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We report that exposure to the chemical warfare agent sulfur mustard can be monitored by
means of a modified Edman degradation involving selective release of the N-terminal valine
adduct of hemoglobin with the agent. The degree of alkylation of the N-terminal valine in
human hemoglobin is approximately 1—2% of the total alkylation induced in hemoglobin upon
treatment of human blood with sulfur mustard. After modified Edman degradation, followed
by derivatization with heptafluorobutyric anhydride, the obtained pentafluorophenyl thiohy-
dantion derivative of the valine adduct could be analyzed at a >0.5 fmol level by means of
GC/MS under negative ion chemical ionization conditions. Applying this procedure, in vitro
exposure of human blood to >0.1 4M of sulfur mustard could be determined. In vivo exposure °
of guinea pigs could also be established at 48 h after intoxication intravenously with 0.5 mg/

kg (0.06 LDs) of the agent.

Introduction

The use of chemical warfare agents in the Iran—Iraq
war (1980—1988) has shown that reliable methods are
urgently needed for detection of the nature and extent
of poisoning with these agents in order to assure optimal
treatment of the casualties. Recently, the need for
retrospective detection of exposure to such agents has
been vividly illustrated in the attempts to clarify the
causes of the so-called “Persian Gulf War Syndrome” (1).
Furthermore, these methods can also be used for verifi-
cation of alleged noncompliance to the recently signed
treaty to ban chemical weapons (2), to biomonitor workers
in plants for the destruction of chemical warfare agents,
and to establish or confirm terroristic use of chemical
warfare agents (3).

Experiences with casualties of chemical warfare agents
in the Iran—Iraq war and in other incidents (4) made
clear that biopsies of victims often become available
several days or even weeks after alleged exposure. In
this context, we have explored the feasibility of immu-
nochemical assays of DNA adducts with the vesicant and
strongly alkylating agent sulfur mustard [bis(2-chloro-
ethyl) sulfide] (5), based on detection of N7-alkylated
guanine residues (6, 7). This method allows us to detect
in vitro exposure of human blood to >0.07 uM sulfur
mustard! and of human skin to sulfur mustard vapor at
Ct values =300 mg'min‘m3, i.e., at a minimum Ct value
that does not cause blisters (8).
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1 In ref 7, N7-alkylated guanine residues in white blood cells could
be detected after in vitro exposure of human blood to 2 uM sulfur
mustard. We now are able to detect exposure as low as 0.07 M in
vitro.

We now focus our attention toward mass spectrometric
analysis of sulfur mustard adducts to hemoglobin. Mea-
surement of hemoglobin adducts is a well-established
method for biomonitoring of environmental or occupa-
tional exposure to alkylating carcinogens (9). As these
adducts are generally stable and in many cases have the
same lifetime (ca. 4 months) in vivo as the native protein
(10), they may be detectable even if a substantial period
of time has elapsed since the exposure took place. In
addition, globin is readily accessible in relatively large
amounts (ca. 140 mg/mL of blood). This approach stands
in contrast with detection of DNA damage, which may
be repaired within days.

A versatile method for analyzing N-alkylated valine
residues in hemoglobin has been developed by Térngvist
et al. (11). This method is based on selective cleavage of
the adduct from hemoglobin by using the modified
Edman reagent pentafluorophenyl isothiocyanate (PF-
PITC).?2 In the preceding paper (12), we used LC—
tandem mass spectrometry to elucidate structural modi-
fications in hemoglobin due to exposure to sulfur mustard
and showed, e.g., that the N-terminal valine residues of
both a- and S-globin are prone to alkylation by sulfur
mustard. The second chloroethyl moiety of sulfur mus-
tard is expected to be hydrolyzed to a hydroxyethyl group
(see Scheme 1). In the present study, we investigate the
feasibility of the modified Edman procedure for trace
analysis of the N-alkylated valine formed after in vitro
exposure of human blood to sulfur mustard and after in
vivo exposure of guinea pigs to the agent. In our case,
the obtained pentafluorophenyl thiohydantoin (PFPTH)

