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The recent use of mustard gas in the Gulf War has stressed the need of reliable 
methods for

retrospective detection of poisoning with chemical warfare agents. We are developing method,

to detect adducts of mustard gas to DNA and proteins, which may have a life span of many

days after exposure. In order to achieve high sensitivity and specificity, immunochemical

detection techniques are developed. As markers to detect adducts, 
we synthesized N7-(2'-

hydroxyeLhylthioethyl)-guanine, the di-adduct di-(2-guanin-7'-yl-ethyl) 
sulfide, and N3-(2'-

hydroxyethylthioethyl)-adenine, 06-(2'-hydroxyethylthioethyl)-guanine 
and the corresponding

2-deoxyguanosine derivative. N7-(2' -hydroxyethylthioethyl)-guanine
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L9. Mustard Gas Hemoglobin-adducts. Mustard Gas DNA-antiserum. Sulfur Mustard. DNA. Proti :c
Alkylation, Retrospective detection, Dosimetry, Biological dosimetry of Mustard Gds
exposure. Biomonitoring, Verification, Iimunochemical detection, Competitive ELISA.
Interstrand DNA crosslinking, Alkaline elution, Monoclonal antibodies against N7-G-HD
monoadducts. RA5. N7-(2'-hydroxyethylthioethyi)-guanine. Di-(2-guanin-7'-yl-ethyl)
sulfide, N3-(2'-hydroxyethylthioethyl)-adenine. 06-(2'-hydroxethylthioethyl)-guanine,
(.- -hydroxyethylthioethyl)-guanosine. Nl-(2' -hydroxyethyithioethyl)-2'-deoxyguanosine.
haptens, N7-(2"-hydroxyerhylthioethyl)-guasnosine-5'-phosphate. di -2(guanosine-5'-
phosphate)-7-yl-etbyl sulfide, N-(2'-hydroxyethylthioethyl)vline-iethyamide N-acerv!
glutamic acid-5-(2'-hydroxethylthioethyl) ester-l-methylaside, N-a-acetyl-Nr-(2'-
hydroxyethylthioethyl) -histidine-methylamide, N-a-acetyi-N*-(2' -hydroxyethylthioethyl -
histidine-methvlamide, N-(2'-hydroxyethylthioethyl)-val-leu-ser-pro-ala-asp-lys. gly-g.-
gly-glutamic acid-5-(2'-hydcoxyethylthioethyl) ester-l-amide.

(continued from reverse)

19. was shown to be the major adduct in experiments with dou ' '-stranded calf-thymus DNA and
human white blood cells exposed to (

35
S]mustard gas. The N, quanine di-adduct and the N3

adenine adduct were formed to a lesser extent, whereas the 06-guanine adduct was not
detected.
Antiserum was raised in rabbit: against DNA treated with mustard gas, which was used for
the development of an imunochemical assay for the screening of supernatants of
hybridomas for specific antiboai activity. Mono- and di-adducts at the N7-position of
guanosine 5-phosphate were synthesized for use as haptens to generate monoclonal
antibodies against such adducts in DNA. After immunization of mice with the mono-adduct
hapten bound to a carrier proteia, several hybridomas were obtained producing antibodies
which recognize the mono-adducr of mustard gas containing an intact imidazolium ring.
Whereas N7-guanine mono-adducts with mustard gas could be detected with a specificity of
one adduct amongst 5.2x10

6 
unmodified nucleotides in single-stranded DNA, at least two

orders of magnitude more adduct is required for DNA isolated form WBC treated with 100 mt
mustard gas. This indicates that in the latter case the antigen recognition is still far
from optimal. Nevertheless, it is expected that further improvement in antibodies and
techniques eventually will allow adduct detection after exposure to sublethal doses of
mustard gas.
Adducts of mustard gas to proteins may also be used to establish exposure. It was shown
that much more mustard gas in blood binds to hemoglobin than to DNA.
Therefore, the development of an immunochemical assay fat mustard gas adducts to
hemoglobin, particularly to the amino group of N-terminal valine, has been initiated.
Simple model coupounds for nucleophilic amino acids in proteins, CH3C(0)NH-CH(Y)-
C(O)NHCH3, have been exposed to mustard gas in order (i) to identify the major reaction
products. (ii) to study the relative reaction rates of amino acids with mustard gas, and
(iii) to establish the stability of the adducts under conditions used to hydrolyze
proteins.
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S UM.ARY

The recent use of mustard gas in the (lulf WIar and the rapid

prol iteration of chemical weapons in ceveral Middle East and Third

World countries has stressed the need of reliable methods to

establish poisoning with chemical warfare agents. Therefore, we arl

developing methods for retrospective detection of adducts of mustard

gas to DNA and proteins, which may have a life span of several days

or even weeks after poisoning. In order to achieve high sensitivity

and specificity, immunochemical detection techniques 
are developed.

Such techniques allo . a selectivity of 1 modified nucleotide among

about 108 unmodified bases in DNA and a minimum detectable amount in

the femtomolar range.

For use as markers in the identification of mustard gas-adducts 
in

calf thymus DNA or in human white blood cells, we have

(re)synthesized and characterized several adducts of mustard 
gas with

guanine and adenine. Za.gc on the w7-k of Brookes and Langley we have

obtained N7-(2'-hydroxyethylthioethyl)-guanine, the corresponding di-

adduct, i.e., di-(2-guanin-7'-yl-ethyl) sulfide, and N3-(2'-

hydroxyethylthioethyl)-adenine. A route of synthesis was developed

for 06-(2'-hydroxyethylthioethyl)-guanine and the cc zesponding 
2'-

deoxyguanosine dezivati~e. Alkylation experiments of 2'-

deoxyguanosine with mustard gas in neutral aqueous solution have

shown that the hitherto unreported Nl-(2'-hydroxyethylthioethyl)-
2
'-

cieuxyguanosine adduct is also formed as a minor reaction product.

The N7-substituted mono-adduct of guanine, 7-(2'-hydroxyethyl-

thioethyl)-guanine, was shown to be the major adduct in experiments

with double-stranded calf-thymus DNA and human white blood cells

exposed to [
35
S]mustard gas. The N7-guanine di-adduct and the N3-

adenine adduct were formed to a lesser entent. The 06-guanine 
adduct

was not detected with the available techniques, suggesting that 
this

adduct might be present only in trace amounts (less than 0.5% of

total detected radioactivity), if present at all. For double-stranded

calf-thymus DNA, the three detectable adduc
+ 
peaks represented ca.

90% of all radioactivity.

Mustard gas appeared to be a very effective alkylating agent for

bases in DNA. Even in blood, with a variety of reactive sites, 
1 out

of 124 guanine bases was alkylated to form the mono-adduct at N7 of

guanine upon exposure to I mM mustard gas. Crosslinks due to exposure

to mustard gas were determined with our recently developed "alkaline

elution" method in cultured Chinese hamster cells, as well as in the

nucleated cells of exposed human blood. The detection limit of cross-

links in the former cells is at 0.5 j.M mustard gas, which is in the

biologically relevant dose cange since 37% of the cells are still

able to form colonies after exposure to 1.4 pM mustard gas. At 4 h

after exposure most of the crosslinks had disappeared, either by

proper repair or resulting in "other DNA-damages."

After immunization of rabbits with calf-thymus DNA treated with

mustard gas, we obtained the antiserum W7/10 with a high specificity



for DNA adducts of mustard gas. ';ith this sc-tutu ,I m t ,"l 1 ,-
screening of supernatan s of hybridomas for se c f ic rnitl i,-d%

activity couiu ce developed and optimized, in which -ingl-st ratd d

calf-tnymus DNA exposed to 10 pM mustard gas was used as coat ing

material at 50 ng per well. A competitive ELISA was develo ped in

which mustard gas aiducts to DNA could be detected with a minimum

detectable amount of a few femtomoles per well. and a selectivit"

which allows detectt,,n of one mu,,-ddct at N/ of guanine amongst

l3x10
6 
unmodified guanines.

The immunochemical methods for this study are aimed to detect oamage

due to exposure to mustard gas in easily accessible biological

samples, i.e., human blood or skin biopsies. In these samples the DNA

is present as double-stranded material, surrounded by nuclear

proteins. An optimal detection of adducts requires adequate methods

to disrupt the cell wall and to release the DNA without changing or

destroying the adducts. After exposure of double-stranded and of

sing
1
'e-stranded DNA to the same concentration of mustard gas, an

approximately 13-fold larger amount of double-stranded than of the

single-stranded material is required for effective competition in the

ELISA test, probably as a result of interstrand crosslinks by mustard

gas and shielding by the comlementary strand which prevents optimal

presentation of antigen. A siwple alkaline denaturation of double-

stranded DNA gave single-stranded material in which th adducts were

no longer recognized by the antiserum, probably due to ring opening

of the imidazolium ring of the 7-adduct of guanine. Upon exposure of

human white blood cells to I mM mustard gas, we found that the

minimum detectable amount of adduct in the competitive ELISA is ca.

three orders of magnitude higher than for single-stranded DNA,

probably as a result of the above-mentioned complications encountered

in double-stranded DNA and to shielding by proteins. Our attempts

will be continued to improve the release of the DNA of exposed white

blood cells and to convert dcuble-stranded DNA into the single-

stranded material without disrupture or destruction of the mustard

gas adducts.

We developed methods for the synthesis f mono- and di-adducts of

mustard gas at the Ni-position of guanosine-5'-phosphate for use as

haptens to generate monoclonal antibodies against such adducts. After

immunization of mice with the mono-adduct coupled to a carrier-

protein via the phosphate moiety, we obtained several hybridomas

producing monoclonal antibodies which recognize the NI-guanine mono-

adducts containing an intact imidazolium ring. The sensitivity of the

competitive ELISA with the monoclonal antibodies was comparable to

the assays performed with polyclonal W7/10.

Since mustard gas binds only 1.9 times more efficiently to DNA than

to proteirs, immunochemical dosimetry of expcsure to mu!.'ard gas

based on protein adducts might be advantageous in view of the almost

300-fold larger amount of protein than of DNA in blood, provided that

the protein adducts can be concentrated by way of purification.

Therefore, we started the development of an immunochpmical assay for

the detection of adducts to hemoglobin.



'I1e f U ld th i / i the [host, td Fa S addLIc tS Io d)I} i Ti t C id
and/or alkali -I bi le, which Indi idtj s that I -n vIilatic d(Ii Fji dat i ci,

pept ides and amino ac ids might be a mote viable jippr oah to

ident if icat ion of t Ie adducts t han the st andard approach i ncvi i"

compl ete degradation into amitio acids by means of ac i d hvdro I vs S i

this context we have concentrated our ef fortc, )it tl& t-rmi na]
heptapeptide val -leu- ser-pro-al a -asp-I ys from the i-chat in of
hemoglobin, which can be conveniently isolated by means of HPILC at I

tryptic digestion of the protein. The heptapeptide was obtained hv
means of the solid phase synthesis method, and mono-substituted with
mustard gas specifically at the terminal amino group of valine. for

use as a hapten to generate monoclonal antibodies against adducts ot

mustard gas with hemoglobin. Identification of this alkylated

heptdpeptide after treatment of hemoglobin with mustard gas and
tryptic digestion will be performed in the second half of the giant

period. Mice will be immunized with the N-(?'-hvdroxyethylthioethv )-

substituted heptapeptide coupled to a carrier protein. Subsequent to
fusion experiments the supernatants of the hybridomas will be

screened in a direct ELISA with an N-(2'-hydroxyethylthioethyl)-
substituted pentapeptide which is homologous in the last three amino

terminal amino acids with the globin heptapeptide.

Since little is known about the reactivity of mustard gas towards
individual amino acids in proteins or the structure and stability of

the adducts, we have studied the alkylation of simple model peptides.
i.e., N-acetyl-amino acid-methylamides [CH 3 C(O)NH-CH(Y)-C(O)NHCH 3 >.
in which Y represents a moiety that can be alkylated by mustard gas.

So far, we have identified the major reaction products with mustard
gas in aqueous solution of such model peptides derived from aspartic
and glutamic acid, histidine, and methionine as well as from the

model ppotide NH 2 CH(i-Pr)C(O)NHCH 3 , which served to investigate the
reactivity of a terminal amino group. The primary reaction products
were synthesized by means of independent routes and will he used to

study quantitatively the relative reaction rates of the various model
peptides with mustard gas and the stability of the adducts under

conditions used to hydrolyze proteins.

Preliminary experiments indicate that model peptides derived from
glutamic acid and cysteine are most reactive. Therefore, we have

synthesized gly-gly-gly-glutamic acid-5-(2'-hydroxyethylthioethyl)

ester-l-smide and plan to synthesize the mustard gas adduct of gly-
gly-gly-cysteine as haptens to generate monoclonal antibodies which

recognize protein adducts in skin biopsies.
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I. INTRODUCTION

Several incidents in the recent past have illustrated the need for
unequivocal methods to verify exposure of humans to chemical warfare

agents. The most straightforward case was the large scale use of

mustard gas, and possibly also of tabun and sarin, in the Gulf War

(1). With severe casualties in hospitals all over the world, analyses

of agents and metabolites had to be improvised and gave inconclusive

results (2). The controversies with regard to the use of
trichothecenes as an agent ("yellow rain") in Southeast-Asia which
arose from the analyses of environmental and biological samples were
widely publicized, and have been reviewed (3). Rather recently,
rumors were spread that agents had been used against Unita troups in
Angola (4-6). Samples from the casualties were analyzed, with
disputable results. In the more distant past, the alleged use of
agents in Yemen could not be confirmed, due to lack of adequate
methods of analysis (7).

The rapid proliferation of chemical weapons in several Middle East
and Third World countries (8) raises the fear that the above-
mentioned incidents will not be the last ones. Evidently, the
availability of reliable methods for retrospective in vivo detection
of exposure to chemical agents is crucial for political and military
evaluation when such agents are allegedly used in future conflicts.
This need is enhanced by the probability that in many cases
biological samples will be the only or at least the most abundant
samples available for analysis because the use of agents is first
noticed by their effects on casualties. If a total ban on the use,
possession and production of chemical agents will eventually
materialize, the availability to individual nations and to an
International Inspectorate of reliable and sensitive methods for
retrospective detection of exposure will further discourage the open
or covert use of agents.

In case that the above-mentioned detection methods can be quantified
to determine internal dose, their usefulness is enhanced for several
applications. For example, they can be used for biomonitoring of
workers in facilities set up to destroy stockpiles of agents. In the
case of chemical warfare, establishment of the internal dose of agent
in casualties can be helpful for triage and treatment. Finally, such
methods can be of immediate use in many types of experimental work,
ranging from exposure to agents on a cellular level to the
development of protection gear.

We have learned from the earlier-mentioned incidents that urine,
blood and other biopsies for analysis can often only be obtained
several days or even weeks after exposure. Therefore, in vivo
verification methods should be very sensitive and relate to long

lasting, specific effects of the agents under investigation. Such
methods are not yet available for the common chemical warfare agents.
For example, intact nerve agents such as soman can be analyzed in
blood, brain, and muscle tissues at minimum detectable levels in the
low picomolar range, but these levels last only for a few hours after

LW
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intoxication at high doses in primates (9). Alternatively, the

observation of low levels of cholinesterase activity is not specific

for nerve agents. Regeneration of nerve agent from phoshonylated

aliesterEse with fluoride ions (10, 11) or perhaps analysis of

hydrolysis products in urine may provide a more promising approach to

retrospective detection of nerve agent exposure.

In view of the large scale use of mustard gas in the Gulf War and the

rapid proliferation of this agent in Third World countries (8), we

have selected this agent to develop methods for retrospective

detection of exposure. Presently available methods seem

unsatisfactory. Recent reports on GC-MS detection of intact mustard
gas in an abdominal fat sample obtained from autopsy of an Iranian

soldier who died seven days after exposure to mustard gas (12), and

in the urine of another soldier exposed seven days earlier (13, 14),
need further confirmation. Neither has the report by Stade (15) been
confirmed on the presence of intact agent in skin blisters caused by
mustard gas. Attempts to verify exposure to mustard gas via analysis

in blood or urine of its hydrolysis product thiodiglycol (16), and of

thiodiglycol derivatives which are (re)converted into mustard gas
with hydrochloric acid (17,18), are complicated by the presence of
these products in samples from nonexposed volunteers. Reports on the
identity of further metabolites of mustard gas are contradictory.

According to Davison et al. (19) the major urinary metabolites in
rodents are glutathione conjugates of thiodiglycol, whereas Roberts
et al. (20) report bis(cysteinyl) conjugates of mustard gas sulfone
as major metabolites. Evidently, the metabolism of mustard gas needs
to be reinvestigated. Moreover, 80-90% of the metabolites are

excreted within 48 h (19,20).

We have chosen to develop immunochemical detection methods of adducts
which are generated by alkylation of DNA and proteins by mustard gas.

This choice is based on extensive experimental evidence obtained in
the TNO Medical Biological Laboratory and elsewhere which shows that
these methods of analysis for DNA-adducts of cytostatic agents and
environmental alkylating agents can be highly selective, detecting

one alkylated base among ! 108 nonalkylated bases (21). The minimum
detectable concentration of modified bases is in the low femtomolar

range. If cells producing monoclonal antibodies to the adducts can be

isolated, detection methods based on these antibody-adduct
interactions can be performed on a large scale, with quantitative

results. Although alkylated bases in DNA can undergo secondary
reactions, e.g., ring-opening in the case of N7 alkylated guanine,

and the damage due to adduct formation tends to be repaired, the

adducts are detectable for days or even weeks after exposure (21).

In general, biomonitoring methods of alkylating agents based on
analysis of protein adducts (for reviews see 22-24) are complementary
to methods based on analysis of DNA-adducts. In contrast with the

immunochemical detection methods for the latter adducts, protein-
adducts are usually quantified by GC-MS analysis after total

hydrolysis of the protein and derivatization of the alkylated amino
acid. Therefore, much less experience has been obtained with the
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immunochemical detection of protein-adducts (25,26). A priori, it
should be assumed for stoichiometric reasons that in vivo exposure to
alkylating agents yields many more adducts of proteins than of DNA.
Moreover, it has been shown that the life span of proteins is not
shortened by alkylation. Human hemoglobin, with a biological half
life of 16-18 weeks, has been proposed as an easily available protein
for biomonitoring exposure to various alkylating agents (22-24). In
recent experiments the degree of alkylation by ethylene oxide of N-
terminal valine in human hemoglobin was determined by means of
radioimmunoassay as well as by GC-MS analysis. A good correspondence
of the results was found. With ethylene oxide and other directly
alkylating agents, a reasonably linear relationship between levels of
alkylation of DNA and proteins has also been observed (27).

When mustard gas is used in chemical warfare, the agent affects the
skin in liquid or vapor form, whereas inhalation of vapor or aerosol
causes extensive damage of the respiratory tract and lungs.
Extensive, long-lasting systemic intoxication is also observed due to
rapid penetration of agent into the general circulation both via
inhalation and the skin (28). Therefore, DNA and proteins from
various biopsies may serve as samples to monitor exposure to the
agent. Primarily, skin biopsies and nucleated blood cells are
convenient .o assess damage to DNA. Hemoglobin, albumin, and skin
biopsies are logical targets for immunochemical detection of mustard-
gas adducts to protein.*

To the best of our knowledge, the products arising from alkylation of
DNA due to in vivo exposure to mustard gas have not been
investigated. In vitro alkylation of DNA and RNA by mustard gas has
been studied by Lawley et al. in the early sixties (30-35). They
suggested that foremostly the N7 nitrogen in guanine moieties of DNA
and RNA is alkylated by mustard gas, leading to N7-(2'-hydroxyethyl-
thioethyl)-guanine (Figure la), as well as to the corresponding
intrastrand and interstrand (36) di-adduct di-(2-guanin-7'-yl-ethyl)
sulfide (Figure ib). The authors also report that the N-3 nitrogen of
adenine in DNA is alkylated to give N3-(2'-hydroxyethylthioethyl)-
adenine (Figure 1c). More recently, Ludlum et al. (37) have claimed
that traces of the 06 adduct of guanine, i.e., 06-(2'-hydroxyethyl-
thioethyl)-guanine (Figure ld) are also formed. So far, these adducts
were only characterized on the basis of similarity of their uv
spectra and chromatographic behavior with that of analogous alkyl-
substituted purines.

With regard to DNA-adducts we report at midterm of this project:
- The synthesis and structural characterization of the above-
mentioned adducts.

- Chromatographic and spectroscopic experiments to detect formation
of the adducts upon exposure of calf-thymus DNA or human blood to
mustard gas.

* Serological evidence for immunological specificity of protein-

mustard gas adducts has been obtained in the past (29).
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Figure 1. Suggested chemical structures of mustard gas adducts to DNA
bases; (a) N7-(2'-hydroxyethylthioethyl)-guanine; (b) di-
[(2-guanin-7'-yl-ethyl] sulfide; (c) N3-(2'-hydroxyethyl-
thioethyl)-adenine; (d) 06-(2 -hydroxyethylthioethyl)-
guanine.

- The development of an ELISA test based on polyclonal antibodies
raised against mustard gas damage to calf-thymus DNA.

- The synthesis of a ribonucleotide derivative of the most abundantly
formed adduct.

- The generation and isolation of cell lines which produce monoclonal
antibodies against this ribonucleotide hapten.

Evidence has been obtained that the earlier mentioned in vivo
stability of alkylated proteins is also observed in case of
alkylation by mustard gas. Renshaw (38) applied liquid [3 5S]mustard
gas for 10 min to the skin of human volunteers. At two weeks after
the exposure 80% of the activity was still present, most probably
bound to protein, whereas 25% activity was left even more than 5
weeks after application. Smith et al. (39) observed binding of
[35 S]mustard gas to erythrocytes, presumably to hemoglobin, after
intravenous administration of mustard gas to human volunteers at a
dose of ca. 5 mg/man.

Many investigations have dealt with the analysis of protein-mustard
adducts after in vitro alkylation, but the results are much less
conclusive than in the case of DNA adducts with mustard gas. This is
because virtually all protein studies were performed during the
second world war, with the limited techniques available at that time
(for reviews see 40-43), and further work on this topic was almost
(44) not reported. Nevertheless, most investigators agree that
mustard gas alkylates primarily the free carboxyl groups of proteins.
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This conclusion was deduced from the change in titration curves of
the proteins in the acidic region due to adduct formation. In the
case of pig skin treated with liquid mustard gas it has been observed
that 40-50% of the protein-mustard adducts are hydrolyzed at pH > 9.
with release of thiodiglycol (38,45). After in vitro reactions of

horse oxyhemoglobin with a large excess of mustard gas, Davis and
Ross (46) observed that approximately thirty carboxyl groups of the
hemoglobin molecule were alkylated. Similarly alkali-labile protein-
mustard gas adducts were also reported for ox cornea collagen (47)
and several other proteins (48).

Evidence for the alkylation of reactive groups other than carboxyl in
proteins by mustard gas is even more indirect. Based on changes in
the titration curves of proteins due to reaction with mustard, the
alkylation of thiol groups of cysteine and of ring nitrogen in
histidine has been invoked. Reactions with model peptides by Moore et
al. (49) have shown that the a-amino groups of amino acids and the
sulfide moiety of methionine are also alkylated by mustard gas.

In view of the obvious lack of insight into the preferred alkylation
sites by mustard gas in proteins, and of the time-consuming effort
that would be involved in elucidating these sites, our approach to
immunochemical detection of protein-mustard gas adducts is rather
pragmatic. With regard to protein-mustard gas adducts we describe in
this midterm report:
- Our attempts to obtain a heptapeptide hapten based on N-alkylation
by mustard gas of terminal valine in the a-chain of human
hemoglobin, by analogy with the immunochemical detection of this
site after alkylation with ethylene oxide (25).

- The synthesis of a tetrapeptide hapten in which the 5-carboxylic
acid group of C-terminal glutamic acid is alkylated by mustard gas.

- Reactions of various peptide-like derivatives of single amino acids
with mustard gas, in order to identify the reaction products and to
determine subsequently the relative reactivities of the model
compounds with mustard gas.
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II. EXPERIMENTAL PROCEDURES

WARNING: Mustard gas is a primary carcinogenic, vesicant, and
cytotoxic agent. This compound should be handled only in
fume cupboards by experienced personnel.

IT.I. Materials

Technical grade mustard gas was purified by fractional distillation
in a cracking tube column (Fischer; Meckenheim, FRG) to a gas
chromatographic purity exceeding 99.5%. hydrogen [

35
S]sulfide with a

specific activity of 8.4 GBq/mmol (227 mCi/mmol) and a total activity
of 1,017 MBq (27.5 mCi) was purchased from Amersham International
(Houten, The Netherlands) as 2.69 ml (at STP) of gas packed in a
break-seal ampoule. The material was diluted with 22 ml (at 25 oC) of

chemically pure cold hydrogen sulfide (Baker; Deventer, The
Netherlands), giving a total of ca. I mmol of labelled hydrogen
sulfide. Aqueous solutions of [

14
C]thymidine (75 mCi/ml) and

[
3
H]thymidine (1.0 Ci/ml) were also procured from Amersham

International. Ethylene oxide (lecture bottle, Baker) was used
without further purification.

2'-Deoxyguanosine and 3',5'-cyclic-phosphate-2'-deoxyguanosine were
purchased from Sigma Chemical Company (St. Louis, Mo, USA). The
former product was dried by evaporation with dry pyridine. 5'-
Monophosphate-guanosine, guanosine, 5'-monophosphate-2'-
deoxyguanosine and adenosine were purchased from Aldrich (Brussels,
Belgium) and were used without further purification. 2,4,6-
Triisopropylbenzenesulfonyl chloride (Janssen, beerse, Belgium) was
crystallized from boiling petroleum-ether 40-60 before use.
Triethylorthoformate and levulinic acid (Janssen) were distilled

before use. 4-Benzyl-L-aspartate and 5-benzyl-L-glutamate were
obtained from Sigma. Benzyloxycarbonyltriglycine, 5-t-butyl-
glutamate-l-amide hydrochloride (83.6%) and N-benzoxycarbonyl-leucyl-
serine were obtained from Bachem Feinchemicalien (Bubendorf,
Switzerland). N-a-Acetyl-histidine monohydrate, N-acetyl-methionine,
valine-methyl ester hydrochloride, 2-bromoethylamine hydrobromide, a-
bromoisovaleric acid, ethyl chloroformate (97%), aqueous methylamine
(40%), dicyclohexylcarbodiimide, l-(3-dimethylaminopropyl)-3-

ethylcarbodiimide, 1-methylpyrrolidine, 4-dimethylaminopyridine, 1,8-
diazabicyclo[5.4.0]undec-7-ene, N-methyllmidazole, and 10% palladium
on charcoal were obtained from Aldrich and were used without further
purification. Racemic, (+) , and a-phenyethysamine were obtained
(Aldrich) and were distilled before use. Trifluoroacetic acid
(Aldrich) was distilled before use.

2-Mercaptoethanol, 1,2-dichloroethane (Aldrich) and triethylamine
(Merck, Darmstadt, FRG), were commercial products which were
purchased as chemically pure materials and dried according to

standard methods. Sodium hydride suspension in mineral oil,
bromotrimethylsilane, t-butyldimethylchlorosilane aud acetyl chloride
were purchased from Aldrich and used as received. Thiodiglycol

(Janssen) was vacuum distilled and stored over molecular sieve 4A.
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Thionyl chloride (BDH; Poole, UK) was distilled at atmospheric
pressure from quinoline (Fluka; Buchs, Switzerland) and linseed oil
(Brocades; Delft, The Netherlands) successively and finally in a
Fischer micro cracking tube column. Dimethylformamide and
dimethylsulfoxide were purchased from EGA. (Steinheim/Albuch, FRG).
Acetic acid (Merck) was dried and purified by refluxing with acetic
anhydride (Merck), followed by fractional distillation. Lithium
aluminum hydride, calcium hydride and sodium periodate were purchased
from Janssen. Dioxane (distilled from LiAIH 4 , p.a. qu~lity),
poly(ethylene glycol), and ethylene glycol were purchased from Merck.

