueller, and J.W. Heinecke. Mass 
spectrometric quantification of 3-chlorotyrosine in human tis- 
sues with attomole sensitivity: a sensitive and specific marker for 
myeloperoxidase-catalyzed chlorination at sites of inflammation. 
Free Radic. Biol. Med. 23(6): 909-916 (1997). 

8. D.K. Choi, S. Pennathur, C. Perier, K. Tieu, P. Teismann, D.C. 
Wu, V. Jackson-Lewis, M. Vila, J.P. Vonsattel, J.W. Heinecke, and 
S. Przedborski. Ablation of the inflammatory enzyme myeloper- 
oxidase mitigates features of Parkinson's disease in mice. J. Neu- 
rosci. 25:6594-6600 (2005). 

9. P.S. Green, A.J. Mendez, J.S. Jacob, J.R. Crowley, W. Growdon, 
B.T. Hyman, and J.W. Heinecke. Neuronal expression of 
myeloperoxidase is increased in Alzheimer's disease. J. Neu- 
rochem. 90:724-733 (2004). 

10. S.L. Hazen and J.W. Heinecke. 3-Chlorotyrosine, a specific 
marker of myeloperoxidase-catalyzed oxidation, is markedly el- 
evated in low density lipoprotein isolated from human atheroscle- 
rotic intima. J. Clin. Invest. 99:2075-2081 (1997). 

11. H. Mita, N. Higashi, M. Taniguchi, A. Higashi, Y. Kawagishi, and 
K. Akiyama. Urinary 3-bromotyrosine and 3-chlorotyrosine con- 
centrations in asthmatic patients: lack of increase in 3-bromoty- 
rosine concentration in urine and plasma proteins in 
aspirin-induced asthma after intravenous aspirin challenge. Clin. 
Exp. Allergy 34:931-938 (2004). 

12. N.J. Lamb, J.M. Gutteridge, C. Baker, T.W. Evans, and G.J. 
Quinlan. Oxidative damage to proteins of bronchoalveolar lavage 
fluid in patients with acute respiratory distress syndrome: evidence 
for neutrophil-mediated hydroxylation, nitration, and chlorination. 
Crit. Care Med. 27:1738-1744 (1999). 

13. A.L. Chapman, R. Senthilmohan, C.C. Winterbourn, and A.J. 
Kettle. Comparison of mono- and dichlorotyrosines with car- 
bonyls for detection of hypochlorous acid modified proteins. 
Arch. Biochem. Biophys. 377(1): 95-100 (2000). 



Journal of Analytical Toxicology, Vol. 32, January/February 2008 

14. S. Hunt. Halogenated tyrosine derivatives in invertebrate sclero- 
proteins: isolation and identification. Methods Enzymol. 107: 
413--438 (1984). 

15. A.M. Jarabek, K.C. Roberts, M.A. Sochaski, D. Joyner, M.E. An- 
dersen, and O.M. Moss. Uptake and internal dosimetry of chlo- 
rine in the upper respiratory tract (URT) of F344 rats. In 
preparation for Inhal. Toxicol. 

16. D.C. Wolf, K.T. Morgan, E.A. Gross, C. Barrow, O.R. Moss, R.A. 
James, and J.A. Popp. Two-year inhalation exposure of female and 
male B6C3F1 mice and F344 rats to chlorine gas induces lesions 

confined to the nose. Fundam. Appl. Toxicol. 24:111-131 (1995). 
17. J.P. Foley and J.G. Dorsey. Clarification of the limit of detection in 

chromatography. Chromatographia 18:503-511 (1984). 
18. C.C. Winterbourn and A.J. Kettle. Biomarkers of myeloperoxidase- 

derived hypochlorous acid. Free Radic Biol. Med. 29:403-409 
(2000). 

19. S. Fu, H. Wang, M. Davies, and R. Dean. Reactions of 
hypochlorous acid with tyrosine and peptidyl-tyrosyl residues 
give dichlorinated and aldehydic products in addition to 3- 
chlorotyrosine. J. Biol. Chem. 275:10851-10858 (2000). 

105 