2 Abbreviations: DMSO, dimethyl sulfoxide; HFBA, heptafluorobu-
tyric anhydride; NICI, negative ion chemical ionization; N-HETE-DL-
Val, N-[2-[(hydroxyethyl)thiolethyl]-DL-valine; PFPITC, pentafluo-
rophenyl isothiocyanate; PFPTH, pentafluorophenyl thiohydantoin;
SIM, selective ion monitoring.
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Scheme 1. Reaction of Sulfur Mustard with
N-Terminal Valine of Globin and Subsequent
Modified Edman Degradation Followed by
Reaction with Heptafluorobutyric Anhydride
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derivative can be analyzed at the femtomole level by GC/
MS [operating in negative ion chemical ionization (NICI)
mode combined with selective ion monitoring (SIM)] most
effectively after acylation of the hydroxyethyl moiety with
heptafluorobutyric anhydride (HFBA, see Scheme 1).

Experimental Procedures

Chemicals. Caution: Sulfur mustard is a primary carci-
nogenic, vesicant, and cytotoxic agent. This compound should
be handled only in fume cupboards by experienced personnel.

HFBA, PFPITC, diethyl ether, methanol, toluene, pyridine,
and formamide (all analytical grade) were purchased from Fluka
(Buchs, Switzerland). (+)-2-Bromo-3-methylbutyric acid, 2-mer-
captoethanol, and 2-bromoethylamine hydrobromide were pur-
chased from Acros (Beerse, Belgium). Technical-grade sulfur
mustard was distilled before use to a gas chromatographic purity
exceeding 99.5%. 1,1,2,2-Tetradeuterio-2-chloroethanol was
purchased from Isotec Inc. (Miamisburg, OH). Sodium [%*S]-
sulfate (42—52 TBg/mmol, carrier free) was purchased from
Amersham International (Houten, The Netherlands). Human
blood was obtained from healthy volunteers in our laboratory,
with consent of the donor and approval of the TNO Medical
Ethical Committee.

Animals. Male guinea pigs (Dunkin-Hartley, type strain Crl;
Charles River, Sulzfeld, Germany), weighing 400—500 g, were
used. They were housed in metabolism cages during the
experiment and maintained with food and water ad libitum.
The protocol for the animal experiment was reviewed and
approved by the TNO Committee for Animal Care and Use.

Instrumentation. HPLC was performed using two Waters
510 pumps (Bedford, MA), a gradient programmer (Waters,
Model 660), and a Pep RPC 5/5 column (Pharmacia, Uppsala,
Sweden). The eluent (flow rate 1 mI/min) was 0.1% trifluoro-
acetic acid in water with a linear gradient to 0.1% trifluoroacetic
acid in acetonitrile/water (4/1 v/v) in 25 min. The eluate was
monitored at 254 nm with a Spectroflow 757 UV detector
(Applied Biosystems, Ramsey, NJ) and with a radiochromatog-
raphy detector (Radiomatic, Model Flo-one Beta Series A 500,
Meriden, CT), using Ultima-Flo (Packard, Meriden, CT) as
scintillation cocktail. Liquid scintillation countings were per-
formed using a Minaxi Tri-Carb 4000 series scintillation counter
(Packard) using Hionic Picofluor (Packard) as scintillation
cocktail. Thermospray LC/MS spectra were recorded on a
Nermag (Paris, France) R10-10C quadrupole instrument equipped
with a thermospray ion source (Nermag), which was coupled to
the LC system via a Vestec (Vestec Co., Houston, TX) thermo-
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spray interface. The LC system comprised a Waters 510 HPLC
pump and an RP-18 column (Lichrosorb 5 um particles) using
aqueous methanol in varying ratios as eluent. The mass
spectrometer was operated in the positive ion mode. The
temperature of the thermospray vaporizer ranged from 250 to
260 °C during elution, while the temperature of the ion block
was maintained at 230 °C. The scan time was 1 s for m/z 100—
450. GC/MS was performed using a VG 70-250S (Fisons
Instruments, Altrincham, U.K.) mass spectrometer operated in
the NICI mode (methane) with an ipn source temperature of
200 °C and an ionization energy of 70 eV. The ion source
pressure was 2 mPa. The gas chromatograph (Hewlett Packard
5890A) was equipped with an on-column injector (Carlo Erba,
Milan, Italy) and a CP-SIL 5 CB fused silica capillary column
(Chrompack, Middelburg, The Netherlands, length 50 m, i.d.
0.32 mm, film thickness 0.25 um). The oven of the chromato-
graph was kept at 120 °C for 5 min; the temperature was then
programmed at 15 °C/min to 275 °C and subsequently kept at
this temperature for 10 min. 'H and *C NMR spectra were
recorded on a Varian (Palo Alto, CA) VXR 400S spectrometer
operating at 400.0 and 100.6 MHz, respectively. Chemical shifts
are given in ppm relative to TMS. The solvent signals at 2.525
ppm (residual DMSO-d5 in DMSO-dg) or 7.260 ppm (residual
CHCI; in CDCl3) served as a reference for 'H NMR spectroscopy,
whereas the solvent signals at 39.6 ppm (DMSO-dg) or 77.1 ppm
(CDCl;) were used as a reference for 13C NMR spectroscopy.