Toluene (p.a.), diethyl ether and dichloromethane were obtained from
Lamers and Pleugers (Den Bosch, The Netherlands). Sodium carbonate
(anhydrous, Merck) was dried at 200 OC/40 mbar during 8 h in a vacuum
oven. Sodium bicarbonate was purchased from Lamers & Pleugers.
Hydrochloric acid gas was purchased from Union Carbide (UCAR; Oevel,
Belgium), in a lecture bottle (p.a.). Methanol (Merck, p.a.) for HPLC
and Lobar chromatography was used as purchased.

Penicillin and streptomycin were purchased from Gist Brocades (Delft,
NL), whereas glutamine was obtained from BDH (Poole, UK). (Sub)class-
specific rabbit-anti-mouse antibodies (IgM, IgGl, IgG2a, IgG2b, IgG3,
k, and 1), goat-anti-rabbit-IgG-alkaline phosphatase, calf thymus
DNA, deoxyribonuclease I (EC 3.1.21.1), alkaline phosphatase, type
III (EC 3.1.3.1), RNAse A, trypsin, human hemoglobin, bovine serum
albumin and hypoxanthine were obtained from Sigma (St Louis, U.S.A.).
Proteinase K was procured from Merck (Darmstadt, FRG).
Phosphodiesterase, 3",5'-cyclic nucleotide (from beef heart,
E.C.3..4.37; lot no.:10781830-15), RNAse TI, nuclease P1 (E.C.
3.1.4), 4-methylumbelliferyl phosphate and 4-nitrophenyl phosphate
were obtained from Boehringer (Mannheim, FRG).

All other chemicals used were dried and/or purified according to
standard laboratory practice.

11.2.

Melting points were determined using a Buchi Type S melting point
apparatus.Elemental analyses (C, H and N) were performed in duplicate
or triplicate using a Heraeus CHN-0-Rapid element analyzer. High
efficiency distillations were carried out in a micro cracking tube
column (Fischer, type MMS 155, column length 200 mm, 40 theoretical
plates, nominal charge 1- 10 ml).
The pH-Stat reactions were performed using a Radiometer set, which
consisted of a TTA80 Titration Assembly, a TTT80 Titrator with an ABU
Autoburette containing 0.1 N NaOH, a PHM82 Standard pH meter and a
REA270 pH-Stat Unit. Lyophilization was done with a Virtis Bench Top
freeze dryer model 10-030. Optical rotations were measured with a
Perkin Elmer 241 polarimeter. UV spectra were recorded on a Beckman
UV-7 spectrophotometer.

HPLC analyses were routinely carried out with two Waters 6000 A pumps
controlled by a model 660 solvent programmer to give a flow rate of 1
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ml/min. Detection was done with an Applied Biosystems 757 variable

wavelength absorbance detector, usually set at 285 nm. UV spectra of

effluent peaks were obtained using a Waters model 990 diode array

detector and wavelength settings of 190-600 nm. Three sets of

chromatographic conditions were used for HPLC; system A: reversed

phase chromatography on an RP 18 column, with various ratios of

aqueous buffer and methanol; system B: ion pair chromatography on an

RP 18 column with an aqueous buffer system containing 4 mM

(nBu)4NHSO 4 and 0.3 M KH2 PO4 (pH 6.0) and methanol (2/1, v/v); system

C: cation exchange chromatography on a SAX column, with an aqueous
gradient running from 1 mM to 300 mM KH 2PO4 in 30 min. See 11.2.6 for

the HPLC conditions used to analyze (alkylated) nucleosides resulting
from hydrolyzed DNA; see 11.15.5 for HPLC conditions to analyze
peptides resulting from trypsinized globin and 11.15.6 for HPLC
analysis of phenyl isocyanate derivatives of amino acids. Semi-
preparative HPLC was performed with Lichrosorb RP 18 columns (5 or 7
Am particles, 250 x 10 or 200 x 20 mm), using the same pumps,
detector and solvents as for the analytical HPLC apparatus. Flow
rates varied from 3-10 ml/min, at pressures up to 5000 psi.

Medium pressure liquid chromatography was carried out using Merck
Lobar prepacked glass columns, size C (440 x 37 mm), filled with
Lichroprep RP 18 (40- 63 Am), or with Lichroprep Si-60 silicagel. A
gear pump (type VZE, Verder, The Netherlands), equipped with Teflon
gears, was used to elute the columns at flow rates of 2-20 ml/min, at
a maximum pressure of 5 bar. Detection was done with the absorbance
detector des-ribed above, cquipped with a simple stream splitter and
set at higher wavelengths to reduce its sensitivity. Slight
alterations of the methanol percentage in the eluent were usually
necessary, as compared to the analytical HPLC runs, in order to
achieve sufficient separation of the components. Sample loads of up
to 5 mg proved practicable, although a second separation run followed
by recrystallization was usually necessary to obtain analytically
pure products.

TLC was performed on Silica Gel (DC-fertigfolien F-1500LS25,
Schleicher & Schull). Elutton was performed with 8% (system A) or
with 14Z (system B) methanol/dichloromethane (v/v). Spots on TLC
plates were made visible by ultraviolet light (254 nm), using a
Raytech UV lamp, model LS-88, or by spraying with 20% H2 SO4/methanol
and subsequent heating with a hot air blower (Kress,HLG 2000 E). TLC
analyses for radioactive products were carried out on Merck silica
gel HPTLC plates (60 F 254; 5 x 10 cm), with trichloromethane/acetone
(50/40) as the mobile phase. The same solvent system was used for
reversed phase TLC analyses on Merck RP 18 plates (5 x 20 cm).

Low pressure ion exchange chromatography was performed using Q
Sepharose fast flow material (strong anion exchanger, Pharmacia),
using a gradient system of water and a I M sodium chloride solution,
or with Pharmacia A 25 material (strong cation exchanger), using an
aqueous tetraethylammonium bicarbonate gradient system. Gel
filtration was performed with Sephadex G-10 material (Pharmacia),
using water as eluent. A P-1 pump, a GP-250 gradient programmer, a
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Frac-100 fraction collector, asingle path monitor UV-l and UV-1/214,
two PSV-100 switch valves (all purchased from Pharmacia) and a Kipp &
Zonen BD 41 recorder were used for ion exchange and gel filtration.
Column chromatography was performed with silicagel 60 (Merck, 230-400
mesh), with dichloromethane/methanol or petroleum-
ether/dichloromethane as eluent.

Gas-liquid chromatography (GLC) was performed on a Chrompack model
438A instrument, equipped with an FID detector and a wide bore glass
capillary column (50 m, i.d. 0.7 mm) coated with SE 30 (1 gm film
thickness). Nitrogen was used as the carrier gas, while the oven
temperature was programmed from 70 to 180 °C at 15 °C/min. The
temperature of the detector and injector were 250 and 140 °C,
respectively.

LC-MS spectra were recorded on a Nermag R1O-1OC quadrupole
instrument, equipped with a TSP ion source (Nermag), which was
coupled with the liquid chromatography system via a Vestec TSP
interface. The mass spectrometer was operated in the positive ion
mode. The temperature of the TSP vaporizer ranged from 250 to 260 °C
during gradient elution, while the ion block was maintained at 230
OC. The scan time was I s for m/z 100-450. The liquid chromatography
system comprised an RP-18 reversed phase column with 0.1 M aqueous
ammonium acetate and methanol in varying ratios as eluent.

Electron impact mass spectra were recorded on a VG70-250S mass
spectrometer in low resolution mode (RPIOOO, 10% dal); m/z 25-500,
source temp. 300 °C, electron energy 70 eV, direct inlet. The mass
spectrometer was coupled to a HP 5890A gas chromatograph, equipped
with a CPSIL 5CB fused silica capillary column (length 50 m, diam.
0.32 mm, film thickness 0.5 pm).

Fast Atom Bombardment mass spectra were recorded at TNO-CIVO, Zeist,
The Netherlands, on Finnigan Mat90 mass spectrometer.

1H- and 13 C-NMR spectra were recorded at 30 °C using a Varian VXR
400S spectrometer operating at 400.0 MHz and 100.6 MHz, respectively.
All spectra were obtained in the Fourier Transform mode, typically
with parameters similar to the following:
for IH: sweep width 6000 Hz, digital resolution 0.25 Hz, pulse flip

angle 50 to oO degrees, pulse interval 73,
for 13C: sweep width 20000 Hz, digital resolution I Hz, pulse flip

angle 50 to 60 degrees, pulse interval 25.
Chemical shifts are given in ppm relative to TMS. When DMSO-d6 was
used as a solvent, the solvent signal at 2.525 ppm (residual DMSO-d5 )
served as reference for IH, whereas the signal at 39.6 ppm served as
a reference for 13C. When CDCI 3 was used as solvent, the solvent
signal at 77.1 ppm served as reference for 13 C. When D20 was used as
a solvent, the signals of 3-(trimethylsilyl)-l-propane-sulfonic acid
fDSS) served as a reference for 1H and 1 3C. The inaccuracy of the I'-
H couplings is estimated at 0.3 HL.



Gamma irradiations with a 6
0
coba]t source were performed with a

Gamma cell 100, Atomic Energy of Canada Ltd, Ottawa, Canada.

Radioactive products on TLC plates were scanned with a Berthold model

LB 2723 DC scanner, equipped with a windowless proportional counting
tube. Radio-GC was carried out on a Packard model 438 gas
chromatograph, equipped with a wide bore capillary glass column (30
m, i.d. 0.7 mm) coated with SE 30, and a modified flame ionization
detector. The detector outlet was connected to a simple fraction
collecting device by means of a piece of teflon tubing which was
heated electrically. Packard Carbo-Sorb was used as the S02 trapping
solution (20 ml per GC fraction collected). Radioactivity
measurements were performed on a Packard Tri-Carb Series 4000 Minaxi
liquid scintillation spectrometer with Picofluor (Packard) as the
scintillation cocktail; counting efficiencies ranged from 90 to 94%.
Solutions of the labelled compounds in dichloromethane were measured
(100 jil), or 1 ml aliquots of the Carbo-Sorb trapping solution.

11.3. 1355]utard gas

11.3.1. Synthesis of t3 5Shmustard gas (first batch) (50)

Hydrogen [3 5S]sulfide, cold hydrogen sulfide and ethylene oxide were
handled and transferred in a vacuum manifold system evacuated to a
pressure of 10-3 mmHg. The manifold consisted of a vacuum line to
which were connected a reaction flask, the break-seal ampoule
containing labelled hydrogen sulfide, a graduated flask with cold
hydrogen sulfide and an ampoule containing the cooled ethylene oxide
stock. A mercury manometer was used to measure the pressure of the
various gases in the system as a means of determining their relative
quantities. The reaction of hydrogen sulfide with ethylene oxide was
initiated by irradiation with a 500 W halogen lamp, controlled by a
thyristor power regulator. The lamp was a cheap general purpose type,
purchased on a home-worker market. No further specifications or
indication of type and brand name were stated on its casing.Hydrogen
sulfide (22 ml at 25 OC) was admitted to the evacuated manifold from
the calibrated flask and condensed into the 30 -1 re-olon fla-k by
cooling the flask in liquid nitrogen. After disconnecting the
graduated flask from the manifold, hydrogen sulfide was allowed to
evaporate into the manifold in order to saturate all possible traces
of grease etc. In this way any subsequent loss of labelled material
by absorbtion was minimized. Next the break-seal ampoule containing
the hydrogen [3 5S]sulfide was cooled in liquid nitrogen and opened,
thus condensing the unlabelled compound with the labelled one in the
ampoule. The diluted radioactive hydrogen sulfide was condensed into
the reaction flask, the break-seal ampoule was shut off from the
system, and the pressure of the gas was measured after the system had
adopted room temperature. Hydrogen sulfide was recondensed into the
break-seal ampoule and the ampoule was closed temporarily. Ethylene
oxide was evaporated slowly into the manifold from the liquefied
stock until slightly more than twice the pressure of hydrogen
sulfide. Finally both ethylene oxide and diluted labelled hydrogen
sulphide were condensed into the reaction flask and the entire system



was heated with a hot air blower for ten minutes to facilitate
complete transfer of the reactants.

The reaction flask was then sealed off with a flame and removed from

the manifold, after which it was allowed to slowly reach room
temperature. The small amount of mobile liquid which remained on the

bottom of the flask at room temperature evaporated completely when
the flask was heated with a photo lamp to 80 °C, as measured with a
thermocouple probe attached to the irradiated outside surface ot the

flask. In the course of the heating perioo a condensate reappeared.

this time as a viscous liquid. After 48 h the reaction was considered
to be complete and the flask was cooled and 3pened.

Dichloromethane (I ml) was added and a 1 , sample of the solution

was removed for analyses. The flask was equipped with a magnetic
stirring bar and a reflux condensor connected to a drying tube. The

solution was refluxed for a few minutes to drive off any remaining
hydrogen sulfide and/or excess ethylene oxide. No escaping
radioactive gases were detected, which indicated the completeness of
the reaction. Next the reaction flask was cooled by immersion into an

ice bath and 0.1 ml of thionyl chloride was added at once with
stirring. After 2 minutes the evolution of gas ceased and another 0.1
ml of thionyl chloride was added, followed after 2 min by a final

portion (0.4 ml). This last addition of thionyl chloride did not
cause any evolution of gas. The reaction mixture was allowed to reach
room temperature in the course of ca. 1 h. Finally it was refluxed
with stirring for I h at a bath temperature of 50 °C.

After GC analysis, which confirmed the completion of the reaction,
the major part of the dichloromethane was removed by distillation at

atmospheric pressure. The last traces of solvent and excess thionyl
chloride were removed by vacuum distillation at room temperature and
the -rude mustard gas was separated from high boiling byproducts by

distillation at 80 oC/10-
2 
mmHg in a short path micro distillation

apparatus. The yield of crude product was 81 mg, or 51%. A relati,,ly
large amount of black tarry residue, probably consisting of
polymerization and/or decomposition products, remained in the

distillation flask.

Since GC analysis showed the presence of ca. 15% of a higher boiling

compound, a second distillation was carried out. This time the
distillation apparatus was equipped with a small plug of quartz wool,
acting as a fractionating column. Care was taken to avoid the co-
distillation of the byproduct by keeping the distillation speed as
low as practicable at a bath temperature of 60-70 °C and a pressure
of 0.1 mmHg. Two fractions of 24 and 26 mg respectively were
collected, giving a total chemical yield of pure product of 50 mg
(31.5%).

11.3.2. AUA1y~jU"&,3 5S1thiodiR1yco1

The I ml sample of [
35
S)thiodiglycol, removed from the

dichloromethane solution, was diluted to 10.0 ml with

ii b._ _



dichloromethane. and 100 il aliquots of this solution were counted in
Picofluor. A total activity of 1.035 MBq (2/.9 mCi) was found,
indicating a quantitative recovery (102%) of the radioactivity
purchased as hydrogen [

3 5
Slsulfide.

Radio TLC analyses revealed the presence of a series of radioactive
contaminants. It was suspected that the reaction of hydrogen sulfide
with ethylene oxide had introduced ethoxy groups into the
thiodiglycol, thus providing a possible explanation for the TLC
pattern found The formation of these byproducts had not been
encountered in previous work under identical reaction conditions
(51). By integration of the peak surfaces a maximum content of 75% of
the desired product was found. To minimize the loss of radioactive
material as much as possible it was decided to purify the final
product mustard gas, rather than the intermediate thiodiglycol.

11.3.3. Analysis ofI 5Mstrga

CC analysis of the crude reaction mixture surprisingly showed a
rather clean chromatogram. Approximately 2% of a single higher
boiling compound was present, and contaminants similar to those
present in thiodiglycol were not observed. After the first
distillation however, the amount of this byproduct had increased to
approximately 15%, as determined by integration of the peak surfaces.
while small amounts of two lower boiling compounds were a! .o present.
Radio-CC (52) gave poorly reproducible results, as the ' !w of
(
3 5

SIS02 tended to be retarded by the heated teflon tubing leading
from the flame ionization detector to the fraction collector. The
resulting memory effect prohibited exact fraction cutting and
determination of the radioactivity in the various effluent peaks. An
approximation of the activity present in the peaks of the impurities
resulted in a quantity of about 15% of the total activity and,
therefore, both the chemical and the radiochemical purity were
estimated to be 85%.

A sample of 20 ng of the product was further investigated with GC-MS
analysis. The mass spectrum (El) of the major peak was identical with
the spectrum of authentic mustard gas. The spectrum of the higher
boiling contaminant was identified as l-(2'-chloroethoxy)-2-(2'-
chloroethylthio)ethane, CI-C 2H4 -0-C 2H4 -S-C 2H4 -CI, by comparison with
the spectrum of material which had been isolated from technical grade
mustard gas. The identification confirmed the previously suspected
formation of byproducts containing ethoxy groups. Radio-TLC analysis
(53) could not separate the byproduct from mustard gas, neither on
silica gel plates nor on reversed phase plates (RF 0.72 and 0.76,
respectively). In both systems only one single spot was detected, in
addition to some tailing on the plates which is not uncommon for
highly radioactive compounds.

After the second distillation the two fractions obtained were
examined with GC analysis again. Only the second fraction contained a
detectable amount of the high boiling impurity, while both fractions
contained small amounts of two lower boiling compounds. Calculation

!XIL.,
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of the peak su'rfaces resulted in a chemical purity of 95%, while the
radiochemical purity was estimated as 98% because only the first of
the two low boiling impurities contained any radioact-vity (< 2%).
The distillation residue contained far more of the high boiling
impurity than mustard gas, which was a further irdication for the
effectiveness of the separation by distillatio-. Due to the above-
mentioned difficulties with radio-GC and radio-TLC no exact figures
could be given.As expected radi,-TLC analyses of the end product
showed again the presence of a single peak in the chromatogram.

The specific activity of the purified mustard gas was determined by
measuring the activity of 10 jil aliquots of a solution of I pl of
fra tions I and 2 in 1.0 ml of dichloromethane. Assuming a density of
musta' gas of 1.27, specific activities of 855 MBq/mmol (23.1
mCi/mml) and 877 MBq/mmol (23.7 mCi/mmol) respectively were found,
giving a radiochemical yield of approximately 27% (corrected for
radioactive decay) and a chemical yield of 31.5%.

11.3.4. Synthesis of [3 5Slmustard zas (second batch)

The synthesis was repeated as described in 3.1, starting with 740 MBq
hydrogen f35 S]sulfide (5.74 GBq/mmol). The material was diluted with
cold hydrogen sulfide to ca. 1 mmol, as described before. Reaction
with a fresh batch of ethylene oxide yielded thiodiglycol in
quantitative yield, but again containing the same impurities.
Chlorination with thionyl chloride afforded a reaction mixture in
whicb higher boiling impurities were absent. However after a first
disti~lation ca. 15% of the higher boiling impurity was detected with
GC analysis. The second distillation removed this impurity, but the
yield was as low as in the first run. A quantity of 45 mg of mustard
gas was obtained, containing only a small amount of volatile
contaminants (purity ca. 98%, GC). The radiochemical yield of the
intermediate thiodiglycol was essentially quan-titative (758 MBq,
purity ca. 75% radio-TLC), whereas 154 MBq of mustard gas was
obtained (574 MBq/mmol, 21%). The chemical yield was 28%.

11.4. Synthesis of mustard gas derivatives

11.4.1. 2-Acetoxyethyl 2'-hydroxyethl sulfide

Thiodiglycol (122 g, 1 mol) was dissolved in dichloromethane (1 1),
together with dry pyridine (7.9 g, 0.1 mol). A solution of acetyl
chloride (7.85 g, 0.1 mol) in dichloromethane (100 ml) was added
dropwise with stirring at room temperature in the course of 1.5 h.
After stirring for another 2 h at room temperature the reaction
mixture was poured into water (250 ml). The organic layer was washed
three times with water to remove excess of thiodiglycol and
pyridinium salts. HPLC analysis (system A) showed almost complete
r.zmoval of thiodiglycol. Distillation of the crude product over a
Fischer microcracking tube column gave 8.7 g (49%' of the desired
product as a thin, colorless oil, b.p. 131-135 OC/2 mmHg. Isothermal
GC analysis at 100 °C of the product on a short (22 m; i.d. - 0.7 mm)
column coated with SE-30, as well as HPLC analysis (system A) showed
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that the purity of the product was ca. 97%, with thiodiglycol and its

diacetate as major contaminants in approximately equal amounts.

IH-NMR in CDC1 3 :

4.24[t,2H,OCH2 1, 3.78[t,2H,Cf 2OHJ, 2.78[t,2H,CH 2SJ 2.771t,2H,SCH2 1,
2.10[s,IH,OH], 2.08[s,3H,CH 3 ]

13
C-NMR in CDC13 :

170.9[C=O], 63.4[OCH 2 ], 60.8[CH20H], 35.2[SCH2 ], 30.3[CH 2S],
20.7[CH 3 ]

Thermospray-LC-MS:

m/z-165[MH+], 182[MNH4+], 224(MNH4
+ 

of di-(2-acetoxyethyl) sulfide]

II.4.2. 2-Acetoxyethyl 2'-chloroethyl sulfide (54)

2-Acetoxyethyl 2'-hydroxyethyl sulfide (20 g, 0.12 mol) was dissolved

in dichloromethane (75 ml) and thionyl chloride (15 g, 0.13 mol) in

dichloromethane (20 ml) was added with stirriug and cooling in ice at
0-3 °C in 45 min. The evolution of gas increased strongly when after
30 min of stirring at 2 'C the temperature was allowed to rise

s..wly. Occasional cooling was therefore re-applied during 2 h until
finally room temperature was reached. The mixture was then gently
refluxed, until no more evolution of gas was evident (45 min).
Evaporation at atmospheric pressure, followed by a simple vacuum
distillation yielded 21.2 g (96.8%) of a slightly yellow oil, b.p.

80-82 °C/0.3 mmHg. GC-MS analysis revealed the presence of ca. 1%
mustard gas and ca. 11% di-(2-acetoxyethyl) sulfide. The product was
purified to a gas chromatographic purity of 99.7% by a second vacuum
distillation over the Fischer microcracking tube column. Yield 17.3 g
(79Z of colorless oil, b.p. 72-74 °C/O.2 mmHg.

IH-NMR in CDC1 3 :

4.23 it,J-6.7 Hz,2H,CH 2OC(0)1, 3.65(m,2H,CH 2CII, 2.92 [m,2H,CH2S1,
2.80 [t, J-6.7 Hz,2H,CH2 S], 2.08[s,3H,COCH 3 1

13C-NMR in CDCI3 :

170.8[CO], 63.6[QH20C], 43.0[CH 2ClI], 34.6[CH 2SJ, 30.9[CH 2S],
20.9[.QH 3 CO]

El-MS (rel.int.):
m/z- 122(32)[Cl-CH2 -CH2 -S-CH-CH2+.], 109(5)[Cl-CH 2 -CH2 -S-CH +],
73(26)[H 2C-CH-S-CH2 +], 63(I1)(CI-CH 2 -CH 2+I, 60(69)[CH3 -COOH 1.
43(i00)[CH 3 -CO+], 27(27)[C 2H3

+ ]

11.4.3. 2-t-Butyldimethylsilyloxyethyl 2'-hydroxyethyl sulfide

ro a solution of thiodiglycol (10 g, 0.082 mol) and triethylamine
(4.7 g, O.)41mol) in ether/acetone (50 ml/20 ml) was added with
stirring t-butyl-dimethylchlorosilane (6.2 g, 0.04 mol) in ether (30

ml) at 20 
0
C. A slightly exothermic reaction raised :he temperature

to 23 IC and cooling was applied to maintain a reaction temperature
of 20 °C. At the end of the addition thiodiglycol separated from the
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mixture and acetone (10 ml) was added to dissolve it again. After
standing for one night CC-MS, IH- and 13C-NMR analysis revealed the
presence of mono-ether, di-ether and thiodiglycol in a ratio of
10:1:3, respectively. The reaction mixture was filtered and
evaporated. The remaining oil was dissolved in ether (150 ml) and the
yield of a preliminary synthesis, containing ca. 9 g of 2-t-
butyldimethylsilyloxyethyl 2'-hydroxyethyl sulfide, was added. A
portion of the latter product had been used for extraction
experiments with water, sodium bicarbonate and sodium carbonate, from
which it was concluded that thiodiglycol could be removed by washing
with water whereas the di-ether content was not changed.

The solution was therefore washed with 3 successive portions of water
(50 ml) and evaporated again. The residue was dried by co evaporation
of water with dry acetone and the residue was distilled at the lowest
possible temperature and pressure in a molecular still. Despite the
poor fractionating power of a molecular still, fractions containing
92% (13.3 g) and 80% (3.0 g) of the desired product were obtained at
a distillation temperature of 100 °C and a pressure of 0.001 mmHg.
The main fractions of the molecular distillation were pooled and
distilled again in the Fischer microcracking tube column, yielding
13.7 g of the desired product (b.p. 91-3 °C/0.l mmHg) with a gas
chromatographic purity of 98%, containing 1.7% of the di-ether.

IH-NMR in DMSO-d6 :
4.74[t,-5.6 Hz,lH,OHI, 3.73It,J-6.9 Hz,2H,CH2OSi],3.54[dt,J-5.6 Hz en
J-6.9 Hz,2H,CH20H],2.64[t,J-6.9 Hz,2H,CH2 S], 2.61[t,J-6.9
Hz,2H,CH2S],2.61[t,J-6.9 Hz,2H,CH2S], 0.89[s,9H,C(CH3 )3 ],
0.07[s,6H,Si(CH3 )2 ].

1 3C-NMR in DMSO-d6 :
62.9[Si-O-C], 61.1[C-OHI, 34.4[S-C-C-OH], 34.1[Si-O-C-C-S], 25.8[C3-
C], 17.9[C3-C], -5.3[Si-C2].

EI-MS:
m/z- 221[M-CH 3 ], 205[M-(CH 3+CH4 )], 179[M-C4H], 163[M-(C 4 H9+CH4 )

111.4.4. 2-Chloroethyl 2'-hydroxyethyl sulfide (semi-mustard
gaal (54)

2-Mercaptoethanol (20 g, 0.25 mol; 95.5% purity) was dissolved in
methanol (150 ml, 0.005% water). Sodium hydride (ii g, 0.25 mol, 60%
suspension in mineral oil) was added in portions with stirring and
cooling in ice within 10 min. After the addition of 1,2-
dichloroethane (150 ml, 0.005% water) the solution was left for 5
days in a refrigerator at 5 0 C. Next, precipitated sodium chloride
was removed by decanting the solution, which was then evaporated at
20 0C/15 mmHg. The residue was dissolved in ether (200 ml) and the
solution was washed with ice water (50 ml), dried over MgSO4,
filtered and evaporated again. The residue was quickly washed with
petroleum ether (4 x 50 ml, 0.004% water) to rerove the mineral oil.
After degassing the residue for 10 min at 20 °C/15 mmHg, ca. 10 g of
crude product remained (28.5%) which was immediately redissolved in
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ether (200 ml). The gas chromatographic purity was 95%. Precipitated
decomposition products were removed by filtration before using the
product for further syntheses. The product was deemed too unstable
for complete analysis. It was identified by means of CC-MS analysis.

EI-MS:
m/z- 140 (M+-), 109 (ClCH2CH 2 SCH2+'), 104 (M'-HCI)

11.4.5. 2- TrimethylsiiLdoxyethyl 2'-chloroethylsulfide

A solution of semi-mustard gas (ca. 10 g) in ether (200 ml, 0.005%
water) was cooled to -60 °C and triethylamine (7.2 g, 72 mmol, 0.01%
water) was added with stirring in the course of 10 min. Next a
solution of bromotrimethylsilane (10 g, 72 mmol) in ether (50 ml) was
added dropwise. The reaction mixture was stirred for 2 h at -50 °C
and was left at -20 °C for 2 days. After bringing the mixture to room
temperature, the precipitate was removed by filtration. The filtrate
was evaporated at reduced pressure and the residue was vacuum
distilled. The yield of colorless liquid was 10.0 g (19% overall
boiling point 61-2 °C/0.6 mmHg. The purity according to CC- and ?AC-
NMR analysis was 93 and 88%, respectively, the main impurity being
semi-mustard. The lower purity as determined by NMR was probably due
to traces of water in the NMR solvent, which caused partial
hydrolysis of the product. Redistillation of the product in the
Fischer column did not improve the quality of the product.