Synthesis. Sulfur Mustard-ds. This compound was syn-
thesized from sodium sulfide and 1,1,2,2-tetradeuterio-2-chlo-
roethanol according to a published method (13). The obtained
octadeuterated thiodiglycol was treated with thionyl chloride
in dichloromethane under reflux. Evaporation followed by
vacuum distillation at 10 Pa afforded sulfur mustard-dgs. The
purity, as checked by GC/MS, analysis was 95%. The main
impurity (4%) was identified as 1,4-dithiane-ds.

13C NMR (CDCl3) 6 42.4 (CDCD), 33.7 (CD2S); GC/MS (EI*)
m/z 166 [M*], 115 (M* — CDoCl], 67 [C2D4Cl*], 30 [C2Ds*].

[33S]Sulfur Mustard. This compound was synthesized as
described in ref 12. Radiochemical purity (TLC) 97%, chemical
purity (GC) 95%; sp act. 314 MBq/mmol.

2-[(2-Aminoethyl)thio]ethanol was synthesized by reaction
of 2-bromoethylamine hydrobromide with 2-mercaptoethanol,
according to a method described by Peck et al. (14). After
workup, the residue was purified by distillation under reduced
pressure (125—126 °C/40 Pa). Yield 11.9 g (98 mmol, 66%) of a
colorless oil. 'H NMR (DMSO-ds) 6 3.55 (t, 2H, HOCH»—), 2.70
(t, 2H, —CH,NH,), 2.58 (t, 2H, HOCHyCH,S—), 2.55 (t, 2H,
—SCH>CH;0H).

N-[2-[(Hydroxyethyl)thio]ethyl]-DL-valine (N-HETE-DL-
Val) was synthesized by reaction of 2-[(2-aminoethyl)thiol-
ethanol with (4)-2-bromo-3-methylbutyric acid according to a
method described by Murthy et al. (15). Yield: 2.2 g (10 mmol,
23%).

H NMR (D;0) 6 0.96 (d, 3H, CH3), 1.00 (d, 3H, CH3), 2.17
(m, 1H, CH(CHj3),), 2.71 (t, 2H, SCHCH;0H), 2.85 (m, 2H,
NCHCH>S), 3.21 (m, 2H, NCHy), 3.45 (d, 1H, NCH), 3.70 (t,
2H, CH,OH); 13C NMR (D;0) ¢ 18.21, 18.92 (2 x CHjy), 28.06
(SCH2CH2N), 30.12 (CH(CHs)z), 34.05 (HOCH2CH»S), 47.43
(NCHy), 61.04 (CH,OH), 69.14 (CHN); LC/MS m/z 222 [MH"].

1-[2-[(Hydroxyethyl)thiolethyl]-dl-5-isopropyl-3-(pen-
tafluorophenyl)-2-thiohydantoin. N-HETE-pL-Val (10 mg)
was dissolved in a mixture of aqueous KHCO; (5 mL, 0.5 M)
and 1-propanol (2.5 mL). PFPITC (25 uL) was added, and the
mixture was heated for 2 h at 45 °C. The PFPTH derivative
was extracted with n-heptane (2 x 10 mL) and concentrated to
dryness. The conversion of N-HETE-DL-Val to the pentafluo-
rophenyl thiohydantoin (PFPTH) derivative was 94% (deter-
mined by comparison with an exact amount of CHCl; added to
the 'H NMR sample).

'H NMR (CDCl;) 6 4.40 (ddd, 1H, NCHAHp), 4.34 (d, 1H,
NCH), 3.81 (t, 2H, CH,OH), 3.65 (ddd, 1H, NCHxH3), 3.09 (ddd,
1H, NCH:CH»Hp), 2.85 (ddd, 1H, NCH;CHAHp), 2.83 (m, 2H,
SCH,CH20H), 2.43 (m, 1H, NCHCH), 1.27 (d, 3H, CHCH3), 0.99
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(d, 3H, CHCHj3); GC/MS (EI*) m/z 428 [M*], 410 [M* — H50],
383 [M* — CH,CH;0H], 351 [M* — SCH>CH,0OH].

N-HETE-pL-Val-Leu-Ser-Pro-Ala-Asp-Lys-OH was syn-
thesized on a solid support using (fluorenylmethoxy)carbonyl-
protected amino acids according to standard procedures. The
modified valine residue was incorporated as N-[(tert-butyloxy)-
carbonyl]-N-HETE-pL-Val. LC/MS m/z 834 [MH"].

Exposure of Human Blood to Sulfur Mustard and
Isolation of Globin. A solution of sulfur mustard, sulfur
mustard-ds, or [3®*S]sulfur mustard in acetonitrile was added to
human blood (20 mL; final acetonitrile concentration 1%), and
the mixture was incubated overnight at 37 °C in a shaking water
bath. Globin was isolated from blood samples according to
Bailey et al. (16).

Modified Edman Degradation of Globin (17). Alkylated
globin (20 mg, unless otherwise stated) was dissolved in
formamide (2 mL), after which pyridine (6 L) and PFPITC (6
L) were added. The mixture was incubated overnight at room
temperature followed by 2 h at 45 °C. After extraction of the
formamide layer with diethyl ether (3 x 1.5 mL), the combined
diethyl ether fractions were dried under a stream of nitrogen.
The residue was dissolved in toluene (2 mL). Subsequently, the
toluene layer was extracted with water (2 x 1 mL), 0.1 M Na,-
CO;3(1 x 1 mL), and water (1 x 1 mL). After subsequent drying
with MgSO, and evaporation to dryness, the residue was
dissolved in toluene (0.5 mL), HFBA (10 xL) was added, and
the solution was heated at 45 °C for 10 min. After cooling, the
solution was extracted with phosphate buffer (0.5 mL, pH 6.0;
1 M). The toluene layer was dried (MgSO4) and evaporated to
near dryness. Finally, the residue was redissolved in toluene
(100 «L) and analyzed by GC/MS (NICI); m/z 624 [M*"], 604
[M*~ — HF], 584 [M*~ — 2 HF], 564 [M*~ — 3 HF], 544 [M*~ — 4
HF].

Exposure of Guinea Pigs to Sulfur Mustard and Isola-
tion of Globin. Three guinea pigs were used for in vivo
experiments. Blood taken from one of the animals was used
for the isolation of blank globin. The others were anaesthetized
with 2.5% halothane in N2O/O- (62/38), and sulfur mustard was
injected intravenously into the dorsal penis vein (1 mL of a
solution of 0.5 or 5 mg/mL saline, respectively). After 48 h, blood
was drawn from the carotic artery and collected in a heparinized
tube. Globin was isolated as described before.