Elemental analysis (C7 HI7ClOSSi; M.W. 212.5):
Calc.: C 39.23% Found 39.36 ± 0.14%

H 7.95% 8.00 ± 0.05%
CI 17.13% 16.89 ± 0.23%
S 15.85% 15.45 ± 0.37%

IH-NMR in CDC1 3 :

3.75[t,J-6.6 Hz,2H,CH2 -OSi], 3.66[m,2H,CH2-Cl], 2.90[m,2H,SC 2 -
CH 2Cl], 2.69[t,2H,J-6.6 Hz,SCH 2CH 20], 0.13 [s,9H,Si(CH 3 )3 1

1 3
C-NMR in CDC1 3 :

62.3 [t,CH20Si], 42.6[t,CH2Cl], 34.2[t,SCH2 ], 34.1[t,SCH 2 ],
-1.0[q,Si(CH3) 3]

EI-MS (rel.int.):
m/z- 176(15)[M-HC1] + , 

ll6(4)[H2C-CH-O-Si(CH3)3]+ .,

I03(56)[H 2COSi(CH 3 )3 ]+, 93(35)[(CH 3 )2SiCl]
+ , 73(I00)[(CH3 )3Si]

+

11.5. SYnthesis of guanine and adenine adducts

11.5.1. N7 -(2'-Hydroxyethylthioethyl)-guanine (30)

Guanosine (4.8 g, 16.8 mmol) and mustard gas (3.3 ml, 27.6 mmol) in
acetic acid (60 ml) were reacted at 100 "C. A clear solution was
obtained after 30 min and heating was continueu for a total period of
2 h. After cooling, a small amount of solid material precipitated,
which was collected by filtration. The filtrate was subjected to
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evaporation at reduced pressure, which caused the precipitation of
large amounts of a very fine off-white solid after a short time. This
material was also collected by filtration and the filtrate was
evaporated to dryness. After addition of 1 N aqueous HCl (50 ml) to
the residue, the solution obtained was extracted with dichloromethane
(4 x 10 ml) in order to remove excess mustard gas. Both batches of
solids were added to the washed solution, using another 50 ml of i N
HCl to rinse the filters. The combined solutions were heated at 100
°C for 1 h and aqueous hydrochloric acid was removed by evaporation
at reduced pressure. Next the residue was dissolved in water (100 ml)
and the solution was neutralized with conc. ammonia (ca. 5 ml). The
resulting light brown precipitate was collected by filtration and
subsequently extracted with 400 ml of boiling water. The remaining
insoluble brown material was filtered off and the filtrate was rooled
in ice. The precipitated product was collected. After drying in a
vacuum desiccator, a total of 2.1 g of product resulted. According to
thermospray-LC-MS analysis the product consisted mainly of the title
compound (54%; m/z-256,MH+), together with guanine (34%;
m/z-152,MHH), traces of the di-adduct (m/z-389,MH+;4ll,MNa+ ) and some
further impurities (12%). The insoluble material contained guanine,
together with a small amount of the title compound, a considerable
quanitity of a product that eluted somewhat later, possibly the
corresponding di-adduct, and finally, large amounts of a great number
of compounds, eluting only when 100% methanol was used. An amount of
100 mg of raw material was purified on the reversed phase Lobar
columa in batches of 20 mg each, which were dissolved in I N HC
prior to injection onto the column. Elution took place at a flow rate
of 4-6 ml/ min with 25 mM NH4 HC03 in 25% methanol/water. A total of
45 mg of purified product was obtained by evaporation of the pooled
product eluates. This material was further purified by
recrystallization from boiling water, which removed an unidentified
brown material, together with impurities probably originating from
the column. A white crystalline material (35 mg) resulted after
drying in a vacuum desiccator, which had a purity of 97% according to
HPLC analysis (system A) at 254-300 nm. No impurities were detectable
with 1H- or 13C-NMR. M.p.: decomposition >280 °C. Decomposition above
280 °C has also been reported by Brookes and Lawley (30).

IH-NMR in DMSO-d 6 :
I0.83[bs,lH,NH], 7.94[s,lH,C8HJ, 6.17[s,2H,NH 2 ], 4.78[t,J-5.3 Hz,OH],4.35 [t,J-6.7 Hz,CH2 N], 3.54[dt,J-±5.6 Hz and 6.5 Hz,2H,CJ2OH],2
.97[t,J-6.7Hz,2H,N-C-CH

2 S] , 2.59[t,J-6.7 Hz,2H,SCH2 -C-OH ]

13C-NMR in DHSO-d 6 :
160.21C4], 154.6[C6], 152.8[C2], 143.5[C8], 107.9[C5], 60.8[CH 2OH],
46.0 [NCH 2], 33.8[SH 2-C-OH], 32.2[N-C-QH2S]

Thermospray MS:
m/z-256(M&), 270 (MH

+ 
of product methylated at hydroxyl group;

occurs when MeOH is present in eluent), 298(HH+ of product acetylated
at hydroxyl group during thermospray).
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UV spectra:
pH-I : 249 nm (max)
pH-7 : 284 nm (max)
pH=12: 280 nm (max)

11.5.2. Di-(2-guanin-7'-yl-ethyl) sulfide (34)

Mustard gas (0.5 ml, 4.2 mmol) was suspended in a solution of
guanosine-5'-phospate di-sodium salt trihydrate (2 g, 4.3 mmol) in
water (20 ml). The mixture was stirred magnetically at room
temperature for 24 h, during which time the mustard gas slowly
dissolved. After the addition of water (10 ml) and conc. HCI (2 ml)
the solution was heated at 100 °C for I h. The hydrolyzed reaction
mixture was left at room temperature overnight and the precipitated
solid material was collected by filtration. LC-MS analysis revealed
the presence of guanosine (m/z - 152,MH+), N7-(2 '-
hydroxyethylthioethyl)-guanine (m/z -256,MH+), and of the
corresponding di-adduct (m/z -389,MH+). Three successive extractions
with diluted HCI (pH 2) during 15 min left a product containing 86%
di-adduct. The product was combined with crude product from a similar
experiment and was recrystallized from boiling aqueous HCl (pH 2).
After drying 115 mg of product was obtained (HPLC 97%, 285 nm; system
A), m.p. 230 °C (decomposition). The IR spectrum clearly showed that
the di-adduct was obtained as its hydrochloride salt and the product
was stored in that form at -20 0C, to minimize the risk of possible
instability of the free base.

IH-NMR in CF3COOD:
8.95fs,2H,2C8H], 4.86[bt,J- ± 5 Hz,4H,2NCH 2 ], 3.27[bt,J- ± 5
Hz,2CH2 S]

13C-NMR in CF3COOD (signals of CF30OOD at 115.7 and 162.9 ppm were

used as reference):
154.6[C6], 154.0[C2], 145.9[C4], 140.7[C8], 109.5[C5], 50.0[NCH 2 ],
32.1 [CH2S]

Thermospray MS:
m/z- 389 (MH+), 411(MNa+ )

UV spectra:
pH-1 : 249 na (max)
pH-7 : 284 nm (max)
pH-12: 280 nm (max)

11.5.3. Synthenis of 06-(2'-hydroxyethylthioethfl)-2''-
deoxyguanos ine

11.5.3.1. 3'.5'.N2-Triacetyl-2''-deoxyguanosine (55)

To a suspension of 2'-deoxyguanosine (1.33 g, 5 mmol) in dry pyridine
(200 ml) was added acetic acid anhydride (4.6 ml, 50 mmol), 4-
dimethylaminopyridine (60 mg, 0.5 mmol) and triethylamine (7.6 ml, 50
mmol). The mixture was stirred for 20 h at 50 0C. Next, 50 ml of
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reduced prcssure and another 100 ml of water was added. Water was
evaporated under reduced pressure until crystallization occurred.
Yield:70% of yellow needles (1.4 g, 3.5 mmol) The purity of the
product was confirmed by 1H-NMR spectroscopy. M.p.: 203-206 0C
[litt.(5S): softening at 190 OG; decomposition at 225 'Cl.

1HNRin DlISO-d 6 :
l1.7[s,lH,Nj], 8.2[s.lH,H8], 6.21t,lH,Hl'; 5.3[d,lH,H3'],4.2-
4.3[m,3H,H4',H5' ,H5"], 3.0,2.6[m,2H,H2' ,H2"] , 2.2 [s,3H,NC(0)GH 3],
2.l[s,3H,OC(0)CH3], 2.05[s,3H,OC(0)CH3].

1CNRin DMSO-d6 :
173.5, 170.1 and 169.9(3.Q(Q)CH3 ], 154.8[C6], 148.4[C4],
148.O[C2],137.4[C8], 120.4[C4], 83.0[Cl'1, 81.8[C4'], 74.4[C3'1,
63.6(C5' j,35.8 [C211], 23.8,20.8,20.6(3CH3 ).

Thermospray-LC-MS:
m/z- 394(MHWD, 4l6(MNa+), 432(MK+).

UV spectrum (methanol):
Maximum at 256.5 (255) rn; minimum at 224.5 (224) nm; shoulder at
277.5 (278) rim. [Values from litt.(55) between brackets)

11.5.3.2. 3'.5'.N2-Triacetyl-06-(2'-acetoxvethylthioethyl)-2''-
deoxy-guanosine (56,57)

3',5',N2-Triacetyl-2"-deoxyguanosine (0.8 S, 2 mmol) was dissolved in
8 ml of dry dichloromethane. To this solution, 2,4,6-
triisopropylbenzenesulfonyl chloride (1.2 g, 4 mmol), triethylamine
(1.2 ml, 8 mol) and dimethylaminopyridine (15 mg; catalyst) were
added. After 30 minutes TLC analysis (eluent 8% methanol in
dichloromethane) showed that the reaction was complete. This is
deduced from the complete disappearance of the 3',5',N2-triacetyl-2"-
deoxyguanosine, spot (Rf-0.l), and the appearance of a new, higher
running spot (Rf-O.8), after vizualization of the spots under UV
light or by spraying with 20% sulfuric acid/methanol and subsequent
heating (which produces black spots). The product was purified by
flash chromatography on a silica gel column (2x8 cm),eluted with
dichloromethane. The intermediate thus obtained was co-evaporated
with dry dioxane to dryness and dissolved in 1 ml of dichloromethane.
2-Acetoxyethyl 2'-hydroxyethyl sulfide (3.3 g, 20 mmol; confer
11.4.1) was added to this solution and the mixture was cooled to 0
OC. 1-Nethylpyrrolidine (0.93 g, 11 mmol) was added and after
stirring for 10 min, l,8-diazabicyclo(5.4.0)undec-7-ene (DBU, 0.23 g,
1.5 mo1) was added. The mixture was stirred for another 2 h. The
solution was diluted with 50 ml of dichioromethane and washed three
times with a saturated aqueous solution of Ammsonium chloride.
Dichlorouethane was distilled off under diminished pressure and the
residue was purified on a column (3x30 cm), which was filled with
silica gel and saturated with a mixture of petroleum-ether 40-60 and
dichloromethane (l/l,v/v). This mixture was al.so used to elute apolar
impurities from the column, as could be checked with TLC. After this
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purification step the column was eluted with dichloromethane and

methanol. The proouct was eiuLed with a gradiel,L start.f6 WLt ii
dichloromethane and ending up with 10% methanol in dichloromethane.
The isolated product was still contaminated with starting material,
as was shown with IH-NMR. Further purification was not deemed
necessary.

11.5.3.3. 06-(2'-Hydroxyethylthioethyl)-2''-deoxyuanosine

After preparing a saturated solution of 3',5',N2-triacetyl-06-(2'-
acetoxyethylthioethyl)-2"-deoxyguanosine in dioxane in a 100 ml round
bottom flask, just enough aqueous ammonia (25%) was added to obtain a
homogeneous solution. The flask was closed and set aside at 50 °C for
16 h. Next, the mixture was evaporated to a small volume. A final
purification of the product was obtained by means of gel filtration
on a G-10 column. The column was eluted at a rate of 1 ml/min and 10
ml fractions were collected. The title compound was collected in
fractions 33-47 (checked with HPLC). The combined fractions were
concentrated to a small volume and lyophilized. Some fractions which
still contained N2 acetylated product were heated again with
concentrated ammonia and once more purified on the G-10 column. The
lyophilized product is a white fluffy material. The total yield,
starting with 2 mmol of 3',5',N2-triacetyl-2"-deoxyguanosine was 90
milligrams (0.24 mmol, 12% overall yield). The product is very
hygroscopic and liquefies within minutes when exposed to air. It was
stored in a sealed flask in a refrigerator. According to IH-NMR the
purity of the product is > 95%.

IH-NMR in D20:

8.04[s,IH,H8], 6.31[dd,J-ca.7 Hz,Hl'], 4.64 [m,H3'1, 4.62[t,J-6.3
Hz,OCH2 ], 4.16[m,H4'], 3.82[m,H5',H5"I, 3.79[t,J-6.4 Hz,CH2OH],
3.04[t,J-6.4Hz,CH2 S], 2.85 (t,J-6.3 Hz,CH2 S], 2.53 and
2.80[dd,H2',H2"].

13C-NMR in D20:

163.1[C6], 162.1[C21, 155.2[C4], 141.4[C8], 116.9[C5], 89.8[C4'],
86.9[C4'], 73.9[C3'], 68.7[OCH2], 64.4[C5'], 63.0[0H2], 41.4[C2'],
36.4[SCH2 ], 32.5 [SCH21.

Thermospray MS:
m/z- 372(MH+), 256[MH+ of 06-(2'-hydroxyethylthioethyl)-guanine],
152[MH+ of guanine].

UV spectra :
pH-I 288.5 nm(max), 261 nm(min.), 243 nm(max), 232 nm(min.).
pH-7 281 nm(max), 262 nm(min.), 247.5 nm(max), 228 nm(min.).
pH-13: 281 nm(max), 262 nm(min.), 247.5 nm(max), 227 nm(min.).

11.5.3.4. O6-(2'-Hydroxvethylthioetyl)-guanine

06-(2'-Hydroxyethylthioethyl)-2"-deoxyguanosine (30 mg, 0.08 mmol)
was stirred with 25 ml of 0.1 M HCl for 10 min in a 100 ml round
bottom flask. HPLC-analysis system A) showed that the starting
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m.q-erial had almost complatelv disappeared. Two new peaks wore
visible, probably 06-(2'-hydroxyethylthioethyl)-guanine and guanine.
The reaction mixture was neutralized with ammonia and evaporated
under reduced pressure at 35 'C to a small volume. The residue was
applied to a G-10 column. The product was collected in fractions 70-
88 (12 ml fractions). The combined fractions were concentrated and
lyophilized. The total yield was 8 mg (0.03 mmol, 39% yield).
According to IH-NMR the purity of the product was >95%.

IH-NrNT in DMSO-d 6 :
7.84[s,IH,H8], 6.2[s,2H,NH2 J, 4.56(t,2H,CH201, 3.61[t,2H,CI 2QH,
2.96[t,2H,CH2S), 2.72[t,2H,SCH2 ].

13C-NMR in DMSO-d6 :
159.7, 139.0, 65.1[OCH2J, 61.0[CH2OH), 34.3fSCH2 ], 30.l[SCH2].

Thermospray MS:
m/z- 256(MH+),278(MNa+),l52(MH+ of guanine).

UV spectra:
pH-i : 287.5 nm(max), 253 nm(min.)
pH-7 : 281.5 nm(max), 258 nm(min.), 239.5 nm(max), 228 nm(min.).
pH-13: 284 nm(max), 258 nm(min.), 245 nm(sh).

11.5.4. N3-(2'-Hydroxyethylthioethyl)-adenine (30)

Adenosine (5.0 g, 18.7 mmol) was suspended in acetic acid (65 ml) and
mustard gas (3.5 ml, 29.3 mmol) was added. The mixture was stirred
and heated to 100 °C. When the temperature had reached 75 °C a clear
solution was obtained which was heated for an additional 1.5 h at 100
°C. After cooling and standing overnight at room temperature a small
amount of solid material precipitated. The mixture was evaporated at
reduced pressure, yielding a semi-solid brown residue. After addition
of 1 N HCI (65 ml) the relatively large excess of unchanged mustard
gas was extracted with dichloromethane (4 x 10 ml) and the washed
solution was heated at 100 °C for 1 h. After 30 min thermospray-LC-MS
analysis showed the presence of adenine (m/z- 136,MH+), together with
two new compounds which eluted later. Both products showed MR+ at
m/z- 240, corresponding with (2'-hydroxyethylthioethyl) adducts of
adenine.

After cooling and evaporntion to dryness the residue was taken up in
water and the solution was neutralized with concentrated ammonia,
which caused the colour of the solution to darken. After partial
evaporation, the solution was left at room temperature during the
night. The reaction mixture was evaporated to dryness after
filtration and the residue was taken up in warm ethanol/water (6:1,
v/v). Upon cooling, a second batch of solid was obtained, which
consisted largely of inorganic material (NH4 Cl). The mother liquor,
which was freed from more inorganic material by evaporation,
dissolving the residue in methanol and precipitating with twice the
volume of dichloromethane, was finally evaporated. The crude dark
brown residual reaction mixture, containing adenine and the two
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adducts, was dissolved in water (5 ml). Small amounts of both adducts

tentatively identified as the N3-and the N9-adducts by means of IH-
NMR. A larger amount of the N3-adduct was isolated by means of liquid
chromatography of 10 portions of 0.5 ml each on a reversed phase
Lobar column (cluens 25% Me0H, 25 mM NH4HCO 3, flow 6-10 mi/mm.,
detection at 254 nay. Thbe combined fractions were evaporated at
reduced pressure and the residual N3-adduct was freed from column
material by extraction with water. Zoe pooled extracts (5 ml) were
chromatographed again on the Lobar column, Subsequent evaporation,
extraction and freeze drying yielded 51 mg of pale brown solid
material. HPLC analysis confirmed the absence of adenosine 'qnd 149-
adduct, purity ca. 98%. M.p. : slow discoloration to 187 OC, melting
and rapid decomposition >188 OC. The product partially turned brown
during freeze drying. This same discoloration was observed earlier in
different stages of synthesis runs. However, small amounts of 143-
adduct remaining in glasF ware and on filters did not turn brown on
exposure to light and air for several weeks.

'HNM in DMS0-d6 :
8.37[s,lH,C2H], 7.9[b,2H,14H2], 7,78[s,IH,C81], 4.49(t,J-6.7
Hz,2H,NCH2], 3.56 [t,J-6.7 Hz,2H,CMf2 OHI, 3.12(t,J-6.7 Hz,2H,N-C-
C!H2 S]. 2.64[t,J-6.6 Hz,2H,SCH2 -C-OH)

1CNRin DMSO-d
6 :

155.1[C6], 152.4[C8], 149.5[C4], 143.81C2], 120.3[C5], 60.8[CH 20H],
49.0[NCH2 ], 33.9[SQH2 -C-O14], 30.3[S.QH 2 -C-N)

Thermospray MS:

m/z- 240

UV spectra (58):
pH 1 :274 nu (max)
pH 7 273 nm (max)
pH 12: 272 rn (max)

11.6. Synthesisof 2'-deoxxvisanosine 5'-Rhosnhate adducts
with mustard yam

11.6.1. Synthesis of 147-(2--hydroxyethvlthioethyl)-euanosine-
5'-phosnhAte and of di-[2-f(guanosine-5'-phosohate)-7-
yll-ethvll sulfide (59)

In a titration vessel of 150 ml, guanosine-5'-phosphate (400 mg, I
immol) and mnustard gas (0.32 g, 2 mmol) in 100 ml of water were
stirred for 16 h. The pH (4.5) was kept constant during the reaction
time with a pH-Stat using 1.0 N aqueous NaOH as titrating solvent.
The reaction mixture became homogenous after a few hours. At the end
of the reaction the release of hydrochloric acid had stopped since no
further base Was used for titration. According to ion pair HPLC
(214/260 nu; system B) two main products were formed, presumably the
mono- and the di-adduct at the 147-position. The presence of starting
material and thiodiglycol in the reaction mixture was verified by
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means of co-injection. The reaction mixture was extracted three times
w'rh dichloromethane in order to remove any residual miIrard gas, and
was subsequently evaporated until 10 ml of solution was left. The
reaction mixture was first purified on a column (Pharmacia XKI6, 30x2
cm) filled with Sepharose Q fast flow anion exchange material. The
column was filled with an emulsion of Sepharose Q in a mixture of 20%
ethanol/water (off factory). In order to remove ethanol, the column
was flushed with water during I h at a speed of 3 ml/min. About 100
mg of crude reaction product dissolved in water (2 ml) was applied to
the column, using the P-1 pump. Next, the column was washed for 30
min with water, at a flow of 3 ml/mn. In this period the N7-adducts
as well as thiodiglycol were flushed off from the column (HPLC).
Subsequently, the sodium chloride concentration was increased to 1 M
in water in the course of 10 minutes and was kept at this
concentration for the next 20 min in order to elute guanosine-5'-
phosphate from the column. Finally, the concentration was decreased
to 0% NaCI and the column was washed for 1 h with water in order to
prepare the column for the next portion of 100 mg of crude product.
After five runs the fractions containing mono- and di-adduct were
combined and lyophilized. Reversed phase HPLC showed that almost all
of the starting material had been removed.

In ore. - separate mono- and di-adduct, as well as to remove
thiodiglycol ano uniientified impurities, the combined fractions were
rechromatographed on a Lobar C (4 40x37 mm) column filled with Q
Sepharose fast flow material. This column contains much more anion
exchange material than the earlier mentioned column, which was
considered to be necessary for separating the the mono- and di-
adducts. For the gradient system we used two solvents, i.e., solvent
A: destilled water and solvent B: 1 M aqueous NaCI. During the first
90 minutes the column was flushed with solvent A. Then, the gradient
was increased to 1% B buffer in the course of 10 min and eluted for
230 min. Next, the concentration of B buffer was increased to 10% in
30 min and was held at this concentration for another 30 min.
Finally, the amount of B buffer was increased to 30% in 60 min and
then to 100% in the course of 60 min. After the eluent had reached a
concentration of 100% B buffer the column was run for another 60 min.
Next, the salt concentration was decreased to 0% in the course of 60
min and the system was eluted for another 60 min with solvent A in
order to clean the column. The eluent was run at a constant speed of
3 ml/min. This purification step was also done batchwise with the
slowly increasing gradient as described because the capacity of the
column was low for the separation of the mono- and di-adducts, and
for the removal of thiodiglycol. The mono-adduct was collected
between '50 and 580 min after the start of the run, whereas the di-
adduct eluted between 580 and 600 min.

In order to separate the mono- and di-adducts from residual
thiodiglycol and inorganic salts, gel filtration was used as a final
purification step. A column (1 m x 2 cm) filled with Sephadex G-10
matrix was used. Water was used as an eluens at a rpeed of 1 ml/min
and 5-ml fractions were collected. The mono-adduct eluted after ca.
80 minutes (UV detection at 214 nm; chloride ions were detected with
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sil-=' niit ,. The r,-*'ization of this adduct was rather delicate,

h, cause the difference in retention times between product,

thiodiglycol and salts was very small. Therefore, only the first 20

ml (four fractions) contained mono-adduct which was free from salts

and thiodiglycol. Impure fractions were recombined and repurified.

The solutions containing pure mono-adduct were evaporated to a small

volume and were subsequently lyophilized. The product has a white

fluffy appearance and is very hygroscopic. Altogether, 120 mg of the

mono-adduct di-sodium salt was obtained, with a purity of 94% (IH-

NMR).

IH-NMR in DMSO-d6 : 9.60[s,lH,H8], 7.43[bs,2H,NH 2 ],

4.55+3.01+2.66+3.52(all t,J-6 Hz, 8H,NCH 2CH 2SCH 2CH 201, 5.88[d,J--4.6

Hz,IH,Hl'], 4.45[t,lH,H2'], 4.24[t,lH,H3'], 4.16[m,IH,H4'],

4.0[m,2H,H2-5']

IH-NMR in D20:

9.28[s,lH,H8], 4.7+3.l(m,4H,NCH2CH2 S], 2.77+3.74[both t,J-

6Hz,SCH2 CH20], 6.09[d,J-3.6Hz,lH,Hl'], 4.7[m,lH,H2'],

4.47[t,J-5Hz,lH,H3'], 4.41[m,iH,H4'], 4.12+4.241m.2H,H2-5'].

13C-NMR in DMSO-d6 :

154.0[C2 or C6], 150.1[C4], 107.3[C5], 156.5[C6 or C2], 137.2[C8],

49.0+31.5+34.0+61.3[NCH2 CH2 SCH 2CH 20], 89.8[Ci'1. 75.3[C2'],

70.1[C3'], 85.0[d,Jpocc-7Hz,C4'], 63.5[d,Jpoc-4Hz,C5'].

13C-NMR in D20:

157.4(C2], 152.5[C4], 110.2[C5], 158.5[C6], 138.9[C8],

51.2+'3.6+36.0-&3.0[NCH2 H2SCH 2 CH2 0], 92.4[Cl'], 77.4[C2'], 72.1[C3'],

86.9[d,Jpocc-8Hz,C4'], 66.0[d,Jpoc0 -4HZ, C5'].

31
p-NMR in D20:

1.60

FAB-MS:
m/z- 468(MH+), 490(MNa

+ )

UV spectra:
pH 1 258 nm (max)
pH 7 : 258 nm (max)
pH 13 266 nm (max)

The di-adduct eluted after ca. 30 min from the G-10 column, which
separated the product easily from inorganic material and

thiodiglycol. A total of 20 mg of the white, fluffy, and very

hygroscopic di-adduct was obtained after lyophilization. According to

IH-NMR, the purity was ca. 90%.

lH-NMR in D20:

9.24[s,IH,H8], 4.7+3.12[m,4H,NCH2CH 2S], 6.09[d,J-4Pz,lH,HI'],
4.7[IH,H21], 4.46[t,IH,H3'], 4.41[m,lH,H4'], 4.12+4.23[m,2H,H2-5']
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1 3
C-NMR in D20:

i57.21C21, 152.5[C4j, 110.2[C51, 158.5[C61, 139[C8],
51.4+33.3[NCH 2CH2 S , 92.4[Cl'J, 77.3[C2'], 72.1[C3'1, 87.0[d,JP0CCH=7

Hz,C4'], 6 6.0[d,JPocH 4 Hz, C5'1.

UV spectra:
pH 1 266 rum (max)
pH 7 260 nm (max)
pH 13 266 nm (max)

11.6.2. 5'-[O-(2''-hydroxyethylthioethyl) phosphatel-2'-
deoxyguanosine (59)

A solution of 2'-deoxyguanosine-5'-phosphate (sodium salt; 175 mg,
0.45 mmol) was dissolved in 0.1 M aqueous triethylammonium
bicarbonate* (15 ml) and acetonitrile (2/1, v/v; pH-7.5). Mustard gas
(100 mg, 0.63 mmol) was added and the reaction mixture was stirred
for 16 h at room temperature. The homogeneous reaction mixture was
extracted 3 times with dichloromethane (5 ml) in order to remove
unreacted mustard gas. HPLC (system C) indicated that ca. 40% (UV
detection at 254 run) of a reaction product had been formed which
eluted more rapidly than the starting material. The product was
isolated by means of chromatography on a column (20 x 2 cm) filled
with Sepharose Q fast flow anion exchange material. After flushing
the column with starting buffer (I mM triethylammonium bicarbonate)
for 1 h at 1 ml/min, the reaction mixture was chromatographed at an
elution speed of 1 ml/min, with a linear gradient up to I M
triethylammonium bicarbonate in the course of 180 min, collecting 5-
ml fractions. The reaction product was detected in fractions 22-28
(HPLC). These fractions were concentrated and lyophilized to give 35
mg of reaction product.