Results and Discussion

Development of a Modified Edman Procedure for
Determination of N-Terminal Valine Alkylated by
Sulfur Mustard. In view of the strong alkylating
properties of sulfur mustard, we assumed that alkylation
of N-terminal valine in hemoglobin would occur as
observed with other alkylating compounds (9). In order
to study the feasibility of the modified Edman degrada-
tion procedure for determination of the sulfur mustard
adduct with N-terminal valine, we first synthesized the
thiohydantoin of N-HETE-DL-Val. Reaction of the latter
with PFPITC gave a single product (yield 94%), the
structure of which was in accordance with the desired
PFPTH, as corroborated by 'H NMR, *C NMR, and GC/
MS (EI").

The efficacy of the modified Edman procedure was
studied in more detail using the synthetic peptide N-
HETE-DL-Val-Leu-Ser-Pro-Ala-Asp-Lys-OH, i.e., the ad-
ducted N-terminal heptapeptide from the a-chain of
hemoglobin. After modified Edman degradation, no
further thiohydantion could be removed from the reaction
mixture after three extractions with diethyl ether as
determined with GC/MS (NICI). The adduct level de-
tected after a second treatment with the modified Edman
reagent added less than 1% to the total adduct detected.
Assuming that PFPITC reacts in a straightforward way
with protein-bound N-HETE-Val (cf. Scheme 1), these
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Figure 1. Reversed-phase HPLC analysis of a reaction mixture
obtained after modified Edman degradation of globin isolated
from human blood after exposure to 5 mM [3*S]sulfur mustard.
The synthetic PFPTH derivative of N-HETE-pL-Val was co-
eluted (arrow). (a) Radiometric detection; (b) UV detection.

results indicate an almost quantitative release of N-
HETE-DL-Val.

Quantitation of the N-HETE-Val Levels in Hemo-
globin Exposed to Sulfur Mustard. Analysis of globin
isolated from [**S]sulfur mustard-treated human blood
provided quantitative information on the extent of he-
moglobin alkylation. It was found that an approximately
proportional part of the alkylating agent was bound to
globin, almost independent of the [*S]sulfur mustard
concentration used, i.e., 25%, 19%, 27%, 24%, and 29%
of the total radioactivity was incorporated into the protein
after treatment of human blood with 5000, 1000, 10, 1,
and 0.1 uM of the agent, respectively.

The levels of adducted valine were determined in a
similar way as reported by Christakopoulos et al. (17).
After modified Edman degradation of globin isolated from
blood that had been exposed to 1 and 5 mM [3**S]sulfur
mustard, analysis of the organic extract by reversed-
phase HPLC with radiometric detection showed a single
radioactive peak which coeluted with the synthetic PF-
PTH of the valine adduct (Figure 1). When we assume
that the yield of the Edman degradation reaction is
almost quantitative (vide supra), the level of valine
adduct is approximately 1% of the total radioactivity
bound to globin. It follows from the results obtained in
these experiments that an average of one alkylated valine
residue is formed per 4500 or 900 globin chains after
exposure of human blood to 1 or 5 mM [*S]sulfur
mustard, respectively. On the other hand, when the
amount of radioactivity in the organic extract was
directly measured, i.e., without HPLC separation, the
valine adduct level was determined to be ca. 2%. A
similar degree of alkylation of N-terminal valine was
reported by Hambrook et al. (18) after exposure of human
blood to 0.05, 0.1, and 0.5 mM [**S]sulfur mustard, i.e.,
an average value of 3.5 + 1.5% as found from the overall
radioactivity released from globin upon modified Edman
degradation.