IH-NMR in D20:

8.0[s,lH,H8], 3.75+2.62+2.62+3.64[m,8H,POCH 2CH2SCH 2 CH20],6.3[t,lH,HI'], 2.58+2.86[m,IH,H2'], 4.73[m,lii,H3'], 4.23[m,lH,H4'j,

4.03[m,2H,H2-5']

13C-NM in D20:
156.6[C2), 154.4[C4], 119.5[C5], 161.8[C6), 140.7[C8], 86.5{CI'],

41.4[C2'], 74.0[C3'], 8F.5[d, JpOCC=8Hz,C4'], 68.0[d,JpoC-5 Hz,C5'1.
68.2(d,JpOC-4 Hz) + 34.4 (d,JpOCC-7 Hz) + 36.7 +
63.4(POCH2 CH2 SCH2 CH20).

31P-NM in D2 0:

1.1

* A stock solution of 2 M aqueous triethylammonium bicarbonate (pH

7.5) is obtained by bubbling carbon dioxide gas for 8 h through a
mixture of triethylamine (550 ml) and water (1450 ml), cooled at 0
oC. The stock solution can be stored at 0-5 C for several months.
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UV spectra:
pH 1 255 nm (max)
pH 7 : 252 rim (max)
pH 13: 267 nim (max)

11.6.3. Attempted alkylation of 2'-deoxyguanosine 3',5'-cyclic
PhosPhate with mustard gas

A suspension of 2'-deoxyguanosine 3'5'-cyclic phosphate (50 mg,
sodium salt, 0.16 mmol) in a mixture of 0.1 M aqueous triethyl-
-.mmonium bicarbonate (10 ml) and acetonitrile (5 ml) was stirred at
room temperature with mustard gas (100 mg, 0.63 mmol). After a total
reaction time of 16 h, the reaction system had become homogeneous,
whereas the pH had decrtaa.4 to 3.0. The reaction mixture was
extracted with dichloromethane (3 x 5 ml) in order to remove residual
mustard gas. HPLC (system A) and 1H-NMR analysis indicated that a
mixture of approximately six reaction products had been formed.
Attempts to purify the products were not made.

11.6.4. Nl-(2'-Hydroxyethylthioethyl)-2"-deoxyeuanosine

2'-Deoxyguanosine (140 mg, 0.5 mmol) in 0.1 M aqueous
triethylammonium bicarbonate (10 ml, pH 7.5) and acetonitrile (2/1,
v/v) was stirred at room temperature with mustard gas (108 mg, 0.7
mmol). After a total reaction time of 16 h the reaction mixture had
become homogeneous. The reaction mixture was extracted with
dichloromethane (3 x 5 ml) in order to remove residual mustard gas.
HPLC (system A; detection at 254 nm) showed ca. 40% conversion into
two reaction products, eluting at 5.6 and 10.3 min (2'-
deoxyguanosine: retention time 4.5 min). A few mg of each product was
isolated with preparative reversed phase HPLG. The fractions
containing the separated product peaks were evaporated several times
with water in order to remove the volatile bicarbonate buffer.
Finally the residues were co-evaporated with D20 for 1H- and 

1 3C-NMR
analysis. The early eluting product peak appeared to be a mixture of
at least four reaction products, which could not be positively
identified. The late eluting minor product peak was identified with
1H- and 13C-NMR as Nl-(2'-hydroxyethylthioethyl)-2"-deoxyguanosine.

IH-NMR in DMSO-d6:

7.94[s,lH,H8], 4.15+2.7[both t,4H,NCH 2CH2 S], 2.7+3.60[both
t,4H,SCH2 CH2 0], 6.14[,IH,Hl'], 2.22+2.5821H,H2'], 4.36(lH,H3'],
3.83[lH,H4'], 3.55[2HH5'].

13-NMR in DMSO-d6 :

153.5iC2], 149.0[C4], 115.9[C5], 156.3[C6], 135.6[C8],
40.8+28.8+34.2+61.O[NH 2CH2SCH 2CH20] , 82.3[Cl'], 40[C2'), 70.8[C4'],
61.8[C5'].

Thermospray-MS:
m/z- 372 (MW), 256 [MH+ of Nl-(2'-hydroxyethylthioethyl)-guanine]
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UV spectra:

pHi : 261 rm (max)
pH 7 257.5 rum (max)
pH 13: 257.5 rum (max)

11.6.5. Synthesis of ethyl levulinate

A mixture of levulinic acid (58 g, 0.5 mol), anhydrous ethanol (500
ml) and conc. sulfuric acid (I ml) was refluxed for 5 h. Next, the
reaction mixture was poured into a separating funnel, toluene (200
ml) was added, and the solution was washed with aqueous sodium
bicarbonate (7.5%, w/v) and water, cespectively. The combined organic
layers were evaporated to a small volume and the residue was
distilled in vacuo to give 57 g (80%) of ethyl levulinate (b.p. 58
°C/0.2 mmHg).

IH-NMR in CDC13 :
1.25+4.13[CH3CH20], 2.57+2.75[CH2CH2 ], 2.19[C(0)CH 3

11.6.6. Synthesis of ethyl levulinate-(0-2'.3'-guanosine-
acetal) (60)

A solution of guanosine (2.8 g, 1 mmol), ethyl levulinate (2.9 g, 20
mmol), triethyl orthoformate (2.5 ml, 15 mmol), dry N,N-
dimethylformamide (40 ml), and of 7 M hydrochloric acid in 1,4-
dioxane (5 ml) was stirred at room temperature for 24 h. Next, the
solution was poured into 400 ml of et ,sr. The ether layer was
decanted and the oily residue was washed twice with 100 ml portions
of ether. The residue was dissolved in dichloromethane, neutralized
with 2% aqueous NaHC03 , and washed with water. The organic layer was
dried with MgSO 4 and evaporated to a small volume. The oily residue
was recrystallized from acetonitrile to give 2.6 g (63%) of product,
m.p. 261.5- 264 OC [ref.(60): 262-264 °C].

IH-NMR in DMSO-d6 :

10.8[bs,lH,NH], 7.92[s,lH,H8], 6.6[bs,2H,NH2 ], 5.96[d,lH,Hl'],
5.31dd,J-6.5 and 2.3 Hz,IH,H2'], 5.03[dd,J-6.5 and 3.0 Hz,IH,H3'1,
4.13[td, J-5.3 and 3.0 Hz, IH,H4'], 3.52[m,2H,H5'1, 5.0[OH],
1.32[3H,CCH3 ], 2.07+2.46[both t,J-7.5 Hz, 4H,CH2 CH2J,
4.l0+l.22[5H,CH2 CH3 ].

13C-NMR in DMSO-d6 :

153.7[C21, 150.7[C4], 116.8[C5], 156.8[C6], 135.9[C8], 88.4[Cl'],
83.7[C2'j, 81.2[C3'], 86.9[C4'], 61.6[C5'1, 113.7[0C0], 23.6(CH3 ],
33.5+28.3[CH2CH2 ], 172.5[C(0)0I

UV spectrum (methanol):
254 nm mrx; ref.(60): max. at 259 nm (methanol).

LML-
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11.6.7. &_temted alkylation with mustard gas of ethyl.

levulinate-(0-
2
',3'-guanosine-acetal)

Mustard gas (6.3 Al, 0.05 mmol) was added to four NMR tubes, 
each

containing 10 mg (3.025 mmol) of the acetal in 0.8 ml of,

respectively. DMSO-d 6 . DMF-d6 , DMSO-d 6 with a trace of water, and

glacial acetic acid. iH-NMR indicated that no reaction had taken

place after keeping the solutions for 1 week at a temperature 
of 80

OC. The experiment was discontinued.

11.6.8. Kinetics of imidazole ring opening of NT-alkyl-guanosine-

5'-phosphates alkyl - (2'-hydroxy-ethylthioethYl) oQ
mtyl(61-64)

Alkaline solutions were adjusted to a pH of 9.8, 11.2 or 11.4 using

50 ml 0.05 M NaHCO3 and sufficient 0.1 M NaOH (about 
25 ml) and water

until a total volume of 100 ml and the desired pH had been achieved.

All reactions were carried out in quartz cuvettes (ixl cm)

thermostatted at 25 °C. After mixing 2.97 ml of buffer solution 
and

0.03 ml stock solution (4 mg/ml) of N7-alkyl-guanosine-5'-phosphate,

UV-scans were made every 15 or 30 minutes. Half-life times at 
pH 11.2

were calculated from a plot of the log of the difference between 
the

absorbancy at a given time and the absorbancy of the completely

imidazolium ring opened (i.r.o.) compound at a certain wavelength,

assuming (pseudo)first-order kinetics. All kinetic runs were

performed in duplicate. The selected wavelength was 266 nm, which 
is

the wavelength with maximal absorbancy of i.r.o. N7-alkylated

compounds. The absorbancy of the completely i.r.o. compound was

estimated when the difference between two measurements was less than

0.0005 absorbance units. The last measured value then was taken as

the absorbancy of the completely ringopened product. A survey of

maximum wavelengths and pertaining molar extinction coefficients at

pH 11.2 of aqueous ringclosed and completely imidazolium ring opened

(i.r.o.) N7_(2"-hydroxyethylthioethyl)-guanosine-5'-monophosphate-

(N7-HD-GMP) and of the corresponding N7-methyl derivative (N7-Me-GMP)

is given in Table 1.
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Table 1. Maximum wavelengths and pertaining molar extinction
coefficients at pH 11.2 of aqueous ring-closed and
completely imidazolium ring opened (ir.o.) N7-(2"-
hydroxyethylthioethyl)-guanosine-5'-phosphate-(N7-HD-GMP)
and of the corresponding N7-methyl derivative (N7-Me-GMP)

Compound Maximum at Molar extinction coefficient x 10-3

N7-HD-GMP 284 19
252 12.5

N7-Me-GMP 282 19
258 12.5

N7-HD-GMP 266 17
(i.r.a.)

N7-Me-GMP 266 15
(i.r.a.)

11.7. Synthesis of N-acetyl-amino acid-methylamides*

11.7.1. Synthesis of valine-methylamide (65)

11.7.1.1. N-benzyloxycarbonyl-valine-methyl-ester

Triethylamine (12.2 g, 0.12 mol) was added to a solution of valine-
methyl ester hydrochloride (20.0 g, 0.12 mol) in chloroform (170 ml),
cooled at 0 0C. Next, benzyl chioroformate (21.3 g, 0.12 mol) was
added dropwise in the course of 30 min st the same temperature, with
gradual addition of sodium bicarbonate (11.8 g, 0.14 mol). After
stirring for an additional hour at 0 OC, the reaction mixture was
left at room temperature for 5 h. Next, pyridine (8.5 ml) was added,
followed by water (100 ml) 1 h later. The organic layer was washed
with 1 N aqueous hydrochloric acid (3x60 ml) and subsequently with
water until neutral. After drying on magnesium sulfate, the organic
layer was concentrated. The oily residue crystallized after
trituration with ethanol and n-hexane. This yields 23.0 g (72.5%) of
the desired product, m.p. 54-55.5 0C.

Elemental analysis (Cl4Hl9 N04 ,MW 265.3):
Calc.: C 63.38% Found: 63.43-63.50%

H 7.22% 7.26- 7.30%
N 5.28% 5.23- 5.30%

1HNRin CDC13 :
7.27-7.34[m,5H,aromatic H's], 5.30[bd,J-8.9 Hz,lH,NH],
5.ll[s,2H,COOCH2 ], 4.30[dd,J- 4.8 and 8.9 Hz,NHCH],
3.72[s,3H,COOCH 3], 2.15[m,lH,CH(CH 3)2 ), 0.96+0.89[both d,J-6.9
Hz,CH(CH3)2].

* In this report it is assumed that all amino acids have the natural
L-configuration, unless mentioned otherwise.
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13C-NR.~ in CDC13 :
l72.5[C001, 156.3[GONHI, 136.4+128.6+l28.2-128.1[aronatic C's).
67.11C00-CH2 1, 59.1[CHNH], 52.l[C00-QH3 ] , 31.4[.QH(CH 3)2 1]
19.0+l7.6[CH(.QH3 )2 1,

11.7.1.2. N-Benzyloxycarbonvl-valine-methylawide

A 40% aqueous solution of methylamine (15 ml) was added to a solution
of N-benzyloxycarbonyl-valine-methyl ester (3.0 g, 11.3 mmol) in
acetone (5 ml), which resulted in an exothermic reaction. After one
day at room temperature, the precipitated reaction product was
filtered, washed with water and dried. Yield 2.28 g (76%), m.p. 76-77
oc.

IHNM in DMSO-d6 :
7.85[d,lH.NHCH3], 7.42/7.30[m,5H,aromatic], 7.23[djlH,NHC(0)],
5.06[s,2H,CH2 ], 3.8[t,lH,CH] , 2.61[d,3HN1C1], l.96[m,IH,CICH3 ],
0.86(d,d, 61{,CHj3CH].

11.7.1.3. Valine-methylamide hydrochloride

Nitrogen gas was bubbled for 5 min through a solution of N-
benzyloxycarbonyl-valine-methylauide (1.6 g, 6.1 mmol) in methanol
(30 ml). Next, palladium on charcoal (10%;160 mg) and two drops of
concentrated aqueous hydrochloric acid were added to the solution.
Hydrogen gas was led over the vigorously stirred solution for 4 h.
After filtration and evaporation of solvent, the sticky r.esidue was
dissolved in chloroform (3 ml). The solution was extracted with 1 N
aqueous hydrochloric acid (6 ml), 0.5 N aqueous hydrochoric acid (3
ml), and with water (2 ml). The aqueous layers were combined and
neutralized (pH 7). Next, the aqueous solution was extracted 3
times with chloroform, with addition of concentrated aqueous sodium
hydroxide (1 ml) after each extraction. Finally, the combined organic
layers were extracted with concentrated aqueous hydrochloric acid.
The two layers were separated after addition of water (1 ml). The
aqueous Inyer was concentrated, which left 350 mg (44%) of white,
very hygroscopic product, m.p. 159 00.

IHNRin DMSO-d6 :
8.62(bq,lH,NIICH3I, 8.30(bs,3H,NH3+], 3.57[m,lH,CHC(0)],
2.67[d,3H,NHCI 3], 2.09[m,lH,CUJCH3 ], 0.95[d,6H,CU13CH].

1CN in DNSO-d6 :
168.2[C(0)1, 57.5[.QHC(0)], 29.6[fHCH 3], 25.4[CH 3NH],
18.3/18.2[CHCH3]-

Thermospray MS:
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11.7.2. Synthesis of N-acetyl-aspartic acid-l-methylamide

11.7.2.1. N-acetyl-4-aspartic acid-4-benzyl ester (66)

Aspartic acid-4-benzyl ester (6.0 g, 26.9 mmol) was suspended in 30
ml of glacial acetic acid containing 4.2 ml of acetic anhydride. On
heating, the suspension dissolved. The solution was refluxed for 5
min (oil bath at 140 1C). Part of the product crystallized on cooling
to room temperature. Further crystallization occurred after addition
of 30 ml of dry ether and 30 ml of n-hexane. After standing overnight
at 5 OC in a refrigerator the crystals were collected on a glass
filter with suction, washed with 10 ml of ether/n-hexane (1/1, v/v)
and dried in a vacuum desiccator over soda lime and charcoal. Yield
6.30 g (88%), m.p. 258 OC.

Elemental analysis (C1 3H1 5NO5 , MW 265.3):
Calc.: C 58.86% Found: C 58.5 ± 0.3 %

H 5.70% h 5.69 ± 0.02%
N 5.28% N 5.28 ± 0.06%

IH-NMR in DMSO-d6 :

12.8[b,IH,COOH], 8.26[d,J-8.1 Hz,IH,CONH], 7.32-7.43[m,5H, aromatic],
5.13[s,2H,COOCH2 ], 4.64[dt,J-6.0 Hz and 7.6 Hz,IH,NHCU], 2.86 and
2.74[both dd,2H,CH2 ], 1.86[s,COCH3 ]

13C-NMR in DMSO-d6 :

172.3 [COOH], 170.I[OOCH2 ], 169.3[CONH], 136.1, 128.5, 128.1 and
127.9 [aromatic C's], 65.8fCOOH2], 48.6[NHCH], 36.1[QH2COO],
22.4[COCH 3 ]

11.7.2.2. N-Acetvl-asnartic acid-4-benzyl ester-l-methylamide
(67)

To a stirred solution of 5.0 g (18.8 mmol) ' N-acetyl-aspartic acid-
4-benzyl ester and 2.64 ml (18.9 mmol) of ethylamine in 150 ml of
1,4-dioxane was added 1.87 ml (19.0 mmol) of ethyl chloroformate in
the course of 0.5 min. Stirring was continued for 15 min at 11 °C.
Methylamine (1.8 ml of 40% aqueous solution, 19.6 mmol) was added and
stirring was continued for 30 min at 11-15 OC and for 60 min at room
temperature. The precipitate of triethylammonium chloride was removed
by filtration. The solvent was removed in vacuo and the crystalline
residue stirred with 80 ml of water during 2 h. The crystals were
collected on a glass filter, washed with 10 ml of water and dried in
a vacuum desiccator over phosphorus pentoxide. Yield 3.36 g, m.p.
140-141 °C. Another 1.51 g (m.p. 140-141 OC) was obtained after
concentration of the filtrate in a rotation evaporator and treatment
of the residue with 20 ml of water in the same way as above. Total
yield: 4.87 g (93%), m.p. 140-141 °C.

Elemental analysis (C14H18N 204 , MW 278.3):
Calc.: C 60.42% Found: C 60.24 ± 0.05%

H 6.52% H 6.51 ± 0.03%
N 10.07% N 10.01 ± C.02%
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'H-NMR in DMSO-d6 :
8.17[d,J-B.3 IHz,IH.CONHCHI, 7.83[bq,iH,J=4.6 Hz,CONIICH 3 ], 7.31-7.44
(m,5H,aromatic), 5.1ts,2H,CQOCH2] ,4.65[dt,J-6.2 and 8.0 Hz,1H,NHCH],
2.82 and 2.61[both dd,4H,CH2 ], 2.59[dJ=4.8 Hz,3H,NHCLH3],
1.85[s,3H,COCH

3]

13C-NMR in DMSO-d6 :
l70.7[CH.Q0NH], l70.3[C(0)01, l69.3[CH3-Q0NH], 136.2,128.4,128.0 and
127.8(aromatic C's), 65.6[Co0.QH2], 49.4(NHCH], 36.5[.QH 2C001,
25.8[NHCH3], 22.6[COfH3 ]

11.7.2.3. N-Acetyl-asoaric acid-l-methylamide (68)

To a solution of 3.5 g (12.6 mmol) of N-acetyl-aspartic acid-4-benzyi
ester-l-methylamide in methanol (150 ml) 1 g of pall-dium on charcoal
(10%) was added. During 20 min, nitrogen was passed over the
vigorously stirred mixture, followed by a stream of hydrogen during 6
h and again nitrogen during 20 mini. The mixture was filtered through
a glass filter and the filtrate concentrated in vacuo, leaving a
crystalline residue. Thermospray-LC-MS analysis showed the presence
of an impurity identified as the 4-methyl ester of the product (m/z -
203, MH+). The crystals were recrystallized from methanol/ether (1/5,
v/v). According to LC-MS analysis the final product was free from
methyl ester. Yield 2.28 g (96%), m.p. 172-173 0C.

Elemental analysis (C7H12 N204 , MW 188.2):
Calc.: C 44.68% Found: C 44.72 1 0.06%

H 6.43% H 6.4 ± 0.1 %
N 14.89% N 14.86 ±1 0.08%

IHNRin DMSO-d6:
12.2(bs,lH,COOH], 8.08(d,J-8.1 Hz,lH,C0NHCH], 7.74[bq,J"-4.6
Hz,IH,CONiCH3 ], 4.53 (dt,J-6.l and 7.9 Hz,lH,NHCH], 2.66 and
2.46[both dd,4H,CH2], 2.59[d,J-4.6 Hz, NHCHi3], l.86[s,COCH3]

Thermospray LC-HS:
m/z- 189[Nf'j, l7l(MI& H201-

11.7.3. Snthesigf N-acetvl-alutamic acid-l-methylamide

11.7.3.1. N-acetyl-alutamic acid-5-benzyl ester (66)

Clutauic acid-5-benzyl ester (5.0 g, 21.1 mmol) was suspended in
glacial acetic acid (25 ml) containing acetic anhydride (3.5 ml). On
heating, the suspension dissolved. The solution was refluxed for 5
min (oil bath 140 0C). The product crystallized after addition of
ether (30 ml) and cyclohexane (31) ml). After standing overnight at 50C in a refrigerator, the crystals were collected by filtration,
washed with 10 ml of ether/n-hexane (1/1, v/v) and dried in a vacuum
desiccator over soda lime and charcoal. Yield 4.75 g (81%), m.p. 121-
122 OC.
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Elemental analysis (C1 4 17N05 , MW 279.3):
Caic.: C 60.21% Found: C 60.0 ± 0.3 %

H 6.14% H 6.10 ± 0.06%
N 5.02% N 5.07 ± 0.08%

1H-NMR in DMS0-d6 :
12.6[bs,IH,C00H], 8.13[d,J-7.9 Hz,1H,CONH], 7.31-7.45[m,5H aromatic],
5.11 [s, 2H,COOCH2], 4.25[dt,J-5.1 and 8.4 Hz,lH,NHCH],
2.45[m,2H,CH2COO], 2.04 and 1.86 (both m,4H,CHCH 2 ], l.87(s,3H,CH3 ].

13C-NMR in DMSO-d6:
173.3[CO0H], 172.1[QOOCH2 ], 169.5(C0NH], 136.2,128.5,128.1 and 128.0
(aromatic C's], 65.6[C00H2 1, 51.1[NHCH], 30.ItCH2C00], 26.4[CH.QH2],
22.4[CH3 ]-

11.7.3.2. N-Acetvl-elutamic acid-5-benzyl ester-1-Methvlamidt
(67)

Ethyl chloroformate (1.60 ml, 16.2 mmol) was added in the course of
ca. 0.5 min to a stirred solution of N-acetyl-glutamic acid-5-benzyl
ester (4.5 g, 16.1 mmol) and triethylamine (2.26 ml, 16.2 mmol) in
1,4-dioxane (150 ml), cooled at 10 OC with dry ice. Stirring was
continued for 15 min during which the temper~tture was kept beneath 11
OC. After addition of 40% aqueous methylamine (1.56 ml, 16.8 mmol),
stirring was continued for 30 min at 10-15 OC and 60 mnin at room
temperature. The precipitate of triethylammonium chloride was removed
by filtration. The solvent was removed in vacuo and the crystalline
residue stirred with water (50 ml) during 1 h. The crystals were
collected on a glass filter, washed with water (10 ml) and dried in a
vacuum desiccator over phosphorus pentoxide. Yield 3.89 g (83%), m.p.
146-148 OC.

Elemental analysis (C15 H2 0N204 ,M4W 292.3):
Caic.: C 61.63% Found: C 61.86 ± 0.09%

H 6.90% H 6.91 ± 0.09%
N 9.58% N 9.64 ± 0.05%

lH-NMRJ in DMSO-d6 :
7.99(d,J-8.1 Hz,lH,CONHCH], 7.83(bq,J-4.6 Hz,1H,CONHCH3], 7.31-
7.43[m,5H, aromatic], 5.10[s,2H,COOCH2 ], 4.24[dt,J-5.6 and 8.3
Hz,lH,NHCI], 2.60[d,J-4.6 Hz,3H,NHCkI3 ],2.38[t,J-7.9 Hz,2H,CH2COO].
1.96 and l.79[both m, 2H,CHCIi2], l.87[s,3H,COCH3 1.

13C-NMR in DHSO-d6:
172.2[C(0)0], l71.5[CH.Q0NH], l69.4(CH3,0NH], 136.3, 128.5, 128.1 and
128.0 (aromatic C's), 65.5[C00.QH2 ], 51.8[NHCH], 30.2[1H 2C00],
7.3CCH2CH], 25.5[NHCH3], 22.5[.Q0CH3 ].

11.7.3.3. N-Acetyl-alutiniC aid-1-Methylamidec (68)

Palladium on charcoal (10%, 500 mug) was added to a solution of N-
acetyl-glutamic acid-5-benzyl ester-l-methylamide (2.34 g, 8.00 mmol)
in 1,4-dioxane (100 ml). Nitrogen was passed for 20 min over the
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vigorously stirred mixture, followed by a stream of hydrogen during 6
h and again nitrogen during 20 min. The mixture was filtered through
a glass filter and the filtrate concentrated in vacuo. The
crystalline residue was recrystallized from ethanol (10 ml) and ether
(60 ml). Yield 1.47 g (91%) of hygroscopic crystals, m~p. 117-119 OC
(with decomposition).

Elemental analysis (CaH 14 N2 04 ,1MW 202.2):
Calc.: C 47.52% Found: C 47.08 ± 0.03%

H 6,98% H 7.12 ± 0.08%
N 13.85% N 13.16 ± 0.13%

'HJMR in DMSO-d6 :
12.1[s,lH,COOH], 7.96[d,J-8.1 Hz,lH,CONACH], 7.80[q,J-4.4
Hz,lH,CONjCH3], 4.20[dt,J-5.4 and 8,3 Hz,IH,NHCHJ], 2.59[d,J-4.4
Hz,3H,NHGi3], 2.22[m,2H,CH2COOI, 1.90 and 1.72[both m,2H,CHCI 2],
1.87[s,3H,COCH3]

13C-W4M3 in DMSO-d6 :
173.9[COOH], 171.7[CH.Q0NH), l69.4[CH3 -C0NHI, 51.9[NHCH], 30.3(§H2 C00],
27.4[CH.QH2 ], 25.6[NHCH3 ], 22.6[C0;H3]

11.7.3.4. Dicyclohexylandne salt of N-acetl-glu~tamiz acid-I-
atLlail&

Dicyclohexylsaine (0.5 ml, 2.6 mmol) was added to a solution of N-
acetyl-glutamic acid-l-methylamide (0.5 g, 2.5 mmol) in ethanol (10
ml). Crystallization occurred after adding ether (40 ml) to the
stirred solution. The crystals were collected on a glass filter,
washed with ethanol/ether (1/4, v/i') and dried in a vacuum desiccator
over charcoal. Yield 910 mg (96%), m.p. 172-173 0C (with
decomposition).

Elemental analysis (C20H3 7N3 04 , MW 383.5):
Calc.: C 62.63% Found: C 61.56 ± 0.05%

H 9.73% H 9.7 ± 0.2 %
N 10.96Z N 10.9 ± 0.2 %

11.7.4. Synthesis of N-a-acetyl-histidine-methylamide

11.7.4.1. N-a-acetvl-histidine-ethyl ester hydrochloride (69)

Acetyl chloride (4.4 g, 56 mmol) was added dropwise to a solution of
N-a-acetyl-histidine monohydrate (3.57 g, 17.4 mmol) in dry ethanol,
cooled with an ice bath. After setting the solution aside overnight,
it was heated at 60 OC for 2 h. Next, the solvent was evaporated in
vacuo and the solid residue was redissolved in ethanol at 60 OC
After cooling to 40 0C, ether (30 ml) was added dropwise. The
solution was decanted after standing overnight in the refrigerator.
After repeating this treatment twice, the solid residue was dried in
vacuo, to give 4.1 g (94%) of the desired product, which was
considered to be sufficiently pure for use in the next reaction step.
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Elemental analysis (G10H16 C1N303 , MW 261,7):
Cale.: C 45.89% Found 43.00 ± 0.08%

H 6.16% 6.24 + 0.02%
N 16.06% 15.51 ± 0.05%
Cl 13.55X 13.83 ± 0.06%

IH-NMR in DMSO-d6 :
l.85[s,3H,CH3CO], l.15[t,J-7.lHz,3H,CH3C], 3.07[dd,J-9.3 and 15.1
Hz,lH,CHH], 3.15[dd.J=5.6 and 15.1 Hz,lH,CHH], 4.09[s,2H,OCH 2C),
4.55[ddd,J-5.6,7.5 and 9.1 Hz,1H, CIICH2I, 7.45[d,J-l.2 Hz,lH,C-CH).
9.06[d,J-l.4 Hz,lH,N-CH], 8.60[d,J-7.5 Hz.lH.NHC-O), 14.7(broad,2x
NH).

11.7.4.2. N-ca-acetyl-histidine-methvlamide (70)

N-a-acetyl-histidine-ethyl ester hydrochloride (3.04 g, 11.6 mmol)
was dissolved in 40% aqueous methylamine (15 nml). After 2 h a thick
precipitate had formed. Anhydrous ethanol (5 ml) was added and
solvents were removed after 24 h in a rotafilm evaporator. The
residue was dissolved in ethanol (15 ml), which was evaporated after
24 h. After repeating the latter treatment twice, methanol (10 ml)
was added to the residue, and precipitated salts were filtered.
Acetone was added slowly to the filtrate until the solution became
slightly turbid. Upon cooling to 5 OC, a precipitate had formed which
was filtered, washed with methanol/acetone (1/1, v/v) and with
acetone. The air-dried precipitate was recrystallized twice from
methanol to giva 1 'i g (64%) of product, m.p. 255-256 OC [with
decomposition; ret.iU: . 260 0 C].

Elemental analysis (C9 Hl4N402 ,HW 210.2):
Calc.: C 51.41% Found: 51.22 ± 0.04%

H 6.96% 6.94 ± 0.02%
N 26.66% 26.36 ± 0.01%
Cl 0.00% <0.01%

1HNRin DMSO-d6 :
l.83[s,3H,CH3CO], 2.57(s,3H,CH13NH], 2.74[dd,J-8.6 and 14.7
Hz,lH,CHH), 2.91 (dd,J-5.4 and 14.9 Hz,1H,CHH), 4.41[dt,J-5.4 and 8.4
Hz,CHCH2], 6.75ts,lH,C-CH), 7.51[d,J-l.2 Hz,lH,N-CH], 7.77[bq,J-4.6
Hz,lH,NHCH3 ], 8.00[d,J-8.l Hz,lH,NHC-O[, ll.7[broad,>NH].

1CNRin DNSO-d6 :

30.0fC9H 2CHI, 26.5[1CH3NI], 23.l1g-H3C0)

Thermospray LC-MS:
m/z-211 (I4H+), 193 (MIW+-H20).

UV) spectrum (methanol):
Maximum at 213 nm.
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11.7.5. Synithesis of N-acetyl-methionine-methvlamide

11.7.5.1. N-acetyl-m~ethionine-ethy-l ester

N-acetyl-methionine (2.0 g, 10 mmol) was added to a solution of
acetyl chloride (4 ml) in dry ethanol (40 ml), cooled at 4 OC. Next,
the solution was stirred for 24 h at room temperature and
concentrated in vacuo after an additional period of stirring at G0
OG. According to 1H-NMR, the sticky residue (2.2 g, 96% yield)
contained ethanol as the only significant impurity. Therefore, it was
used without further purification for conversion into the
methylamide.

IHNRin DMSO-d6:
4.70[bs,H,CH]j, 4.22[q,J-7.1 Hz,2H, * 12CH3 1, 2.6O[m,2H,CH2S1,
2.40[s,3H,SCH3 ], 2.19[m,2H,GH 2CS], 2.ll(s,3H,CH3 C(O)], l.30[t,J-7.I
Hz,3H,OCGH 3 ].

11.7.5.2. N-acetyl-methionine-methylamide

Aqueous methylamine (40%) was dropped on sodium hydroxide pellets.
The evolving gaseous methylanine was dried over similar pellets in a
Crying tower and was led through a solution of N-acetyl-methionine-
ethyl ester (2.2 g, 10 mmol) in dry ethanol (15 ml) for 30 min at
room temperature. After an additional 60 h reaction time at room
temperatureR. the solvent was remo-!ed --n vacuo in a rota-vapor. The
solid residue was treated with dichloromethane, and the remaining
solids were removed by filtration. Evaporation of solvent from the
clear filtratc left 1 *91 & of c-rude product, which was recrystallized
twice by dissolution in ethanol, addition of n-pentane until slight
turbidity, and cooling overnight at -18 IC. Yield 0.8 g (39%), m.p.
179-180 OC.

Elemental analysis (C8H1 6 202S, MW 204.2):
Calc.: C 47.0% Found: 46.04 + 0.12%

H 7.9% 7.84 ± 0.07%
N 13.7% 13.57 ± 0.04%

'HNRin DHSO-d6 :
8.Olfd,i-7.9 Hz,lH,NiCH), 7.82[bq,lH,NHCH3I, 4.27[dt,J- 5.1 and 8.4
Hz,lH,HNCkjC(0)1, 2.59[d,J-4.6 Hz,3H,HCI3], 2.44[m,2H.CH2SI,
2.05[s,3H,CH3 ], l.87[s,3H,GH 3C(0)1, 1.76 and l.90[m,2H,CH2C].

1CNRin DMSO-d6 :
l71.7[HCf,(O)NHj, l69.4(cH~f(0)NH], 51.9[NH.QHC(0)1, 31-8[1H 2CH2S].
29.8[CH2S], 25.6[NHCH3], 22.6[C113C(0)1,l4.6[SCH3 1.

Thermospray MS.
m/z - 205(MW+), 409 (2MH+).

UV spectrum (H20):
Maximum at 206 nim.
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11.8. Reaction of muistard gas with N-4cetvl-amino acid-
methylamides in aqueous solution at oH 7.5

A calculated amount of neat mustard gas was added from a syringe to a
well-stirred, aqueous solution of N-acetyl-amino acid-methylamide
(20-50 ml, 0.2-7.7 mM) at room temperature in the titrating vessel of
a pH-Stat apparatus, yielding a desired molar ratio of the two
reaction components. The pH was kept at ca. 7.5 by means of automated
addition of 0.1 N aqueous sodium hydroxide. When the reaction had
subsided after 4-24 h, the aqueous solution was concentrated in vacuo
in a rotaf ilm evaporator. Addition of dry ethanol dissolved the
organic reaction products while sodium chloride precipitated. After
filtration the filtrate was analyzed with thermospray LC-MS.

11.9. Synthesis of adducts of Mustard gas and N-acetyl-amino
acid-methylamides

11.9.1. N-(2' -Hy-droxyethylthioethyl)-valine-methylamide

I1.9.1.1. N-(2'-Hvdroxvethylthioethyl)-valine-methvl ester

N-(2'-Hydroxyethylthioethyl)-valine (30 mg; 0.14 mmol; purity ca.
80%; see 11.10.2.5 and ref. 71) was treated with diazomethane in
ether (3 ml; 0.3 mM) at room temperature. After 1 h the reacti-r. was

j-ippt4d with formic acid/ether (50/1), and solvents were evaporated.
1H-1'j analysis of the residue indicated a ca. 60% conversion to the
desired methyl ester. The product was used for the subsequent
amidation reaction without further purification.

IH-NMR in CD3OD:
3.80[s,311,OCH3], 3.70[2H,d1120H], 3.56(lH,CHfNH], 2.69(2H,SGUj2CH20H],
2.7-3.0[4H,NCH2CH2s], 2.l6rlH,CkHCH 3)2], 0.98+l.06(dd,6H,CH(Cj 3)21.

11.9.1.2. N-(2' -Hydroxyethylthioethyl)-valine-methylamide

N-(2'-Hydroxyethylthioethyl)-valine-methyl ester (150 mg; purity ca.
60%) was reacted with 40% aqueous methylamine (15 ml) for 4 days at
roam temperature. After evaporation of solvent, the residue was
dissolved in methylene chloride (10 ml) and filtered in order to
remove hydrolyzed starting material. After evaporation of the
solvent, the residue was chromatographed on a reversed phase Lobar
column filled with Lichrosorb RP-18, with methanol/water (l/l,v/v) as
eluent. This gave 10 mng (11%) of the desired product.

lHNRin CD3oD:

3.67[t,2H,Ci 2OH], 2.83[d,lH,CHC(0)J, 2.76[s,3H,NHCi 3], 2,67[m,4H,
NCH2CH2SI, 2.65Cu,2H,CU2 CH2OH1, l.93[m,lH,CICH3],
0.95[/O.94(d,dCHc)J3].
13C-NMR in CD3OD:
l71.2[c(0)], 69.5[.QHC(0)1, 62.6[cH2OH], 48.7[NHCH2 ], 35.l[SfH2CH20Hj,
33.ljNCHfH2S], 32.7[EQHCH3 ], 25.91NHCH3J, 18.9/19.6[CH.QH3J.
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Thermospray MS:
m/z= 235 (MH+), 251(Mff+ of sulfoxide; trace).

11.9.2. N-acetyl-asoartic acid-4-(2'-hydroxyethylthioethyl)
ester-l-methylamide and ring closure to 1-methyl-3-
acetamido-succinimide (72,73)

11.9.2.1. Alkylation of N-acetyl-asnartic acid-l-methylamide and

Mustard gas (80 ul, 640 mmol) was added to a stirred solution of N-
acetyl-aspartic acid-l-methylamide (105 mg, 0.56 mmol) in water (20
ml). The pH of the well-stirred mixture was kept at 7.5 with 0.1 N
NaOH by means of a pH-Stat. After 4 h the intake of NaOH had stopped.
The solution was concentrated in vacuo by means of a rotation
evaporator, and the residual oil was further dried in a vacuum
desiccator over phosphorus pentoxide. After treatment with dry
ethanol the insoluble crystals of NaCl were removed by filtration.
The filtrate was analyzed by means of LC-MS.

Thermospray-LC-MS:
m/z- 189 (MH+ of starting material), 171 and 189 (MH+ and MNH4+ of I-
methyl-3-acetami.do-succinimide), 123 and 140 (MH+ and MNH4+ of
thiodiglycol), 293 [MH+ of N-acetyl-aspartic acid-4-(2'
hydroxyethylthioethyl) ester-l-methylamide; minor peak].

In another experiment N-acetyl-aspartic acid-l-methylamide (38 mg,
0.20 mmol) was reacted with a fourfold excess of mustard gas (120 4i,
960 mmol) under the same conditions. However, when the reaction was
completed the reaction mixture was not treated to remove NaCl but was
analyzed directly. According to HPLC, a larger fraction of the
starting material had been converted, but only a small amount of the
4-(2'-hydroxyethylthioethyl) ester was present in the reaction
mixture relative to a large amount of the cyciization product.

11.9.2.2. Synthesis of l-methyl-3-acetamido-succinimide

Acetyl chloride (0.60 ml, 8.4 mmol) was added to a solution of N-
acetyl-aspartic acid-l-methylamide (400 mg, 2.1 mmol) in methanol (10
ml), cooled in an ice bath. Reversed phase HPLC analysis showed that
the starting material had been completely converted into the
corresponding methyl ester after 24 h at room temperature. The
reaction mixture was concentrated in vacuo and this procedure was
repeated twice after addition of methanol (5 ml) and 1,4-dioxane (10
ml), respectively, in order to remove hydrochloric acid. The residue
was redissolved in methanol (10 ml). After addition of triethylamine
(0.2 ml, 1.4 mmol), the reaction mixture was set aside at room
temperature for 24 h. Concentration of the reaction mixture in vacuo
and recrystallization of the residue from ethanol/ether (1/2.5, v/v)
gave 230 mg (64%) of the desired product, m.p. 174-176 °C.

L



Elemental analysis (C7HI0 N203 , KW~ 170.2):
Cale.: C 49.41% Found: 49.3 ± 0.0%

H 5.92% 5.9 ± 0.1%
N 16.46% 16.35 ± 0.05%

lH-NMRJ in DMS0-d6 '
8.5l[bd,J=7.3 HzIH,NH], 4.42[ddd,J=9.l,7.8,and 5.2 Hz,IH,CH],
2.94[dd,J=17.6 and 9.2 Hz, IH,ring H-C-HI, 2.86[s,3H,NCH 3],
2.52[dd,J-17.5 and 5.2 Hz,ring 11-C-H], 1.86[s,3H,C(0)CH3 ].

1 3C-NMR in DMS0-d6 :
176.5 and 175.3(both ring C-01, 169.7[CH3-Q(0)], 48.5[(CH], 35.l[CH2],
24.4[NCH3], 22.2[.QH3COjI.

Thermospray-LC-MS:

11.9.3. N-acetyl-zlutamic acid-5-(2'-hydroxyethvlthioethyl)-l-
methylamide ester (74)

Dicyclohexylcarbodiimide (0.48 g, 2.3 mmol) was added to a stirred
solution of N-acetyl-glutamic acid-l-methylaiide (0.47 g, 2.3 minol),
thiodiglycol (0.43 g, 3.5 mmol) and of 4-dimethylaminopyridine (30
mg, 0.25 mmol) in N,N-dimethyl-formamide (45 ml), ccaled to 0 OC in
an ice bath. Stirring was continued for 1 h at 0 OC and for 3 h at
room temperature. After standing overnight at room temperature the
reaction mixture was concentrated in vacuo usiing a rotation
evaporator. The residual semi-crystalline mass was treated with ethyl
acetate (40 ml). The crystalline .-cipitate (dicyclohexylurea, 0.57
g) was removed by filtration and the solution concentrated in 'acuo.
The residual oil was stirred with ether (40 ml) for 4 h. This
procedure was repeated three times in order to remove thiodiglycol.
Finally, the solid residue was re-extracted with ethyl aketate (5
ml). Evaporation of the extract left a sticky residue. Analysis
Lue '-*" It was the desired product, slightly contaminated with
the corresponding di-ester of thiodiglycol with N-acetyl-glutamic
acid-1-methyl-amide.

'HNM in DMSO-d6 : 8.00[d,J-8.2 Hz,lH,NJCH], 7.83[bq,J-4.6
Hz,lH,NiCH3 ], 4.79[bt,J-4.8 HzlH,CH2 kII, 4.22[dt,J-5.6 and 8.2
Hz,11I,NHCI], 4.16[t,J-6.7 Hz,2H,COOCH2 ], 3.56[dt,J-4.8 and 6-6
Hz,2H,CU2OH], 2.76[t,J-6 7 Hz,2H,CH2 S], 2.62[t,J-6.6 Hz,2,CII2S],
2.59[d,J-4.6 Hz,3H,CH3NH], 2.31(t,J-7.8 Hz.2H,CH2 COO]. 1.75 and
l.93[both m,2H,CH2CH2 COOJ.

1CNRin DHSO-d6:
172.2[C00], 171.5[.Q0NCH3 ], l69.4[CH3 _Q0NH1, 63.3[C00-CH2 ],
61.0[CH2OHI, 51.7[CHNHI, 34.2[CH2S], 30.1[.QH2C00]. 30.01CH2 SJ,
27.3[fH2CH2 COO1, 25.6[CH3NH]. 22.5[.QH3C0].

1theiiauSPny MIS:
m/z- 307 (HW+), 185 (KH4+-thiodiglycol), 491 (thiodiglycol di-ester of
N-acetyl-glutamic acid-l-methylamide; trace).
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11.9.4 N-n-acetvl-Nl-(2'-hvdroxyethylthioethyl)-histidile-
methylamide (75)

N-a-Acetyl-histidine-methylamide (4.3 g, 20 mmol; see 11.4.5) was
suspended in dry methanol (lIa ml), together with 2-
trimethylsilyloxyethyl 2'-chloroethyl sulfide (0.9 ml, ca. 4 mmol)
and anhydrous sodium carbonate (1.0 g, 9 mmol). The mixture was
refluxed for ca. 7 days with stirring, after which it was cooled and
stored in a refrigerator overnight. The precipitate was removed by
filtiation and washed with methanol. The precipitate was discarded.
The combined filtrates were evaporated to dryness at reduced
pressure. The residue was extracted with dichioromethane. This left a
second batch of mostly unreacted starting material as a solid on the
filter, while the filtrate contained (thermospray-LC-4S) starting
maiterial, two mono-adducts of mustard gas and several late eluting
products. One of the late eluting products was identified as a di-
adduct containing two mruqtard gas moieties per histidine moiety.
Apparently, the adducts had lost their protective trimethylsilyloxy
moieties during the reaction and work-up procedures. The
dichioromethane extract was concentrated in vacuo, the residue was
separated into two mono-adduct fractions and three late eluting
products by means of reversed phase chromatography on a T obpr RP 18
column using system A as an eluent at a flow of 4 mi/mmn (detection
at 235 run). The first eluting adduct was further purified by straight
phase chron.-.ogt..1 hy on a Lobar Lichroprep Si-60 silicagel column,
using methanol as an eluent. The yield of 95% pure (HPLC, 220 n;
system A) solid material was 34 mg. A clearly defined melting point
could not be determined. The product showed sintering, and
discoloration on heating, starting at 128.5 OC, until finally at ca.
250 IC complete decomposition and charring took place.

1H-NMRJ in DMSO-d6 :
8.53(d,J- 8.3 Hz,lH,NjCH], 8.27(bq,J-4.6 Hz,lH,NICH3 ],
7.57[s,lH,C2], 6.63[s,lH,C4H], 4.45(dt,J-5.6 Hiz and 8.3 Hz,lH,NHCII,
4.09[m,2H,NCH2 ), 3.55 [t,J-6.5 Hz,2H,CH 2OH], 2.96(dd,J-5.7 and 15.2
Hz,lH,HCi-CH], 2.84[r,J-7.2 Hz,211,CH2SJ, 2.79[dd,J-8.9 and 15.5
ilz,lH,HCH-CH], ± 2.58(m,2H,CH2 S], 2.58 [d,J-4.6 Hz,3H,NHCH3 ),
1 .83(s,3H,COCH3 ].

13C-NMR in DHSO-d6:
171.4[.Q0NHCH], 169.3[.QOCH 3], 137.4[C2], 127.4[(C5], 126.5[C4],
61.0(cH2OH], 52.2(CHNHI, 44.0[CH2N], 34.OrCH2S], 32.2[CH2S),
26.5[.QH2CH], 25.6[NHCH3], 22.5[C0CH3].

Thermoapray MS:
m/z - 315 (MIP).

El -hS
m/z -314 (H1').
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11.9.5. N-o,-acetyl-1j3-(22.hydroxy ethylthioethyl)-histidine-
methylamide (75)

11..l. Alkylation with 2-trimethylsilvloxyethyl 2'-
chloroethy! sulfide

The pooled and concentrated aecond eluting mono-adduct fractions,
obtained by reveraed phase Lobar chromatography as described in
11.9.4, were further purified by repeated semi-preparative
separations with reversed phase HPLC (system A). After lyophilization
of the pooled eluates, an oily residue resulted, which solidified
after trituration with dry dichioromethane. The yield of solid
material was 30 mg, m.p. 134.5- 136 'G. According to reversed phase
HPLC (system A) the product contained 2-3% late eluting impurity.

'HNRin DMSO-d6 :
8.04[d,J-4.0 Hz,lH.NIJ-CH], 7.78[bq,J ± 4.5 Hz,lH,NAGH3 ],
7.54[(s.lH,C21], 6.89[s,lH,C4H], 4.39[dt,J- ± 5 and ± 8Hz,lH,CUNI,
4.08[t,J-6.8 Hz,2H.NCH2 ], 3.54[t,J-6.6 Hz,2H,CH2QH], 2.85[t,J-6.8
Hz,2H,CH2S), 2.69 and 2.83[both m,2H,GH 2GH), 2.56[d,J-4.4
Hz,3H,CH3NHI, 2.56[t,J-6.6 Hz,2H,CH2S] , l.84[s,3H,CH3COJ-

1CNRin DMSO-d6 :

61.0[CH2OH], 52.9 (CH), 46.2[NCH2 ), 33.9[SCH2 ], 32.5[SCH2 ),
30.9[.QH2CH] , 25.6[NHCH3I , 22.7[COCH3 ]1

Thermospray MS:
m/z - 315 (MHIP).

11.9.5.2. Alkylation with 2-acetoxyethvl 2'-chloroethyl sulfide
(75)

A mixture of N-a-acetyl-histidine-methylamide (0.46 g, 2.1 mmol), 2-
aceroxy-ethyl 2'-chloroethyl sulfide (0.5 ml, ca. 2.4 mmol; see
11.4.2), and anhydrous Na2CQ3 (1 g, 5 mmol) in anhydrous methanol
(10 ml) was refluxed for 12 h. Ca. 50% of the starting material had
reacted, while ca. 25% of (2'-hydroxy-ethylthioethyl)-adducts were
present according to LC-MS analysis. The adducts apparently lost the
protective acetate group of the alkylating agent during the reaction.
No further convcrsion was achieved by continued refluxing. The bulk
of the starting material was removed by repeated extraction of the
evaporated residue with dichioromethane. By chromatography on a Lobar
Lichroprep Si-60 silicagel column with methanol as eluent, the crude
product was separated into three fractions, which were examined with
HPLC. The second fraction appeared to be 90% pure N3-adduct: it co-
eluted with material ot the synthesis as described in 11.9.5.
Recrystallization from methanol/ether (1/100, v/v; 50 ml) gave 50 mg
of 95% pure product (HPLC, 220 nm), m.p. 135-136 IC. The impurities
were starting material and an unknown earlier eluting compound. No
other adduct was detectable. Analyses of the product were es
described in 11.9.5. The third fraction eluting from the Lobar column
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contained the Nl-adduct, together with large quantities of earlier
eluting starting material.

11.10. Synthesis of hantens: mustard gas adducts with
peotides

II.10.1. N-(2'-Hydroxyethylthioethyl)-val-leu-ser-Dro-ala-asp-

II.10.1.1. Val-leu-ser-pro-ala-asp-lys

The N-terminal heptapeptide of the a-chain of hemoglobin was
synthesized as described by Van Denderen et al. (76) using a
Biosearch Sam II automatic peptide synthesizer according to the solid
phase synthesis method essentially as described by Merrifield (77)
with t-butyloxycarbonyl-protected amino acids. Deprotection was
performed with trifluoromethanesulfonic acid/thioanisole/m-cresol in
trifluoroacetic acid. The peptide was purified using liquid
chromatography on G-15 Sephadex (Pharmacia) in 5% acetic acid.
Fractions were analyzed on a Beckman Ultrasphere 5 mm Reverse-Phase
C18 column using a gradient of acetonitrile with 0.1% trifluoroacetic
acid. Fractions containing the peptide of a high purity were pooled
and lyophilized twice. In order to confirm the peptide composition,
amino acid analyses were performed on the hydrolyzed peptide using
precolumn derivatization of the amino acids according to Janssen et
al. (78,79).

11.10.1.2. N-(2 '-hydroxethylthioethl-val-leu-ser-pro-ala- as_

See 111.11.2 for a description of the N-alkylation of the
heptapeptide with mustard gas, as well as for isolation and full
characterization of the product.

11.10.2. N-(2'-Hydroxyethylthioethyl-val-leu-ser

(attempted)

11.10.2.1. 2-Aminoethyl 2'-hydroxyethyl sulfide (80)

2-Bromoethylamine hydrochloride (30.7 g, 0.15 mol) in ethanol (75 ml)
was added to a mixture of mercaptoethanol (23.5 ml, 0.3 mol), 1 M
sodium hydroxide in methanol (150 ml), and ethanol (150 ml). The
reaction mixture was heated with stirring and ca. 200 ml of solvent
was distilled off. Next, ether (100 ml) was added to the reaction
mixture after cooling. After filtration, concentrated aqueous
hydrochloric acid (10 ml) and ether (50 ml) were added. After another
filtration, the filtrate was concentrated and the residue was
distilled at reduced pressure to give 11.9 g (66%) of product, b.p.
125-126 °C/3 mmHg.
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Elemental analysis (C4 HIINOS, MW 221):
Calc.: C 39.64% Found 39.39 t 0.13%

H 9.15% 9.22 t 0.20%
N 11.56% 11.40 ± 0.34%

IH-NMR in DMSO-d 6 :
3.55[t,2H,CI2OH], 2.70[t,2H.CL2NH2 1, 2.58[t,2H,GH 2CH2OH],
2.55[t,2H,CH2CH2NH2 1.

13C-NMR in DMSO-d6 : 61.0[CH 2OH], 41.8[CH 2NH2 ], 35.7[S H2CH2NH2],

34.0rSH 2 CH2OH).

Thermospray MS:
m/z - 122 (MH

+ )

11.10.2.2. N-(2'-Hydroxyethylthioethyl)-D.L-valine hydrochloride
(81)

A solution of D,L-a-bromoisovaleric acid (1.5 g, 8.3 mmol) and of 2-
aminoethyl 2'-hydroxyethyl sulfide (3.3 g, 27.2 mmol) in chloroform
(5 ml) was set aside at room temperature for 10 days. Next, a 2.17 M
solution of sodium methoxide in methanol (7.6 ml) was added and the
solvents were evaporated at reduced pressure. The residue was
extracted with acetone. After evaporation of this solvent, the
residue was dissolved in I M Paueous hydrochloric acid (ca. 5 ml).
The solution was used for separation of the products on a Sepharose S
Fast Flow cation exchange column (14x1.5 cm). The eluent was composed
from solvent A (aqueous hydrochloric acid, pH - 3) and solvent B (0.i
M aqueous sodium chloride). The column was eluted at a rate of 1
ml/min during 60 min with solvent A, for the next 30 min with a
linear gradient increasing to 100% solvent B, and finally for 60 min
with 1OO% solvent B. The product eluted after 70-80 min. After
lyophilization of the fractions containing the product, most of the
sodium chloride in the residue wns removed by trituration with
ethanol. Evaporation of the solvent left the product as a slightly
brownish-colored powder (200 mg, 11%), m.p. 125-128 °C, containing
ca. 5.8% sodium chloride according to atomic absorption spectrometry.
Addition of NaOD to a solution of the product in D20 caused a shift
to higher field of N-neighbouring hydrogen signals in the 1H-NMR
spectrum. It follows that the product was isolated as the
hydrochloride salt.

IH-NMR in D20:
3.81[d,lH,CHC(O)], 3.76[t,2H,CH2OH, 3.33[m,2H,NHCI 2I,
2.93[m,2H,CH2Sj, 2.77(t,2H,SCH 2], 2.33[m,IH,CHjCjI], 1.09 and
2.04[dd,J- 4.2,6.0,and 6.9 Hz,6H,2CH3 ]

Thermospray MS:
m/z - 222 (?HG

+ )

EI-MS:
m/z - 203 (M-H20), 178(M-C3H7 ), 176(M-COOH), 160(203-C 3H7 ), 130(M-
CH2SCH 2CH2OH), 105, 102, 84, 36.

|IL.. . .. .
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11.10.2.3. Optical resolution of D.L-c-bromoisovaleric acid
(82).

A solution of (-)-ct-phenylethylamine (6.6 g, 0.056 mol) in ether (15
ml) was added to a solution of (±)-a-bromoisovaleric acid (19.5 g,
0.11 mol) in ether (35 ml). The reaction mixture was set aside for 3
days at 5 °C. Next, the precipitated salt was isolated by filtration,
washed with ether and dried. Yield 13.3 g (81.6%), [a]D - -21.90 (c =

0.010, acetone). According to IH-NMR in CDC1 3 [CH-Br,d, 3.72 ppm,
(+,-)-isomer; 3.74 ppm, (-,-)-isomer] the product contains 10-15% of
the (-,-)-isomer. Four recrystallizations from acetone gave 8.0 g
(48%) of the (+,-)-salt, [a]D - -22.7 ° (c - 0.012, acetone; ref. 82:
[a]D - -22o , c = 1, acetone), m.p. 130-131 °C, optical purity 99%
(IH-NMR).The product was dissolved in 50% aqueous hydrobromic acid
(25 ml) and extracted with toluene. The combined organic phases were
dried on anhydrous sodium sulfate. Evaporation in vacuo of the
solvent yielded (+)-a-bromoisovaleric acid (3.1 g, 65%), [a]D =
+18.90 (c - 0.09, CHCl 3), m.p. 41-42 °C.