In the preceding paper (12), we demonstrated that the
N-terminal valine residue of both - and S-globin chain
became adducted upon exposure of blood to sulfur
mustard. This result was verified using the modified
Edman degradation. Thus, globin isolated from blood
after exposure to 5 mM [*S]sulfur mustard was sepa-
rated into its a- and f-chains by chromatography on a
CM-Sepharose CL-6B column according to Bergmark et

- i
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Figure 2. GC/MS (NICI) spectrum of the PFPTH of N-(2-
heptafluorobutyroethylthioethyl)-pL-valine (synthetic reference);
m/z for M*~ = 624.
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Figure 3. GC/MS (NICI) analysis of the PFPTH of N-(2-
heptafluorobutyroethylthioethyl)valine obtained from modified
Edman degradation (and subsequent derivatization with HFBA)
of globin (20 mg) isolated from human blood after exposure to

various concentrations of sulfur mustard. Ion chromatograms
after monitoring for m/z 564 (M*~ — 3 HF). (a) 0 uM; (b) 0.1
uM; (c) 1 uM; and (d) 10 uM exposure to sulfur mustard.

al. (19). The [*3S]PFPTH derivative of N-HETE-Val was
detected upon HPLC analysis of the reaction mixtures
obtained after treatment of both a- and S-globin with the
modified Edman reagent, indicating that each chain is
prone to N-terminal alkylation by sulfur mustard. This
was also found for alkylation of hemoglobin with methyl
bromide after in vitro exposure of blood to the agent (20).

Detection of in Vitro Exposure of Human Blood
to Sulfur Mustard. GC/MS (NICI) analysis of a blank
globin sample treated with the modified Edman reagent
showed two peaks interfering with the peak for the target
compound. This interference was circumvented by fur-
ther derivatization of the HETE side chain in the
thiohydantoin with HFBA, which also improved the
chromatographic performance of the analyte. The prod-
uct N-(2-heptafluorobutyroethylthioethyl)valine PFPTH
could be detected by GC/MS (NICI) down to a level of 25
fmol at full scan (m/z 200—800) and of 0.5 fmol (S/N =
3) under SIM conditions (m/z 564 [M*~ — 3 HFJ; see
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Figure 4. GC/MS (NICI) analysis of PFPTHs obtained after
modified Edman degradation of globin samples (20 mg) from
male guina pigs treated with an intravenous dose of (a) 0 mg/
kg, (b) 0.5 mg/kg (0.06 LDsp), and (c) 5 mg/kg sulfur mustard
(0.6 LDsp). Globin (350 ug) isolated from human blood treated
with 1 mM sulfur mustard-ds served as an internal standard.
Mass chromatograms (SIM) illustrating measured amounts of
PFPTH of N-(2-heptafluorobutyroethylthioethyl)valine (m /z 564
[M:~ — 3 HF], upper panels) and PFPTH of N-(2-heptafluorobu-
tyroethylthioethyl-ds)valine (m/z 572 [M*~ — 3 HF], lower
panels).

Figure 2 for a mass spectrum), assuming that derivati-
zation with HFBA proceeds quantitatively.

The modified Edman degradation procedure combined
with GC/MS (NICI) analysis with SIM allowed us to
detect an exposure level as low as 0.1 uM sulfur mustard
in human blood (Figure 3). This result is comparable to
the detection limit for exposure of blood to the agent on
the basis of immunochemical detection of alkylated N7-
guanine residues (7)! in white blood cells. Evidently,
immunochemical results can be confirmed by the method
described in this paper.

Various amounts (20—700 ug) of globin isolated from
human blood after exposure to 1 mM sulfur mustard and
a fixed amount (350 ug) of globin isolated from human
blood that was exposed to 1 mM of sulfur mustard-ds
(internal standard) were treated with PFPITC according
to the modified Edman procedure. GC/MS (NICI) analy-
ses were performed under SIM conditions (m/z 564 and
572 for analyte and internal standard, respectively). A
linear relationship (y = 0.000911x + 0.0178 with cor-
relation factor 0.9987) was obtained when plotting the
ratio (y) found for the peak areas of analyte and internal
standard against the amount of globin used (x; in ug).

In addition, GC/MS (NICI) analyses were performed
after modified Edman degradation of a fixed amount (350
ug) of the internal standard (globin isolated from blood
exposed to 1 mM of sulfur mustard-ds) and a fixed
amount (20 mg) of globin isolated from human blood after
exposure to various concentrations of sulfur mustard (0.1,
1, 10, and_100 uM). The plot obtained for the ratio of
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