11.10.2.4. N-(2-hydroxyethylthioethyl)-D-valine

A solution of (+)-a-bromoisovaleric acid (1.81 g, 10 mmol) and of 2-
aminoethyl 2'-hydroxyethyl sulfide (4.08 g, 34 mmol) in chloroform (5
ml) was set aside for 12 days at room temperature. Next, aqueous 2 M
hydrochloric acid (12 ml) was added, and subsequently all solvents
were evaporated in vacuo. The solid residue was washed with acetone
and dissolved in water (5 ml). The product was purified on a
Sepharose S cation exchange column as described in 11.10.2.2, with
replacement of solvent B by aqueous ammonia (pH - 8). The product
eluted after 30-40 min, i.e., before application of the gradient.
Yield 250 mg (11.3%; Zwitter ion), m.p. 234-235 °C, [a]D - +18.70 (c
- 0.0055, water).

IH-NMR in DMSO-d6 :

3.55[t,2H,C0 2OH], 3.13[d,IH,CHC(0)], 2.63-2.94[m,4H,2CH21,
2.60[m,2H,SCH 2 ], 2.03[m,IH,CH 3CI], 0.94 and 0.96[dd,J- 6.7 and 4.6
Hz,6H,2CH3 ].

Thermospray MS:
m/z - 222 (MH+).

11.10.2.5. N-(2'-hvdroxyethylthioethyl)-valine (71)

After addition of aqueous 10 N sodium hydroxide (0.4 ml) to a
solution of valine (1 g, 8.6 mmcl) in water (7 ml), the solution was
lieated to 50-70 °C. Next, a solution of 2-chloroethyl 2'-hycroxyethyl
sulfide (see 11.4.4) in ether (50 ml) was added to the stirred
solution in the course of 1 h. During the addition, the pH of the
reaction mixture was maintained at 8.5 (phenolphthalein indicator) by
means of addition of 10 N aqueous sodium hydroxide. Nitrogen was
bubbled through the reaction mixture in order to accelerate the
evaporation of diethyl ether. After an additional reaction period of
2 h at 70 °C, the reaction Mixture was cooled and subsequently
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extracted with chloroform (3x7 ml). Next, the pH of the solution was
lowered to 2.7 by means of addition of concentrated aqueous
hydrochloric acid, and the solution was washed with ether (2xlO ml).
After evaporation of the aqueous solution to dryness in vacuo, the
solid residue was washed with isopropanol (10 ml) and was
subsequently extracted with the same solvent in a Soxhlet apparatus
for 50 h. Cooling and filtra-tion of the organic solvent gave 0.6 g
(31%) of product, m.p. 225-227 °C, purity 80% (IH-NMR).
Recrystallization of the product did not improve the purity;
chromatography on a Sepharose S column was not attempted.

IH-NM in D20:

3.75[d,2H,CH20H], 3.13[d,IH,CHC(O)], 2.63-2.94[m,4H,2CH
2 ],

2.60[m,2H,SCH
2 ], 2.03[m,lH,CH3CI], 0.94 and 0.96[dd,J- 6.7 and 4.6

Hz,6H,2CH3 ]

Thermospray MS:
m/z - 222 (MH+), 118 (valine), 326 (N-di-adduct), and other
impurities.

11.10.2.6. Chiral kL-NMR of N-(2'-hydroxyethylthioethyl)-valine

(83)

Ytterbium-(S)-carboxymethyloxysuccinate (5.6 mg, 15.5 mmol; gift from
Dr. Peters, Technological University, Delft, The Netherlands)
dissolved in D20/DCI (0.2 ml, pH 3.2) was added to a solution of N-
(
2
'-hydroxyethylthioethyl)-valine (I mg, 4.5 pmol) in the same

solvent (0.8 ml).

11.10.2.7. N-benzyloxycarbonyl-leu-ser-ethyl ester

Concentrated aqueous sulfuric acid (0.1 ml) was added to a solution
of N-benzyloxycarbonyl-leu-ser (3.5 g, 10 mmol) in dry ethanol (50
ml). After a reflux period of 30 min, the solvent was evaporated in
vacuo. The residue was dissolved in ether (15 ml) and washed
successively with aqueous 0.05 N sodium hydroxide (2 x 5 ml) and
water (I x 5 ml). After drying of the solution on anhydrous magnesium
sulfate, evaporation of the solvent left 2.6 g (68%) of product, m.p.
112-113 °C.

IH-NMR in CDC1 3 :

6.85[d,lH,OC(O)NH], 5.24[d,IH,CHC(O)H], 5.09[m,2H,CH20],4
.60[m,IH,CHCH

20HI, 4.24[m,2H,OCki 2CH31, 4.20[m,lH,CHCH2 CHj,
3.93[d,2H,CH2oH], l.7[m,lH,CHCH3 )2] , l.54/t.68[[m,2H,CHCjj2 CH],
l.29[t,3H,CH2Cg 3], 0.94/0.95(dd,6H,2CH 3].

Thermospray MS:
m/z - 381(*4W), 398(MNH4 +), 363(MW+ - H20).

11.10.2.8. Leu-ser-ethyl ester hydrochloride (68)

After bubbling nitrogen gas for 5 min through a solution of N-benzyl-
oxycarbonyl-leu-ser-ethyl ester (1.0 g, 2.6 mmol) and of concentrated
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aqueous hydrochloric acid (0.25 ml) in dry ethanol (25 ml), 10%
palladium on charcoal (100 mg) was added. Next, the solution was
heated to 50 OC and hydrogen gas was led over the solution for 3 h.
Filtration of the reaction mixture and evapora-tion in vacua of
solvent gave a solid product, which was recrystallized from ethanol
(10 ml)/ether (65 ml). Yield 350 mg (55%), m.p. 153-154 OC.

Elemental analysis (C11H2 3N2 04G1, MW 282.8):
Calc.: C 46.71% Found: 45.23 ± 0.03%

H 8.20% 8.22 ± 0.14%
N 9.90% 9.62 ± 0.07%
Cl 12.55% 11.91 ± 0.18%

lHNRin DMSO-d6 :
8.9Ord,lH,NUICH], 8.0O[bq,3H,NH+I, 5.18(t,lH,CH20H], 4.42[m,lH,NHCI].
4.l3[m,211,CLU2 C'II, Z.38 ',H,CJJGH2CHJ, 3.69/3.80fm,2H,C1j2OH],
1.74[m,lH,CH(CH 3)2 1, l.64/l.54[m,lH,CHCH2 CHJ, l.21[t,3H,CH2CH3 J,
0.93/0.96[dd, 6H,2CH3 ].

Thermospray MS:
m/z - 247(MW+), 229(MH11- H20), 20l(MH+ - ethanol).

11.10.2.9. Attempted synthesis of N-(2'-hy-droxvetylthiethyl)-D-

Mal-leu-ser (84)

A solution of leu-ser-ethyl ester hydrochloride (10.8 mg, 38 pmmol)
and triethylanine (5.37 4l, 38 u~mol) in N,N-dimethyl-formauide (I ml)
was added to a solution of N-(2'-hydroxy-ethylthiioethyl)-D-valine
hydrochloride (9.8 mg, 38 umol) in N,N-dimethylformamide (1 ml).
After cooling on ice, dicyclohexyl-carbodiimide (7.88 mg, 38 A&mol)
was added. The solution was kept for a further 2 h at 0 0C and was
subsequently stirred for 24 h at room temperature. Thermospray MS
analysis of the reaction mixture indicates <5% conversion to the
desired product (m/z - 450,MH+), whereas the major peak at m/z - 428
pertained to H+f of the addition product of N-(2'-
hydroxyethylthioethyl)-D-valine and the diimide. A similar reaction
between N-(2'-hydroxyethyl-thioethyl)-D-valine (5.7 mg, 26 Amol),
leu-ser-ethyl ester hydrochloride (7.3 mg, 26 Amol), and l-(3-di-
methylaminopropyl)-3-ethylcarbodiimide (4.9 mg, 26 pmol) in N,N-
dirAethyl-formamide (2 ml) led to the observation in the thermospray
mass spectrum of the reaction mixture of MH - H20 (m/z - 359) of the
addition product of N-(2'-hydroxyethylthioethyl)-D-valine and the
diimide, without observation of the desired tripeptide product.

11.10.3. Glv-gly-gly-glutamic acidi-5-(2' -hy-droxyethylthioethyl)
ester 1 -amide -hydrochloride

11.10.3.1. Benzvloxycarbonyl-gl3y-gly-ely-glutamic acid-5-t-butvl
astar-L-Amide (67)

Ethyl chloroformate (0.32 ml, 3.35 mol) was added to a stirred and
cooled (-15 OC) solution of cbz-gly-gly-gly (1.06 g, 3.28 .mol) and
triethylamine (0.46 ml, 3.3 mmol) in N,N-dimethylformamide (20 ml).
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After 10 min of stirring, during which triethyiamnonium choride
crystallized, a solution of glutamic acid-5-t-butyl ester-l-amide
(3.36 mmol) in N,N-dimethylformamide (15 ml) * was added. The reaction
mixture was stirred for another 20 min at -15 OC and for I h at room
temperature. After filtration through a glass filter the filtrate was
concentrated in a rotation evaporator. The product crystallized by
dissolving the residual oil in 30 ml of ethanol and slowly adding 60
ml of water to the stirred solution. The crystals were collected on a
glass filter, washed with ethanol/water (1/2, v/v) and dried in a
vacuum desiccator containing phosphorus pentoxide. Yield 1.21 g
(73%), m.p. 142-150 OC.

1HNRin DMSO-d6 :
8.18 and 8.12[both t,J-5.7 Hz,2H,2xNHC-O1, 7.9[d,J-8.l
Hz,lH,C(0)NffCH], 7.45[t,J- 5.9 Hz,lH,NHC'OI,7.30-7.42[m,5H,
aromatic], 7.27 and 7.07[both bs,2H,C(0)NH2], 5.06[s,2H,CH2O],
4.21[dt,J-5.0 and 8.5 Hz,IH,CUjNI, 3.78[m,2H,CHj2 MH], 3.77[d,J-5.6
Hz,2H,d11 2N1][, 3.70[d,J-6.0 Hz,2H,CI 2kH], 2.22[m,2H,CH2COOI, 1.95 and
l.75[both m,2H,CH2 CHJ, l.41(s,9H,3CH3].

1-NRin DMSO-d6 :
173.lECONH2 ], 171.7[COO], 169.7, 169.3 and 1b8.7[300NHI,
156.6[(NHCOO], 137.1, 128.4 and 2x127.8[aromatic C's],79.7[.Q(CH3 )3J,
65.6[fH2 C6 45], 51.7[CHNH), 43.7, 42.2 and 42.l[3CH2 NHI, 3l.4[QH2C00],
27.8[3CH3 ], 27.2t.QH 2CH1.

Thermospray MS:
m/z - 508(MWD), 400(M4H+ - C6115 CH20H), 344(Cbz-gly-glY-glY-glu-NHi2.H+
minus C6H5CH2 OH), 452(Gbz-gly-gly-gly-glu-NH2.Hf+ (possible impurity).

11.10.3.2. Gly-gly-gly-glutamic acid-l-atgide trifluoroacetic acid
zjl (85)

Over a well stirred solution of cbz-gly-gly-gly-glu-5-t-butyl ester-
amide (320 mg, 0.63 inmol) in N,N-dimethylformamide (10 ml),
containing 400 mg of 10% palladium on charcoal, a stream of nitrogen
was passed for 20 min, followed by a stream of hydrogen for 4 h and
again nitrogen for 20 min. The reaction mixture was passed through a
glass filter (D4) with suction which afforded only a partial removal
of the charcoal. The filtrate was concentrated in vacuo and the
residual oil dissolved in trifluoroacetic acid (30 ml). After 16 h at
room temperature the mixture was filtered through a glass filter to
remove the remaining charcoal and the filtrate was cop entrated in
vacuo. The semi-crystalline oil was crystalli:'ed from absolute
ethanol/dry ether (1/5, v/v, 30 ml). The hygroscopic crystals were
dried in a vacuum desiccator over charcoal and phosphorus pentoxide.
Yield 0.27 g (99%),

*This "solution" was obtained by adding triethylamine (0.56 ml, 3.87

mwol) to a suspension of glutamic acid-5-t-butyl ester-l-amide
hydrochloride (0.99 g, 3.36 mmol) in N,N-dimethylformamide (15 ml).
The mixture was shaken until the large crystals of the glutamate had
been replaced by the smaller crystals of triethylammonium chloride.
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IH-NMR in DMSO-d6 :
8.67[t,J-5.7 Hz,lH,NHC-0] . 8.24[t,J=5.7 Hz,IH,NHC=O1,
8.07[bs,3H,NH3 "3, 7.95[(d,J-=8.1 Hz,iHC(0)N&HCH], 7.34 and 7.O8(both
bs,2H,C(Q)NH2 ], 4.23[dt,J-5.2 and 8.3 Hz,1H,NHCII, 3.87[d,J-5.8
Hz,2H,NHCkj2CO

1 3.79[m,IH,NHCi 2G0], 3.64[s,2H,COCHf2NH3~1
2.24(m,2H,CH2COO0], 1.96 and i.76(both m,CHCLI2 1

13C-NMRj in DMS0-d6 :
174.0fCOOJ, 173.2[CONH2 ), 168.8, 168.7 and l66.5[3CUII-i, 51.8[N~iGrij,
42.OI2NHCH2], 40.2[CH2 NH3 +], 30.2[EH 2C00], 27.3[CHiQH2 1.

Thermospray MS:
m/z - 318(H), 300(MH+-H2O), 147(H-glu-NH2 .H+), 346(H-gly-gly-gly-
glu-NH2 -5-ethyl ester.H+; minor impurity due to recrystallization),
391(dioctyl phthalate .H+)

In order to remove dioctyl phthalate, an aqueous solution of the
product was extracted with ethyl acetate and lyophilized.

11.10.3.3. Cly-gly-gly-Sglutamic acid-5-(2'-hydroxyethylthioethvl)
ester-l-amide hydrochloride (69)

By means of heating and occasional shaking 200 mg (0.46 mmol) of gly-
gly-gly-glutamic acid-l-amide trifluoroacetic acid salt was dissolved
in thiodiglycol (4.0 ml, 39 mmol). After cooling to room temperature
acetyl chloride (0.18 ml, 2.5 mmol) was added with shaking. The
reaction mixture was kept at room temperature and the disappearance
of the starting peptide f&s well as the formation of the peptide ester
was monitored by means of HPLC (system A). After five days the
reaction mixture was shaken with ethyl acetate (40 ml). The insoluble
oily substance was allowed to settle on the bottom of the flask,
after which the super-atant liquid was decanted. This treatment with
ethyl acetate was repeated twice with solutions of the precipitates
in dry ethanol (5 ml). Crystallization occurred when the precipitate
was finally treated with acetonitrile (10 ml). However, when
collecting the crystals on a glass filter, the apparently very
hygroscopic compound turned into an oily substance (ca. 150 mg, 71%),
which was analyzed.

lH-NMg in DHSO-d6 :
8.74[t.J- ca.5.8 Hz,1H,NHC-01, 8.3[t,J-5.8 Hz,IH,NHC-0], 7.98[d,J-8.1
Hz,lH, NIJCHj, 7.38 and 7.10[both s,2H,CONH2 ], 4.24tdt,J-5.0 and 8.5
Hz,IH,NHCHI, 4.17[t,J-6.8 Hz,2H,COOCH2 ], 3.85[d,J-5.5 Hz,2H,NHCHi2 l,
3.18[m,2H,NHCi 2 ], 3.62(s,2H,Cj 2 NH3 +j, 3.56[t,J-6.7 Hz,2H,Cj 2OH),
2.77(t,J-6.8 Hz,2H,CH2S], 2.63[t,J-6.6 Hz,2H,CH2S),
2.34(m,2H,CH2 C00], 2.00 and l.81[both m,2H,CHCi 2 ].

1CNRin DMSO-d6 :
173.0[CONH2 ], 172.3[C~o], 168.7[2xCONHI, 166.5[C0(NH)CH2NH3 +1,
63.3[C(0)0ICH2 1, 61.1[CH2OH], 51.6ECH), 42.1[NHCH 2 ],
42.0IUHjGH2C(0)NHCHj, 40.3[CH2NH3 +1. 34.2[(H2CH2 0HJ, 30.l[fH2C00],
30.OfCH2SI, 27.2(fH 2CH].
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Thermospray MS:m/z - 422(MH+), 300(MH+-thiodiglycol), 189(H-gly-gly-gly-NM2.H)

II.11. Identification of mustard gas-adducts to calf-thymus

DNA and DNA of human white blood cells

II.11.1. Preparation of single-stranded DNA

Calf-thymus DNA was soaked overnight in distilled water (>20 mg/ml).

The DNA was then dissolved in phosphate-buffered saline (PBS; 0.14 M

NaCl, 2.6 mM KCl, 8.1 mM Na2 HPO4 and 15 mM KH 2PO4 , pH 7.4; 1 mg/ml).

To generate single-stranded DNA, the double-stranded calf-thymus DNA,

or DNA isolated from white blood cells (WBC; see section 11.11.4),
were heated for 10 min at 100 °C. The amount of single-stranded DNA
was measured spectrophotometrically (E260nm - 8,580 l.mol-l.cm-

1
;

expressed per mol nucleotide).

11.11.2. Treatment of calf-thymus DNA with mustard gas

A solution of double- or single-stranded DNA in PBS (1 mg/ml) was
treated with mustard gas or (

35
S]ustard gas in acetone (0.1-1000 UM

mustard gas; 37 °C; 30-60 min; final acetone concentration: 1%). The
specific radioactivity of the batch at the day of preparation was
determined (850 MBq/mmol) and the specific activity at the day of u1o
was calculated, taking in account a half life of 87 days. ,_Lver
treatment with mustard gas the DNA was purified by alcohol

precipitation (in the same way as described for DNA of human WBC in
section 11.11.4.) and dissolved in a buffer. In certain experiments

this solution was sonicated before further use.

11.11.3. Treatment of human blood with mustard aas and the
isolation of blood cells

Blood of human volunteers (10 ml) was collected in evacuated glass
tubes, containing 15 mg Na2 EDTA. The blood was treated with mustard
gas or [

35
S]mustard gas in acetone (10-1000 mM mustard gas; 37 °C;

30-60 min; final acetone concentration 1%).

Senaratlon 2f serum and blood cells
The blood was centrifuged (15 min; 4 °C; 480 g) and the serum
collected. The cells were washed twice with PBS (4 'C) and the

supernatant was removed. The cells were resuspended in PBS.

SeRarato 2L erythrocytes and white blood cells LW
Lysis of the erythrocytes was brought about by incubation of the cell
suspension at 0 OC with three volumes of freshly prepared lysis

buffer (155 mM NH4 CI, 10 mM KHCO3 , 0.1 mM Na 2EDTA, pH 7.4). After
centrifugation for 15 min at 400 g (4 °C), the supernatant,

containing the hemoglobin was removed. The pelleted WBC were washed
twice with PBS and finally resuspended in the buffer used in the

experiment.
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11.11.4. DNA isolation from white blood cells (WBC)

WBC from 10 ml blood, isolated as described in 11.11.3., were
resuspended in 2.5 ml 10 mM Tris-HCl, 1 mM Na2EDTA, pH 7.8. Sodium
dodecyl sulfate (SDS; final concentration 1% w/v) was added to lyse
the cells. Proteinase K (250 pg/ml) Was added, to digest protein. The
lysates were incubated overnight at 37 °C. DNA was purified by phenol
extraction (15 min gently shaking with an equal volume of phenol,
saturated with 10 mM Tris-HCl, 1 mM Na2 EDTA, 0.1 M NaCl, pH 7.8,
followed by separation and removal of the phenol layer). After
addition of 0.1 volume of 3 M sodium acetate, 1 mM Na2EDTA, pH 5.5,
the DNA was precipitated with two volumes of absolute ethanol, pre-
cooled at -20 0 C. With a glass pipet the DNA was collected, washed in
80% ethanol and dissolved in 2.5 ml of the Tris/Na 2EDTA buffer. RNAse
A (final concentration: 75 pg/ml, heated at 80 OC for 5 min to
destroy any DNAse activity) and RNAse Tl (Boehringer; final
concentration: 75 units/ml) were added to digest the RNA (2 h;
37 °C). The DNA was purified by extraction with an equal volume of
chloroform/isoamylalcohol (24:1) and alcohol precipitation as
described above. The DNA was dissolved in the buffer used in the
experiment. The amount of double-stranded DNA was measured
spectrophotometrically (E260nm - 6,600 l.mol-.cm - l, expressed per
mol nucleotide).

11.11.5. The degradation of mustard gas-treated DNA into
nucleosides

DNA isolated from 10 ml WBC or 100-400 pg calf-thymus DNA treated
with mustard gas was dissolved in 0.5 ml 10 mM Tris-HCl, 0.1 mM
Na2EDTA, 4 MM MgCl2 , pH 7.2, to which was added ZnSO 4 (to a final
concentration of 0.2 mM), 50 #g nuclease P1 (dissolved in 30 mM
sodium acetate, pH 5.3, at a concentration of 1 mg/ml) and 30 units
deoxyribonuclease I (dissolved in the Tris-HCl buffer at a
concentration of 3000 units/ml). The solution was incubated overnight
at 37 OC. Next, the digest was heated for 5 min at 100 0C to
inactivate deoxyribonuclease I and to release the N7-alkylated
guanines and N3-alkylated adenines. In case the degraded DNA had to
be used in ELISA's, before the heat-inactivation, the solution was
incubated with 0.35 mg proteinase K (2 h; 37 °C), to destroy also
nuclease P1 which is heat-resistant (intact nuclease P1 causes a high
background in the ELISA). Proteinase K is inactivated by the
subsequent heating. To digest the nucleotides to nucleosides, 1 M1 1
M Tris-HCl, pH 9.0 was added and the solution was incubated for 24 h
at 37 OC with 4.5 units of alkaline phosphatase, type III (3.1
units/lO #1 in 2.5 M (NH4 )2 SO4 ). After heating (5 min; 100 °C) and
centrifugation, the supernatants were analyzed by means of HPLC; they
were injected as such. The amount of nucleosides was measured
spectrophotometrically (Q260nm 11,000 l.moll.cm-1 ).
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11.11.6. HPLC conditions for nucleosides and alkylated
nucleosides

The nucleosides and alkylated nucleosides were injected onto HPLC.
The HPLC equipment consisted of two pumps (Beckman 114), a gradient
mixer (Beckman 340), a gradient controller (Beckman 421), a Rheodyne
injector with a 500 Al sample loop, an ODS Reverse-phase column
(Beckman; 250 x 16 mm; 5 pm particles RP 18), a UV-Vis detector
(Beckman 165 Variable wavelength detector or Pye Unicam LC-UV
detector), and an integrator (Spectra Physics 4100). The various
compounds were separated by gradient elution of the column. Buffer A
contained 25 mM NH4HCO 3 , pH 8, whereas buffer B contained 25 mM
NH4 HCO 3 in 80% methanol. The gradient was linear, as follows: 0-20% B
from 0 to 20 min; 20% B from 20 to 25 min; 20-60% B from 25 to 45 min
The flow rate was 1 ml/min and the wavelength at which the eluate was
monitored was 285 nm. In experiments with DNA treated with
[3 5Slmustard gas, tne eiuate was collected in 0.5 ml fractions in 6-
ml polyethylene vials (Packard) with a fraction collector (Pharmacia,
Frac-100). Picofluor 30 (Packard; 4 ml) was added and the
radioactivity was determined in a scintillation counter (Mark III,
Packard, Searle, USA), connected with a tape deck. The results (cpm)
were recorded on a tape, and the disintegrations per minute (dpm)
were calculated by external channel-ratio correction on the computer
(VAX). The elution pattern of the 35 S was combined with the UV-
profile to locate the adduct peaks in relation to the unmodified
degradation products of DNA.

11.12. Detection of crosslinks in DNA of mustard gas-treated
mammalian cells

11.12.1. Cell cultures

Chinese Hamster Ovary (CHO) cells were cultured in monolayer in Ham's
F-10 medium (Flow Laboratories, Irvine, UK), supplemented with 15%
newborn calf serum (NCS; Flow), NaHCO 3 (final concentration: 14.3
mM), glutamine (final concentra-tion: 1 mM), hypoxanthine (final
concentration 30 pM), penicillin (final concen-tration: 100 U/ml) and
streptomycin (final concentration 0.1 mg/ml), in a humidified
atmosphere of 5% CO2 in air at 37 °C).

11.12.2. Survival of mustard gas-treated cultured cells

CHO cells were cultured in monolayer as described in 11.12.1. in cell
culture flasks (75 cm2 ; Costar). Cells were trypsinized and
resuspended in medium (1000 cells/ed). In Petri dishes (Costar;
diameter: 6 cm), 100 cells were incubated in 3 ml of medium for 4 h
in an incubator (37 0C; 5% C02 ) to become attached to the dishes.
Subsequently, the medium was removed and the cells were treated with
3 ml of a mustard gas solution (0.5-2.5 AM mustard gas in FIO-medium
containing 20 mM HEPES and 1% acetone) for 20 min at 37 °C. For each
mustard gas concentration, six dishes were used. CHO-cells, licubated
with only F-10 medium with 20 mM HEPES with or without 1% acetone
served as control. After exposure to mustard gas the medium was
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removed and the cells were incubated in complete FlO-medium in a 37
0C incubator. After six days of incubation, the cell colonies were
stained with 1% methylene blue in FlO-medium for 2 h. After the
removal of the medium the dishes were dried for 30 min in the open
air and then washed with tap water. For each dish, the number of
colonies was determined (only colonies consisting of more than 50
cells were counted). Percentage survival was calculated on the basis
of the relative colony count.

11.12.3. Detection of crosslinks induced by mustard gas in DNA
of cultured cells

Interstrand DNA-DNA crosslinks were detected by application of the
alkaline elution technique, which was performed according to Shiloh
et al. (86), Van der Schans et al. (87) and Plooy et al. (88). With
this technique, single-strand DNA-breaks can be detected on the oasis
of the elution of alkaline denaturated DNA through membrane filters.
The presence of interstrand crosslinks results in a lower elution
rate (see 11.12.4.). CHO cells were seeded in Petri dishes (Costar;
diameter: 3 cm) and labelled for 16 h with [14 C]thymidine (0.075
,uCi/ml; each Petri dish received 0.06 ml). in parallel cultures meant
to serve as controls (to check the method), CHO cells were seeded in
75-cm2 tissue culture flasks and labelled for 16 h with [3H]thymidine
(1.0 sCi/ml; 0.25 ml was added per flask). After a chase period of 1
h with fresh medium, the medium was removed. For 20 min the [14 C]
labelled CHO cells were incubated with FlO-medium without NCS con-
taining 20 mM HEPES, 1% acetone and mustard gas at concentrations
varying from 0-2.5 pM. After treatment with mustard gas, the dishes
were placed on ice in rcold complete FlO-medium (with 15% NCS). The
cells were irradiated with 0 or 4 Gy 6 0Co-1-rays and scraped off in
ice-cold medium. Untreated CHO cells prelabelled with [3 H]thymidine
were scraped off and to each dish with mustard gas-treated CHO cells
the same amount of untreated cells was added. The mixed cell
suspension in each dish was transferred onto a polyvinyl chloride
membrane filter (Miliipore; 25 mm, 2 pm pore size), which already had
been washed with ice-cold PBS. The solvent was allowed to pass
through the filter by gravity; than the cells were lysed by
incubation for 1 h at 20 °C in 3 ml lysis buffer (0.2% sarkosyl, 2 M
NaCl, 0.02 M Na2EDTA, pH 10, and, freshly added, 0.5 mg/ml of
proteinase K). Following lysis, the solution was removed by passage
through the filter by gravity and the filter was washed once with 3
ml of 0.02 M Na2EDTA, pH IC. The DNA was eluted through the filter by
slow pumping (0.03 ml/min) of a solution containing 0.04 M EDTA, 0.1%
SDS and tetrapropylammonium hydroxide to yield a pH of 12.1. Then
2.7-ml fractions (- 90 min) were collected in scintillation vials.
The solution remaining on the filter was pumped at high speed in
fraction 10, and the filter itself was transferred to a scintillation
vial and incubated for I h at 70 °C in 0.5 ml of 1.0 H HCI. After
cooling to room temperature, 2 ml of 0.4 M NaOH was added. The filter
holders and pump lines were each washed four times with 2 ml of 0.4 M
NaOH, which was collected to form two additional fractions. To all
scintillation vials 14 ml of Picofluor 30 (Packard, USA) was added
and the radioactivity was counted in a liquid scintillatica counter
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(MARK III, Packard, Searle, USA) using a double-label programme.
Elution patterns for [

14
C] and [3H] were constructed by plotting the

logarithm of the radioactivity remaining on the filter as a function
of the fraction number. The logarithm of the ratio between the

fractions of [
3
H]-radioactivity and [

14
C]-radioactivity retained on

the filter at fraction 9 served as a measure for the number of
single-strand breaks (SSB; in arbitrary units) in each sample. The

amounts of breaks (in arbitrary units) induced by the irradiation was
calculated from the averaged slope over the first five fractions of
the elution pattern of [lC~thymidine-labelled irradiated but
untreated cells, from which the slopes of the unirradiated untreated
[
3
H]-labelled controls were subtracted (Figure 2). From the [1

4
C]-

elution pattern the amount of crosslinks present in the DNA of the
mustard gas-treated (

14
C]-labelled CHO-cells was calculated according

to the method described below. In this method, a comparison is made
between the elution profiles of the treated and untreated irradiated

cells, Lespectively. The reduction in the amount DNA modified by DNA
relative to that of the untreated DNA, at the elution volume where
80% of the latter had passed the filter, is a measure of the extent
of crosslinking due to mustard gas.
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Figure 2. Model for the calculation of DNA crosslinks from the

elution pattern obtained by the alkaline elution method.

The relative amount of radioactivity remaining on the

filter (logarithmic scale) is plotted as a function of

fraction number. r, elution pattern of DNA from the

unirradiated, untreated control cells; R, elution pattern

of DNA from the irradiated, untreated cells; e, elution

pattern of the crosslinked DNA from irradiated cells

treated with mustard gas. On curve R, the elution volume is

determined at which 80.1% of the radioactivity (i.e., 80.1%

of the DNA) from the untreated, irradiated cells has passed

through the filter (vo.8; the slope of line R is a measure

of the number of single-strand breaks induced by the

radiation). Next, Q0.8 is read from curve e, by estimation

of the proportion of DNA eluted at this volume. co.8 is a

measure for the average number of crosslinks, which is half

the number of links (x) relative to the average number of

radiation-induced breaks (p), both per molecule of single-

stranded DNA with molecular weight M, as is described in

Appendix A. The value for x/p is obtained with the help of

curve c in Appendix A, Figure Al, where co.8 has been

plotted as a function of x/p. The co. 8 value of the

crosslinked samples should not be too small, because in

that case the determination of x/p becomes exceedingly

inaccurate.

. .. . ... ..-..



11.12.4. C3iculatioiL of the number of interstrand crosslinks in
DNA of CHO-cells

Alkaline elution is a method to measure the amount of single-strand

breaks or alkali-labile sites induced by alkylating agents or

irradiation. However, this method is also suitable for the detection

of interstrand crosslinks. When interstrand crosslinks are present in

DNA that contains a known number of single-strand breaks (induced Dy

gamma rays), interconnected single-stranded DNA fragments will not

separate upon the alkaline denaturation, which results in a slower

elution and in a seemingly smaller number of single-strand breaks as

calculated from the elution rate compared to untreated DNA with the

same number of single-strand breaks. A method to calculate the amount

of crosslinks has been described by Van der Schaas et al. (89) and a

modification of this method is presented in Appendix A of this

report. This method resulted in a curve (Figure Al, curve c) which

was used for the calculation of the amount of crosslinks. From this

curve the ratio x/p, corresponding to the experimentally determined
value of co. 8 (see Figure 2) was read; x/p is the ratio between the

number of interstrand links (x) and the number of y-ray-induced

single-strand breaks (p), both per unit length of single-stranded

DNA. Because p had b-en derived from the elution pattern found for

the untreated irradiated cells (see above), x could then be computed.

The rumber of crosslinks for the same length of double-stranded DNA

amounts to x/2.

11 12,5. The repair of mustard vas induced crosslinks in CHO

cells

To study the repair of crosslinks induced by mustard gas, the cells

which had been treated with mustard gas (as descrild in 11.12.3.),

were incubated io fresh F-10 medium with 15% NCS at 37 °C for 0 to 4

h before irradiation to allow repair processes to proceed. After the

selected incubation tiie. the cells were placed on ice and 7-

irradiated. The further proced'ire was as described in 11.12.3 and

11.12.4 .

11.12.6. Detection of crosslinKs induced by mustard vas in DNA

of human white blood cells

The alkaline elution method for the detection of mustard gas-induced
interstrand crosslinks in DNA of htuuan WBC was a modification of thu

,ne descr'bei by 5chutte et al. (90). Venous blood was collected from
volunteers in 10 mi evacuated glass tubes containing 15 mg Na 2EDTA.

Portions of 4 m! of total blood were incubatct for 30 min at 37 '-
with mustard gas at various concentrations (0.5-10 ;LM mustard gas.

final acetone concentration: 1%). Untreated blood and blood incubated
with 1% acetone only served as controls. Also blood of four Iranian

patients who were sutposed to have been exposed to mustard gas in

the Gulf War three weeks earlier, was investigated, evidently without
turther treatment. In the first experiments, the various blood cells

(erythrocytes, granulocytes. lymphocytes) were separatod by

centrifugat ion through a Percoll -gradient (Pharmacia, Uppsala.
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Sweden). The blood was diluted (1:1) with a 0.9% NaCI solution. Four
ml of diluted blood was added slowly on of A linear Percoll-
gradient (d = 1.055-1.110). The gradient was centrifuged (20 min at
1.8 Kg; 4 'C). Ihe plasma layer containing thrombocytes and lipids
was removed, and the lymphocytes forming a broad band half-way down
and the granulocytes banding just above the erythrocytes pellet were
withdrawn separately by pipetting. The cells were freed from Percoll
by dilution and washing twice with PBS and resuspending in PBS. In
later experiments, total WBC were isolated by lysis of the
erythrocytes. To this purpose, the blood was cooled to 4 °C and
diluted with three volumes of freshly prepared ice-cold lysis buffer,
containing 155 mM NH4 CI, 10 mM KHCO 3 and 0.1 mM Na2EDTA, pH 7.4. ihe
blood solutions were mixed gently and after 10 min of lysis of the
erythrocytes the blood was centrifuged (15 min; 700 g; 4 °C). The WBC
were washed twice with RPMI-medium (RPMI1640, GIBCO) with 10% Foetal
Calf Serum (FCS; Flow) and finally suspended in RPMI-medium with 10%
FCS to a final concentration of 1.8xlO cells per ml and placed on
ice. The amount of WBC was counted in a counting-chamber by light
microscopy. The cells were irradiated with 0 or 4 Gy 

60
Co gamma rays.

Polycarbonate membrane filters (Nuclepore 25 mm, 5 =rn prre qTie) held
in funnels were washed once with PBS and then 0.5 ml of a solution of
0.2% sarkosyl, 2 M NaCl, and 20 mM Na2 EDTA, pH 10, was applied. The
WBC suspension (0.5 ml; 0.9 x 106 cells) was transferred to the
filters and incubated for 10 min to induce cell lysis. After 10 min
the solution was removed by pessage through the filter by gravity.
DNA was further released by treatment for I h at 20 °C in 3 ml buffer
(0.5% SDS, 10 mM NaCl, 10 mM Tris-HCl, 10 mM Na 2EDTA and, freshly
added, 0.5 mg/ml of proteinase K to remove proteins possibly
crosslinked to DNA). Following this treatment, the solution was
allowed to drip through the filter and the filter was washed twice
with 0.02 M Na 2EDTA, pH 10. The DNA was eluted through the filter by
slow pumping (0.03 ml/min) of a solution containing 0.06 M NaOH and
0.01 M Na2 EDTA, pH 12.6. Six 4.5-ml fractions (- 150 min) were
collected in glass vials. The solution then remaining on the filter
was pumped at high speed in fraction 6. The filters were transferred
to vials and after the addition of 4.5 ml of the elution buffer they
were irradiated with 100 Cy of 

60
Co gamma rays. All fractions were

neutralized with a buffer containing ').6 M NaOH, 1 M NaH2 PO4 , 4 M
NaCl, pH 7.4, and Hoechst 33258 (0.5 mg/i). The amount of DNA in the
eluted fractions and those of the filters was measured
fluorometrically (excitation: 370 nm; emission: 430 nm) in a Pye
Unicam LC-FL detector. The background buffer contained 9 volumes of
the elution buffer and 1.6 volumes of the buffer used for neu-
tralization. Elution patterns were constructed by plotting the
logarithm of the fluorescence remaining on the filter as a function
of the fraction number. The untreated blood samples and the blood
samples treated with I% acetone, both irradiated with 4 Gy, served as
the controls to indicate the maximum of radiation-induced SSBs. With
both types of irradiated controls, straight elution curves were
obtained. The interstrand crosslinks induced by the treatment with
mustard gr' mask part of the SSBs induced by the 4 Gy irradiation,
which results in curved elution graphs. From the graphs the amount of
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interstran6 "rosslinks in DNA can be calculated as described in
11.12.4. (see also ref. 89 and Appendix A).

11.13. Immunochemical methods for the detection cf mustard
gas in DNA

11.13.1. Prenaration of a nolyclonal antiserum against DNA
treated with mustard gas

For raising an antiserum against DNA treated with mustard gas, an
immunogen was prepared by the treatment of double-stranded calf-
thymus DNA (ds-ct-DNA; I mg/ml) or single-stranded calf-thymus DNA
(ss-ct-DNA; I mg/ml; prepared as described in II.11.1.) with I mM
mustard gas in 1% acetone for 45 min at 37 °C. The DNA was
precipitated with 0.1 volume of 3 M sodium acetate, 1 mM Na2 EDTA, pH
5.5 and 2 volumes of 100% ethanol cooled at -20 OC. After collection
of the DNA with a glass pipet and wasnLng in 80% ethanol, the DNA was
dissolved in PBS to a concentration of I mg/ml and sonicated for 30
sec. The ss-ct-DNA and ds-ct-DNA with mustard gas (ss-ct-DNA-HD and
ds-ct-DNA-HD) were coupled to a carrier protein, i.e., methylated
bovine serum albumin (1 mg complex/ml PBS). Rabbits were immunized
intracutaneously with 250 Mg complex of ds-ct-DNA-HD in complete
Freund's Adjuvant and boostered once with ds-ct-DNA-HD in complete
Freund's Adjuvant (after 4 weeks), once with ds-ct-DNA-HD in
incomplete Freund's Adjuvant (after 8 wraks) and once with ss-ct-DNA-
HID in incomplete Freund's Adjuvant (aiter 14 weeks). Three weeks
after the last booster, the blood of the rabbits was collected and
the serum was isolated, which was stored at -70 °C.

11.13.2. Immunoassay with a Rolyclonal antiserum: Enzyme-LinKed
Immunosorbent Assay (ELISA)

Microtiter plates (96 wells; polyvinyl chloride; Costar) were
precoated with poly-L-lysine (50 ul of 10 mg/mi PBS per well;
overnight at 4 °C) and washed once with PBS. The wells were coated
overnight at 37 0C with ss-ct-DNA (50 ul of 1 pg/ml in PBS per well),
treated with 10 A M mustard gas (1 h; 37 °C) or with untreated ss-ct-
DNA (the latter only in controls for aspecific binding in the direct
ELISA) and washed three tmes with 0.05% Tween 20. After the coating
with DNA, the plates were incubated with 50 /i PBS containing 0.5%
gelatin/well for 60 min at 37 0C and washed again with 0.05% Tween
20. Antiserum dilutions (direct ELISA) or competition mixtures
kcompetitive ELISA) in PBS containing 0.05% Tween 20 and 0.1% gelatin
were incubated in the wells in duplicate for 40 min at 37 'C. The
competition mixtures contained various amounts of inhibitor DNA (ss-
ct-DNA-HD or ss-ct-DNA) in the range of 0.1-10,000 ng/ml and the
appropriate amount of polyclonal serum (final dilution 1:40,000). As
controls, incubations without both the antiserum and the competitor
DNA were done, and for the maximal response incubations were done
with the antiserum but without competitor DNA (100% noint). The
competition mixtures were preincubated for 30 min at room
temperature. The plates were washed 3 times with PBS containing 0.5%
Tween 20 and 50 ul of conjugated second antibody (goat-anti-rabbit-
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IgG-alkaline phosphatase: 1:1000 diluted in PBS containing 0.5%
gelatin, 5% FCS and 0.05% Tween 20) was added, followed by incubation
for 40 min at 37 'C. The wells were washed three times with PBS
containing 0.05% Tween 20 and once with 0.1 M diethanolamine, pH 9.8.
As substrate for alkaline phosphatase a solution of 4-
methylumbelliferyl phosphate (MUP; 0.2 mM in 10 mM diethanolamine, pH
9.8, 1 mM MgCI 2 ) or 4-nitrophenyl phosphate (PNP; 1 mg/ml in 10 mM
diethanolamine, pH 9.8, 1 mM MgCI 2 ) was added. With MUP, a
fluorescent product is formed, and with PNP, a colored product. In
the competitive ELISA, incubation was continued until 30% of the
highest detectable level of the fluorescence in the sample without
inhibitor DNA (the 100% point) was reached. In the direct ELISA the
absorbance or fluorescence was read after 1-2 h of incubation. The
fluorescence (excitation: 355 tnm; emission: 480nm) was recorded with
a Fluoroskan (Eflab, Finland) and the absorbance at 405 nm with a
Titertek Multiskan (Flow). The data of the competitive ELISA (only
the fluorometric detection was applied) were recorded on a tape deck
and the amount of inhibition was calculated by computer (VAX)
according to

fluorescencea,.,i.e - fluorescencebacksround
Z inhibition - (1 - ) x 100%

fluorescencelo0 % point - fluorescencebackround

11.13.3. Preparation of DNA from blood treated with mustard gas
for the competitive ELISA

Various isolation procedures were carried out to obtain DNA from
mustard gas treated blood cells with an optimal accessibility of the
DNA-damage for the antibodies. All procedures were applied on WBC
isolated from blood (as described in 11.11.3.) which had been treated
with mustard gas (0.1 or 1 mM in 1% acetone) for 45 min at 37 'C.

Treatment xitb alkali
A WBC suspension (0.15 ml; 3.106 cells) in PBS was added to 0.8 ml
"alkali"-solution (1.3 M NaCl, adjusted to pH 12.1 with 1 M NaOH) and
the mixture was incubated for 30 min at room temperature. The
solution was sonicated for 20 sec., to prevent annealing of the DNA-
strands, and, subsequently, neutralized with 0.15 ml 250 mM KH2PO4 .
Finally, 0.1 ml 0.2% SDS in PBS was added to prevent adsorption to
the wall of the tubes. These samples were used in a competitive
ELISA.

Treatment it1h 2& S S/7_! foamnide
WBC suspension (0.1 ml; 2 .1 0  cells) in PBS was treated with 0.3 ml
SSC/fornamide solution, resulting in a final concentration of 2xSSC
(0.3 M NaCl, 0.03M sodium citrate and 70% formamide. The solution was
incubated for 30 min at 56 °C and then directly sonicated for 10 sec.
A 0.05% SDS solution (0.1 ml) was added. The samples were used
directly in the competitive ELISA on the same day.
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isolation of DNA by phenol-extraction and ethanol-Rrecipitation
DNA was isolated from the WBC as described in 11.11.4. and finally
dissolved in PBS. The DNA-concentration was measured
spectrophotometrically. Parallel to these treatments tu isolate DNA
from WBC, ss- and ds-ct-DNA-HD were treated in the same way to study
the influence of the treatment on the outcome of the ELISA. Also DNA
was isolated from WBC and afterwards treated with mustard gas to
compare these samples with ds- and ss-ct-DNA-HD.

11.13.4. Detection of sinale-strandedness in a competitive
ELISA

The DNA from WBC treated with mustard gas, which had been isolated
with any of the procedures described in 11.13.3., was tested on
single-strandedness in a competitive ELISA (91). The 96-well
microtiter plates (polyvinyl chloride; Costar) were precoated with 50
pl poly-L-lysine (I pg/ml; overnight at 4 °C) in PBS and washed once
with PBS. The wells were coated overnight at 37 °C with 50 *d of a I
pg/ml ds-ct-DNA solution which had been treated with 0.8% OsO 4 for 10
min at 55 °C and washed three times with 0.05% Tween 20. The
modification of the single-stranded coating-DNA by OsO 4 was required
in order to decrease the affinity of the DIB antibodies for the
coating material, thus preventing transfer of DlB antibodies
originally bound to the competitor DNA to the immobilized antigen
(91). After the coating with DNA, the plates were incubated with PBS
containing 1% FCS (1 h, 37 °C) and washed three times with 0.05%
Tween 20. The competitor DNA (DNA from the WBC treated with mustard
gas) was heated for 3 min at 56 °C, diluted in PBS + 0.01% SDS (0.01-
10 ng/well) and preincubated (1:1) with monoclonal antibody DlB
(1:1000 diluted in PBS + 0.01% SDS + 0.1% FCS), which recognizes
single-stranded DNA, for 30 min at room temperature. A portion of
this competition mixture (50 Al) was transferred to the microtiter
plate and incubated for 40 min at 37 °C. The plates were washed three
times with 0.05% Tween 20. The conjugated second antibody (50 Ml),
i.e., goat-anti-mouse-Ig-alkaline phosphatase (diluted 1:1000 in PBS
+ 0.05% Tween 20 + 5% FCS), was added and incubated for 40 min at 37
°C. The wells were washed three times with PBS containing 0.05% Tween
20 and once with 0.1 M diethanolamine pH 9.8. As substrate for
alkaline phosphatase a solution of 4-methylumbelliferyl phosphate
(0.2 mM in 10 mM diethanolamine pH 9.8, 1 mM MgCI2) was added and
incubated for 2 h at 37 °C. The fluorescence was recorded and the
percentage inhibition was calculated, using the background
fluorescence and the fluorescence of the sample without competitor
DNA (100% point), as described in 11.13.2.

11.13.5. CouDling of N7-(2-hydroxyethylthioethyl)-gu-nosine-

5'-phosphate and 2uanosine-5'-Rhosphate to carrier
Drotein with nerodate

Keyhole limpet hemocyanin (KLH; Calbiochem) and bovine serum albumin
(BSA) were dialyzed against PBS (4 OC, 16 h), and UV spectra were
taken. 7-(2"-Hydroxyethylthioethyl)-5'-monophosphate-guanosine (GMP-
7-HD; 10 Amol: see 11.6.1) or guanosine 5'-monophosphate (GMP;
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10 Amol) were dissolved in water, containing 10 jimol Na1O 4 . The final
volume was 300 il. The solution was shaken for 20 min in the dark at
room temperature. Ethylene glycol (100%; 10 ui) was added to
inactivate NaIO 4 . The solution was incubated for 10 min. The GMP-7-
HD- and the GMP-solutions, respectively, were added to the proteins,
either KLH or BSA, in the ratio 1:1, 1:10, 1:25 and 1:100 (w/w,
nucleotide/protein). Sodium carbonate (0.2 M) was added to adjust the
pH to 8. The solutions were incubated for 2 h in the dark at room
temperature. In this way the carrier protein was coupled to the
adduct. The resulting instable sugar ring structure was stabilized by
reduction with 0.1 M aqueous NaBH4 , in equimolar amounts with respect
to GMP-7-HD or GMP. The solutions were again incubated for 2 h at
room temperature and finally dialyzed against PBS (4 °C; 16 h). UV
spectra were taken to check the coupling.

11.13.6. Coupling of N7-(2"-hydroxyethylthioethyl)-guanosine-

5'-phosphate (GMP-7-HD) to KLH with EDC

KLH was dialyzed against 0.125 M N-methylimidazole, pH 6. KLH was
added to 3 samples of GMP-7-HD in 0.5 M N-methylimidazole, pH 6 (100
mol GMP-7-HD/mol KLH, i.e., 0.67 Mmol GMP-7-HD/mg KLH). The final
volume of each sample was 413 Ml. While the sample was slowly
vortexed, a solution of EDC (l-(3-dimethyl-aminopropyl)-3-
ethylcarbod6imide] in 0.5 M N-methylimidazole, pH 6, was dropwise
added to each of the samples up to a ratio of 50, 100 or 250 mol
EDC/mol GMP-7-HD. The solutions were shaken slowly for 45 min at room
temperature and dialyzed against PBS (4 °C; 16 h). UV spectra were
taken to check the coupling.

11.13.7. Monoclonal antibodies

Eight mice (female BALB/c, 14 weeks old) were immunized
intraperitoneally (ip) with 50 Mg of immunogen (GMP-7-HD-KLH,
described in 11.13.6.) precipitated onto alum, and also
subcutaneously (sc) with 50 Mg of the same immunogen in complete
Freund's Adjuvant in the foot pad sole of the foot (25 Mg in both
soleb of the hind legs). Four mice were immunized with the immunogen
of KLH coupled with 50 mol Frw/mol GMP-7-HD and four mice with KLH
reacted with 100 mol EDC/mol GMP-7-HD. After eight days blood samples
of all the mice were taken to test the serum for antibody response
against ss-ct-DNA treated with 10 jM mustard gas in a direct ELISA.
The mouse with the serum showing the best response against mustard
gas-treated DNA was chosen for isolation of the cells which should be
used for fusion. At four weeks after the immunization all mice were
boostered, ip, with 50 Mg of immunogen without alum and sc in the
sole of the foot with 50 Mg of immunogen in incomplete Freund's
Adjuvant. On the fourth day after the booster injection, both spleen
cells and lymph-node cells of one mouse were isolated for fusion with
SP2/0 plasmacytoma cells. Also a blood sample was taken from this
mouse to tes- the serum for antibody response. The SP2/0 plasmacytoma
cells were grown in RPM1I.640-medium (GIBCO), supplemented with 10%
FCS, sodium pyruvate (final concentration: 1 mM), glutamine (final
concentration: 1 mM), penicillin (final concentration: 100 U/ml),
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streptomycin (final concentration: 0.1 mg/ml) and 8-mercaptoethanol
(final concentration: 50 mM). Spleen cells, lymph-node cells and
SP2/0 cells were washed twice in RPMI-medium without serum. Then,
1.108 spleen cells were added to 2.107 SP2/0 cells and 4.107 lymph-

node cells were added to 9.106 SP2/0 cells and centrifuged (20 min at
10-20 g). The supernatant was removed and the cells were exposed to

fusion conditions by brief consecutive incubations of a mixture of
these cells in 41% and 25% poly(ethylene glycol) (PEG 4000) as
follows. The cell pellets were resuspended for 11 win in 0.5 ml of a
41% PEG-solution, then 0.5 ml of a 25% PEG-solution was added and
shaken slowly for 1 min. RPMI-medium without serum (4 ml) was added
twice and the cell suspension was shaken slowly for 2 win. The cell
suspension was incubated for 15-30 min at room temperature and then
centrifuged (20 min at 10-20 g). The supernatant was removed and the

pellet resuspended in RPHI-medium with 10% FCS. The cells were seeded
in 75-cm 2 culture flasks and incubated overnight. After 24 h of
incubation the cells were centrifuged (20 win at 10 g) and the cells
were resuspended in 30 ml of complete RPMI-medium with 10% FCS (the
same medium as used for SP2/0 cells) supplemented with HAT-medium,
i.e.: hypoxanthine (final concentration: 0.1 mM), thymidine (final
concentration: 16 pM) and aminopterine (final concentration: 0.4 AM).
In this HAT-medium hybridomas are selected because they can grow in
this medium whereas SP2/0 cells do not survive, and lymph-node cells
and spleen cells cannot be cultured. The cells were seeded in 96-well
polystyrene plates (COSTAR) in which macrophages of mice had been
seeded as feeder-layer, two days before the fusion (5.103 macrophages
per well in HAT-medium). Hybrid cells were cultured and refreshed in
this selective HAT-medium and their supernatants were screened for
specific antibody production in a direct ELISA and in a cell-ELISA
(as described in 11.13.9.). Cells producing specific antibodies
against ss-ct-DNA treated with mustard gas were recloned twice by
limiting dilution as described in 11.13.8.

11.13.8. Cloning of hybridomas by limiting dilution

Cells of the fusion mixture producing specific antibodies against ss-
ct-DNA treated with mustard gas were counted by light-microscopy and
diluted in HAT-medium to a concentration of 50, 10 and 5 cells/ml.
Per well of 96-well plates which already contained macrophages, 0.1
ml of one of these solutions was added resulting in 5, 1 and 0.5
cell/well. The plates were incubated for eight days without
refreshing the medium. Then the amount of clones per well was
counted. The supernatants of wells with only one clone were tested
for specific antibody activity against ss-ct-DNA treated with mustard
gas. Clones showing a positive result were recloned once again by
limiting dilution to make sure that monoclonal antibodies would be
obtained.
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11.13.9. acreening of the hybridoma suoernatants

11.13.9.1. ELISA

The supernatants of the hybridomas were screened in a direct ELISA
(see section 11.13.2.). There were a few modifications. As coating-
DNA, ss-ct-DNA treated with 10 uM mustard gas was used next to
untreated ss-ct-DNA. During the first screening of the 96-well
plates, an aliquot of 50 u1 of the undiluted supernatant was
transferred to the ELISA-plates. In later stages, the cells were
seeded in 24- or 6-well plates or in culture flasks, and ttue
supernatants were diluted 1:10 for screening. Goat-anti-mouse-Ig-
alkaline phosphatase (1:500 diluted) was used as a second antibody
with 4-nitrophenyl phosphate as a substrate for this enzyme.

11.13.9.2. Competitive ELISA with monoclonal antibodies

Antibody-saturated supernatants of the hybridomas or purified
monoclon-l antibodies were tested in a competitive ELISA as described
in section 11.13.2. There were a few modifications. The supernatants
of the hybridomas were diluted 1:1,000 in PBS containing 0.05% Tween
20 and 0.1% gelatin. The purified monoclonal antibodies were diluted
in PBS containing 0.05% Tween 20 and 0.1% gelatin; the extent of
dilution was chosen such that 30% of the highest detectable level of
the fl.orescence was reached after 2 h of incubation for the sample
without inhibitor DNA (the 100% point).

11.13.9.3. Cl -LR

For immnunofluorescence microscopy specific antibodies are needed that
perform well under the conditions of this type of microscopy; the
cell-ELISA was developed to screen monoclonal antibodies for this
use. The principles of this test are that the wells of a 96-well
microtiter plate arc coated with WBC that have been treated with
mustard gas. Next, these cells are treated in the same way as should
occur during preparation for immunofluorescence microscopy. The test
is performed as follows. The 96-well microtiter plates are precoated
with poly-L-lysine (10 jg/ml, overnight at 4 °C) and washed once with
PBS. The cells used for the coating are WBC, isolated from human
blood which was treated with 1 mM mustard gas (45 min at 37 °C), or
with untreated WBC. After washing of the WBC, they are resuspended in
freshly prepared 70% ethanol. Tt-e wells are coated with 40 p1 WBC
(1.106 cells/al in 70% ethanol). The plates are dried overnight at
room temperature. When the plates are dry, 50 p1 of hydration buffer
(50 mM Tris-HCl, 1 H KCl, pH 7.2, and 3 ml Triton X-l00/l) is added
and the plates are gently shaken for 30 min at room temperature.
After washing three times with TBS (20 mM Tris-HCl, 150 mM NaCl, pH
7.4), per well 50 p1 RNAse A (0.1 mg/ml in TBS) are added and the
plates are incubated for 60 min at 37 °C. After washing with TBS the
cells are incubated with 50 p1 2xSSC/70% formamide (as described in
11.13.3.) for 15 min at 56 OC. Next, the plates are washed for 2 min
with, r,spectively, 70%, 90% and 96% ethanol, and are air-dried for
60 min at 37 OC. Proteins are digested by incubating the preparations
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with 50 4i proteinase K (i pg/ml in 20 mM Tris-HCI, 2 m14 CaCI2, pH

4; 10 min; 37 'C) and afterwards the plates are washed with TBS.
From here on, the ELISA is carried out exact as described for the
direct ELISA (section 11.13.9.1.), but for PBS being substituted for
TBS.

11.13.9.4. Ip-subclass identification of the monoclonal

antibodies

The Ig-subclass is determined with an ELISA that is almost the same
as the direct ELISA described in 11.13.9.1. Thp main variations
relate to tie second antibodies that are used. These are rabbit-anti-
mouse antibodies which are (sub)class-specific (IgM, IgGl, IgG

2
a.

IgG2b, IgG3, k and 1; 1:500 diluted). These antibodies are detected
with a third antiserum, viz., goat-anti-rabbit-IgG-alkaline

phosphatase as described in 11.13.2.

11.13.10. Purification of monoclonal antibodies with a protein A
column

After cloning twice by limiting dilution (see section 11.13.8) ten
monoclonal cell cultures were obtained that produced antibodies.
Cells were grown for two weeks without refreshing the medium, and 100
ml of the antibody-saturated supernatant was collected. The
supernatants were centrifuged (20 min; 700 g) to remove cell debris.
The supernatants were placed on ice and stirred, while a 100%
saturated (NH4)2SO4 -solution was dripped slowly into the solution to
precipitate proteins. The solutions were placed overnight at 4 °C for

complete precipitation and the next day they were centrifuged (30
min; 13,600 g; 4 °C). The supernatants were discarded and the pellets
were dissolved in a small volume (4-6 ml) PBS and dialyzed overnight
against PBS at 4 °C. The dialysates were centrifuged (20 min; 400 g;
4 "C) to remove precipitates. The monoclonal antibodies in the
supernatant were purified by chromatography over a protein A column
(Pharmacia; 7.5 x 1 cm). The columns were washed with 30 ml binding
buffer (1.5 M glycine, 3 M NaCI, pH 8.9). The monoclonal antibody
solution was diluted 1:1 with this buffer and the column was loaded
(6 drops/min). After loading, the column was washed with the binding
buffer until A2 80 nm was less than 0.1, The eluate war collected in
2-ml fractions. The protein-containing fractions were pooled to be
tested for anti-HD-adduct activity. Then, the antibodies were eluted
from the column with 0.1 M sodium citrate buffer, pH 4.7, until
A290. was below 0.1. Afterwards, the column was regenerated with 30
ml of 0.1 M Tris-HCl, 0.5 N NaCl, pH 8.5, and with 30 ml 0.1 M sodium
acetate, 0.5 M NaCI, pH 4.5. The fractions containing the monoclonal
antibodies were pooled and dialyzed overiight against PBS (4 °C). The
volume of the monoclonal antibody solution was reduced by dialysing
against a solution of PEG 20,000 (3:7, w/v in PBS) for 4-5 h and then
the sulution wab dialyzed against PBS for 48 h at 4 °C. Samples were
taken apart at each purification step for testing antibody activity.
The protein content of the monoclonal antibodies was determined by a
Bio-Rad protein assay, as described in 11.13.11.

L
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11.13.11. Bio-Rad assay for protein content

Bovine serum albumin (BSA) was diluted in distilled water to a
concentration of 100, 75, 50, 25, 10, 5 and 1 pg/ml to be used for a
calibration curve. The protein solutions to be tested were diluted in
distilled water to fall within this range. Wells of a 96-well
polystyrene plate were filled with 100 Al BSA- or protein solution in
duplicate. The Bio-Rad agent (Bio-Rad protein assay; dry reagent
concentrate; Bio-Rad Laboratories GmbH) was diluted in distilled
water (4:6, v/v) and 100 ul was added to the wells. The plate was
incubated for 20-30 min at room temperature and the absorbance was
measured with a Titertek Multiskan (Flow) at 580 nm. The protein
concentration of the monoclonal antibody solutions was calculated by
using the BSA-calibration curve.

11.14. Distribution of radioactivity in blood treated with
.L--*' ]ustrdgas

Blood of human volunteers (10 ml) was collected in evacuated glass
cubes containing 15 mg Na2EDTA. The blood was treated with 0.1 or I
mM [35 S]mustard gas (same batch as described in section 11.11.2.) for
45 min at 37 °C. The serum was collected as described in 11.11.3. and
the blood cells were washed three times with PBS. The supernatants of
these washing-steps were added to the serum fraction. The hemoglobin
was collected after lysis of the erythrocytes as described in
11.11.3. and the WBC were washed three times with PBS. The
supernatants of these washing-steps were added to the hemoglobin
fraction. The serum proteins were collected by precipitatin in 10 mM
HCl in 99% acetone (-20 OC) and centrifugation (15 min, 400 g). The
precipitate was dissolved in distilled water and the precipitation
step was repeated. The supernatants of both precipitations were
combined. The proteins were dissolved in distilled water. The globin
was precipitated from the hemoglobin-solution according to the same
procedure as used to isolate the serum proteins. The DNA was isolated
...om the WBC as described in 11.11.4. The radioactivity was
determined in a scintillation counter as described in 11.11.6. in 100
al samples of each of the fractions obtained. The radioactivity
present in the different fractions was expressed Rs the percentage of
the radioactivity measured in whole blood.

11.15. Identification of reaction products of mustard gas in

oroteins of erythrocytes

11.15.1. Isolation of hemoglobin from human blood

Blood of human volunteers (10 ml) was collected in evacuated glass
tubes, containing 15 mg Na2 EDTA. The blood was centrifuged (15 min;
400 g; 4 °C) and the serum was discarded. The cells were washed twice
with PBS and finally resuspended in PBS. The erythrocytes were lysed
with three volumes of lysis buffer as described in 11.11.3. The
solution was centrifuged (15 min; 400 g) and the supernatant
containing the hemoglobin (Hb) was collected. The Hb-solution was
ultracentrifuged for 45 min at 50 kg at 20 °C to remove cell debris
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and non-lysed erythrocytes. The supernatant was dialyzed against
water (48 h: 4 °C) and stored at -70 °C.

11.15.2. Isolation of Flobin from hemoglobin

Isolated Hb (2 ml) from human blood or commercially obtained Hb,
dissolved in water (10 mg/ml), was added dropwise to 20 ml of ice-
cold 10 mM HC1 in 99% acetone, which was stirred and was placed in a
bath of solid C02/ethanol. Hydrochloric acid in 99% acetone (10 mM)
was added to a final volume of 30 ml. The suspensions were cooled for
some time (2-16 h) at -20 °C to precipitate the globin completely and
then centrifuged (15 min; 700 g; 4 °C). The supernatant containing
the hem-fraction was discarded and the globin was dissolved in
distilled water after air drying (10 min at 37 °C). The precipitation
procedure was repeated. To remove traces of HCl and acetone the
globin was freeze-dried. The prcparations were stored at -20 °C.

11.15.3. Trysin hydrolysis of globin

Isolated globin (10 mg) was dissolved in 3 ml of water. An aqueous
solution of trypsin (2 mg/ml; 100 jl) was added followed by 600 Al of
0.5 M NH4HCO 3 . The pH was adjusted to pH 8.5 ± 0.2. The solution was
incubated for 2 h at 37 °C. Next, the pH was adjusted to 6.4 with I M
HC1 and the volume was brought to 5 ml. Acetonitrile (10 ml) was
added and the solution was left overnight at 4 °C to precipitate the
large fragments. The solution containing the smaller peptides was
centrifuged (15 min; 700 g). The supernrtant was collected. To reduce
the volume, acetonitrile was removed by flushing with a gentle stream
of nitrogen. The solution was used for chromatographic separation of
the peptides; it was directly injected onto HPLC.

11.15.4. Treatment of hemoalobin with mustard gas

Hemoglobin (commercially obtained and isolated Hb from human blood)
was dissolved in water (1-5 mg/ml) and was treated with [35S]mustard
gas (0.1-1 mM in 1% acetonitrile) for 2 h. The pH was checked with
pH-paper and adjusted with 5 N NaOH to pH 7. After the treatment,
globin was isolated, digested with trypsin (11.15.3.) and analyzed on
HPLC.

TI.15.5. HPLC condition foL trosinized globin and small Retides

Solutions of synthetic peptides or the trypsin fragments of globin
were injected onto a HPLC system as described previously (column:
RP18, corasil, 250 x 16 mm; 5 jm particle size). Gradient elution was
applied: buffer A contained 0.1% trifluoroacetic acid (TFA) in water
wheras buffer B consisted of 0.1% trifluoroacetic acid in 70%
acetonitrile. A linear gradient was applied, which varied depending
on the type of analysis. The flow rate was 1 ml/min and the
absorbance was detected at wavelength 220 nm. In experiments with35 S-labelled proteins, fractions were collected and the radioactivity
was determined as described in 11.11.6.
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11.15.6. Amino acid analysis

Amino acid analysis of the peptides was performed as described by
Janssen et al. (78,79). The peptide (1-1.5 nmol) was gas-phase
hydrolyzed in 6 N HCl-l% phenol medium for 24 h at 110 0C and the
amino acids liberated were reacted for 20 min at room temperature
with 20 A1 of a 10% phenyl isothiocyanate (PITC) solution
[acetonitrile-water-TEA (triethylamine)-PITC - 6:2:1:1 v/v].
Subsequently, the samples were dried in vacuo to remove excess of
reagent. The dried samples were dissolved in 250 Al of the starting
HPLG buffer solution and 100 Al was injected onto HPLC. The PTC-amino
acids (phenylthiocarbamyl amino acids) were analyzed by HPLC on a
Supelcosil LC-18DB (250 x 4.6 mm) column. Elution was with a gradient
of buffer A containing 0.7 M NaOAc + 2.5 ml TEA /I and HOAc to adjust
pH to 6.4, and buffer B containing acetonitrile-water (80:20, v/v).
The flow rate was 1 ml/min. The column was kept at 45 0C and the
amino acids were detected at 254 rn. The calculation of the amino
acid ratios was performed versus a calibration mixture of 23 amino
acids run under identical conditions.

11.15.7. Stability of mustard gas adducts to hemoglobin and
plobin under acidic, alkaline and neutral
circumstances

Human blood was treated with 1 mM [3 5S]mustard gas in 1% acetonitrile
(final concentration) for 60 min at 37 0C and pH 8, and Hb was
isolated as described in 11.11.3. A part of the Hb was precipitated
and Zlobin (Gb) was isolated (11.15.2). Hb and Gb weze incubated for
several hours at 37 °C with I and 5 N of, respectively, NaOH,
methanesulfonic acid (MSA) and HCI. Treatment of Hb with the 5 N
solutions led to precipitation of the protein. Hence, only the
incubations with the 1 N solutions were continued. In addition, Hb
isolated from blood treated with [3 5S]mustard gas was incubated at pH
7 for several days to study its stability under this condition. The
treatments were terminated by neutralizing the solutions with NaOH or
HCI and/or by precipitation of the proteins with ice-cold 10 mM HCI
in 99% acetone. The radioactivity was determined in the supernatants
(containing the hem group -if present- and the alkali- and acid-
labile adducts) and in the precipitated "globin fraction" after it
had been dissolved in water. The percentage of alkali- and acid-
lahile adducts was calculated.

11.16. Immunochemical methods for the detection of mustard
gas adducts to oroteins of erythrocytes

11.16.1. Prenaration of a polvclonal antiserum against hemoglobin
treated with mustard gas and N-(2'-hydroxyethylthioethyl)-
D.L-valine counled to XLH

Two immunogens were prepared to immunize rabbits. Hb (2 mg/ml) was
treated with I mM mustard gas (60 min at 37 0C in 1% acetonitrile
(final concentration). This protein was not coupled to a carrier
protein. N-(2'-hydroxyethylthioethyl)-D,L-valine (val-HD) was coupled
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to KLH with EDC [1-(3-dimethylaminopropyl)-3-ethylcarbod6imide] as
described in 11.13.6. With each immunogen, one rabbit was immunized
intracutaneously, with 250 jg of the immunogen in complete Freund's
Adjuvant and boostered once with 250 jg of the immunogen in complete
Freund's Adjuvant after 4 weeks and once with 250 jg of the immunogen
in incomplete Freund's Adjuvant after another 4 weeks. Two weeks
after every immunization, blood samples were taken to test antibody
activities. Two weeks after the last booster, the rabbits were
sacrificed and the serum was collected.

11.16.2. Immunoassays with the polyclonal antisera: ELISA

The polyclonal antisera were tested in a direct ELISA against Hb
treated with mustard gas (0, 0.1, 1 mM), globin isolated from mustard
gas-treated Hb, human serum albumin (HSA) and chicken gamma globulin
(CGG) treated with mustard gas (0. 0.1, 1 mM) and the N-terminal
heptapeptide of Hb, untreated and treated with 5 mM mustard gas (pH
8.5; 60 min; 37 °C). The ELISA was performed as follows. The 96-well
microtiter plates (polyvinyl chloride; Costar) were precoated with
poly-L-lysine (10 jug/ml; overnight at 4 IC) and washed once with PBS.
The proteins and peptides were diluted in PBS (0.5-5 ug/ml) and 50 il
per well was added and incubated for 30 min at room temperature. The
plates were washed three times with PBS with 0.05% Tween 20. Next,
the plates were incubated with PBS containing 0.5% gelatin for 60 min
at room temperature and again washed three times. The polyclonal
antisera were diluted (10-100,000 times in PBS with 0.05% Tween 20
and 0.IX gelatin) and 50 pl was added per well and incubated for 60
min at room temperature. After washing, the second antibody, viz.
goat-anti-rabbit-IgG-alkaline phosphatase (1:1000 diluted in PBS with
0.05% Tween 20, 0.5% gelatin and 5% FCS) was added (50 4I/well) and
the plates were incubated for 60 min at room temperature. After three
washings with PBS with 0.05% Tween 20, the plates were washed once
with 0.1 M diethanolamine, pH 9.8. As substrate for alkaline
phosphatase, 50 4I of a solution of 4-methylumbelliferyl phosphate
(0.2 mM in 10 mM diethanolamine, pH 9.8, 1 mM MgCl 2 ) was added and

incubated for 2 h.
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TII RESULfS

II1.1. Synthesis of [35 S1-mustard ga.

Radioactively labelled mustard gas was needed to study its in vitro
and in vivo binding to DNA and proteins. Therefore it was essential
to obtain material with a high specific activity and radiochemical
purity. For economical reasons 35S was chosen as the most appropriate
radioactive isotope, rather than 14 C. 3H was considered to be less
suitable because of possible exchange reactions during the
investigations. The synthesis involved the reaction between hydrogen
[35 S]sulfide at the highest specific activity which was commercially
available with ethylene oxide to give thiodiglycol, followed by
conversion to mustard gas. This reaction sequence was carried out
according to the method of Boursnell et al. (50) with slight
modifications (51), according to the reaction scheme in Figure 3:

H2 "S + CH2 - CH2 - HO .- S" OH

\ / SOC12

(S -3S) c S X s '-- c1

Figure 3. Reaction scheme for the synthesis of [3 5Slmustard gas

An alternative for :he first reaction step is the reaction of 2-
bromoethanol with sodium sulfide (92). Apart from the higher cost of
sodium [35 S]sulfide, the method involves the laborious removal of
water from thiodiglycol, which makes it somewhat less attractive.
Prior to the high specific activity syntheses, several cold runs of
the second reaction step using thionyl chloride were carried out.
which gave yields of 90% or more of mustard gas with a gas
chromatographic purity exceeding 98%. The first reaction step had
been evaluated and was found to give quantitative yields of pure
product during previous work on several syntheses of low specific
activity [3 5S]mustard gas (51), as well as in the I mmol scale
synthesis of deuterated thiodiglycol, which was prepared analogously.

Unexpectedly, the radiochemical yields in the present two synthesis
runs (21-27%) were much lower than previously (>60%: 51). As shown
in Figure 4, thin layer radiochromatography of the crude thiodiglyco]
revealed the presence of a series of radioactive contaminants.
Mustard gas obtained from this material contained ca. 15% (GLC) of a
radioactive contaminant which was identified as l-(2-chloroethoxy)-2-
(2 '-chloroethylthio)ethane, Cl-C 2H4 -S-C2H4-0-C2H4-Cl. Therefore, we
ascribe this decrease in yield tentatively to the formation in the
first reaction step of higher homologues of thiodiglycol containing
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extra oxyethvlene groups. This may be due to the u, of a hal onr
photo lamp for heating of the gaseous reaction c5mponents in tht
first reaction step. instead of the 500 W incandescent lamp used ;n
previous runs.

/o

tar stat

Figure 4. Thin layer radiochromatogram of [35 Slthiodigiycol (crude
reaction product)

A final distillation of the labelled mustard gas gave satisfactory
products with radiochemical purities of 98% and chemical purities of
ca. 95%, and with specific activities of 855 and 877 MBq/mol, i.e.,
23.1 mCi/mmol and 23.7 mCi/mmol. respectively

111.2. Synthesis of protected derivatives of thiodiglycol and of
semi-mustard gas

In the course of our synthetic work for this project, we felt the
need for derivatives of mustard gas and thiodiglycol which allow
their use for the specific purpose of obtaining products which result
from a reaction with only one of the two tunctional groups in these
molecules. The instability of semi-mustard gas, HO-C 2H4 -S-C2H4 -Cl,
almost prohibits its use in a reasonably pure state. Therefore, we
developed two types of protective groups which block a 2-hydroxyethyl
moiety of thiodiglycol or semi-mustard gas in a reversible way
(Figure 5). The trialkylsilyl group in the first type of derivative
can be removed under acidic conditions, whereas the hydroxy group in
the acyl-protected derivative is regenerated under basic conditions.
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R, R2 )2 S' O X [R, -Yot~. ~ -o

CH3 C O) o [X OH or C1

Figure 5. Chemical structures of reversibly protected derivatives ot
thiodiglycol and of semi-mustard gas

III.2.1. Trialkylsilyl derivatives

2-Trimethylsilyloxyethyl 2'-hydroxyethyl sulfide was readily obtained
from the reaction in acetone at -40 °C of thiodiglycol with equimolar
trimethylsilyl chloride and triethylamine, according to the reaction
scheme in Figure 6. However, the product could not be purified due to
disproportion/decomposition reactions during distillation, which left
substantial amounts of thiodilvcol and of the di-t ---., ....
-io4iv= in all fractions. The t-butyldimethyl-silyl monoether,
prepared in the same way as the trimethylsilyl derivative, is more
stable towards hydrolysis than the latter derivative. Therefore, the
t-butyldimethylsilyl derivative could be washed with water prior to
distillation in order to remove thiodiglycol and acidic impurities.
Subsequent fractional distillation gave the desired product in > 38%
yield with a purity (GIr) of 98%. The new product has been fully
characteri7d by means of MS (El), IH- and 

13
C-NMR spectroscopy and

is stable for months at -20 °C.

EtN; -4 0C (CH,)3 Si-O ' /S~/--O H

Figure 6. Reaction scheme for the synthesis of 2-trimethylsilyloxy-
ethyl 2'-hydroxyethyl sulfide

The hitherto undescribed compound 2-trimethylsilyloxyethyl 2'-chloro-
ethyl sulfide was prepared from reaction of crude semi-mustard gas,
trimethylsilyl bromide, and triethylamine in ether at -60 to -40 °C
according to the reaction scheme in Figure 7. Work-up and
distillation of the reaction mixture gave the desired product in 19%
yield and a purity of 93% (GLC), with semi-mustard gas as a major
impurity. The product was fully characterized by means of MS (El),
'H- and 1

3
C-NMR spectroscopy, and elemental analysis. It appeared to

be stable for months at -20 °C.

ThIS-BrEtA ; -OOT 
>  

(CH )3 S-O f S c

Figure 7. Reaction scheme for the synthesis of 2-trimethylsilyloxy-
ethyl 2'-chloroethyl sulfide



111.2,2. Acyl derivatives

2-Acetoxyethyl 2'-hydroxyethyl sulfide was obtained from the reaction
at room temperature of equimolar acetyl chloride and pyridirne with a
tenfold excess of thiodiglycol in dichloromethane, according to the
reaction scheme in Figure 8. Excess of thiodiglycol was conveniently
removed by washing with water. The desired product was obtained in
49% yield and a purity of 95% (GLC) by means of distillation. The new
product is stable upon storage at -20 °C and was fully characterized
by means of MS (thermospray), 1H- and 

13
C-NMR spectroscopy.

2-Acetoxyethyl 2'-chloroethyl sulfide has been reported by Seligman
et al. (54). These authors obtained che product from the reaction of
semi-mustard gas with acetic anhydride. No analytical data were
presented, other than the refractive index. We have obtained the
desired product by conversion of 2-acetoxyethyl 2'-hydroxyethyl
sulfide with thionyl chloride at 0-20 °C, according to the reaction

7i Ziure 2. After two distillations the product was obtained
in 79% yield and with a purity of 99.7% (GLC). It was fully
characterized by means of MS (El), IH- and 

1
3C-NMR spectroscopy. The

product is stable iur monthq at -20
0
C.

0
Pyridine I

HO-- ' -- ~ + CH3C(O)Co -------- 0-------O

20 'C

CH3c -o O S Soc 
2

0-20 "C

Figure 8. Reaction scheme for the synthesis of 2-acetoxyethyl 2'-
hydroxyethyl sulfide and subsequent conversion into 2-
acetoxyethyl 2'-chloroethyl sulfide

111.3. Synthesis of mustard gas adducts with 9uanine

Early investigations by Lawley et al. (30-35) have suggested that
primarily the N7 nitrogen in guanine bases of DNA and RNA is
alkylated by mustard gas, leading to N7-(2'-hydroxyethylthioethyl)-
guanine, as well as to the corresponding intrastrand and interstrand
di-adduct di-(2-guenin-7'-yl-ethyl) sulfide, whereas Ludlum et al.
(37) suggest that traces of 06-(2'-hydroxyethylthioethyl)-guanine are
also formed. So far, these adducts were only characterized on the
basis of similarity of their UV spectra with those of analogous
alkyl-substituted purines, and only the isolation of the N7 guanine
mono-adduct has been explicitly described by Brookes and Lawley (30).
In order to identify the adducts of mustard gas with bases in DNA in
a definitive way, we have resynthesized these adaucts and have
characterized them fully by way of spectroscopic and chromatographic
techniques.



III ?.I. N7-(2'-Hydroxyethylthioethyl)-guatinc

In our early attempts to prepare the desired N7 guanine mono-adduct

b' the reaction of mustard gas with 6uanosine in glacial acetic acid

at 100 'C (30), followed by hydrolysis in aqueoijs hydrochloric sicid

according to the reaction scheme in Figure 9, we found (therrospray-

LC-MS) that the desired product was indeed present in the reaction

mixture (MH+, m/z = 256). In spite of increasing the molar excess of

mustard gas and prolongation of the reaction time, the ratio between

reaction products and unreacted guanine did not increase.

0 0

K NHNI N

80Cii~j,0 HO CHI oJ

0Ac~k 
Acid I

OONOH OH

0

N N~

Figure 9. Reaction scheme for the synthesis of N7-(2'-hydroxy-
ethylthioethyl)-guanine from guanosine

The reversed phase HPLC chromatogram of the crude reaction mixture
with diode array detection (Figure 10) showed, in addition to guanine

(peak 3), two reaction products with identical UV spectra. We
suspected that these were the N7 mono-adduct (peak 4) and the
corresponding di-adduct (peak 5), respectively. Reversed phase HPLC
on a semi-preparative scale yielded enough material to positively
identify both the N7 mono- and di-adducts. hese experiments learned
also that this method was too time consuming to isolate sufficient
amounts of product for full characterization. Similar problems were
encountered with ion exchange HPLC on SAX-type columns. Attempts to
purify the product by means of repeated recrystallizations and
extractions of the crude material with various solvents and dilute
aqueous hydrochloric acid gave a product with a purity < 60%.
Finally, the best results were obtained with a commercial medium
pressure liquid chromatography system (Lobar, Merck) usiE the

largest glass column available (44x3.7 cm) packed with reversed phase
silica gel (RP 18). This system allowed sample loads of up to 20 mg
crude material, containing ca. 34% of the desired mono-adduct. lt.
this way, 100 mg of crude material gave a yield of 35 mg of the
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product as mono-hvdrate after one additional recrvstallizatiun from
water.

15 0 .-. . . .

Figure 10. Reversed phase HPLC chromatogram with diode array

detection after hydrolysis of the crude reaction mixture
resulting from the alkylation of guanosine with a 100%
molar excess of muctard gas in glacial acetic acid. The
chromatogram was measured at a set wavelength oi 204 nm;
the UV specra of the major peaks, measured on-line, are
also given. The column (250x5 mm) was packed with
LiChrosorb RPl8 (particle size 5 jsm). Eluent: 25 m4
ammonium bicarbonate in water/methanol (3/1, v/v)

According to reversed phase HPLC (UV detection at 254 rim) the purity
of the product was 96-97%. The UJV spectra (kmax 284 nm at pH 7.0; 249
nm at pH 1.0) and melting point (dec > 280 OC) were identical with
those reported by Brookes and Lawley (30). As mentioned above
thermospray MS of the product shoved MH+ at in/z 256, whereas electron
impact MS showed a small peak at m/z 255 (K+) and major peaks at s/z
237 (M-H20, loss of water from 2'-hydroxyethylthioethyl group) and at
m/z 151 [M-(CH-CH-S-CH2 -CH2-0H).

The structure of the product followed tunequivocally from 19- and 13C_
NMR spectroscopy (Figure 11). The long range couplings found between

60i }
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N-CH2 and C-5/C-8 clearly show that the 2-hvdroxvethvl thiocthvl

moiety is attached to N7.

a b

4 78 -- - HO OH

5.4 HZ I
:. 3.54 --- H2 C 60.8 OH2

6.7 Hz 2.59 -H I4C 33.8 LCH2

0 46.0 32.2
10.8 C2 CH 2 -S 3HzH2<2 2 CH-

'4.35 '2.67 10 I Z

N Hks.6

H 2 N. N N' 7.64 H 2N " 16Ct2

k H

152H

Figure 11. Chemical shift assignments and coupling constants for the

hydrogen (400 MHz; a) and carbon atoms (100.6 MHz; b) of

N7-(2'-hydroxy-ethylthioethyl)-guanine in DMSO-d 6. C-H
couplings within the 2'-hydroxyethy'lthioethyl group are

not given

111.3.2. Di-(2-giuanin-7'-yl-ethyl) sulfide

When the above-mentioned reaction conditions for the synthesis of the
N7 guanine mono-adduct of mustard were changed to equimolar amounts
of reactants in order to optimize the yield of the corresponding di-
adduct, a maximal conversion to ca. 10% of di-adduct was observed
with reversed phase HPLC. No further improvements were achieved by
varying the reaction conditions. An alternative route of synthesis
was sought in the conversion of crude mono-adduct with thionyl

chloride to the corresponding N7-(2'.chloroethylthioethyl)-guanine,
followed by conversion of this product to di-adduct with remaining
guanine in the reaction mixture, according to the reaction scheme
given in Figure 12, Although the chloro-compound was probably furmed,
as observed by the formation of the corresponding acetoxy derivative
in thermospray-LC-MS of the reaction mixture in acetate buffer, the

formation of the desired di-adduct was not observed.

A third method of synthesis was evaluated, according to Brookes and
Lawley (93), besed on the reaction of equimolar mustard gas and
guanosine-5'-phosphate (guanilic acid) in water, followed by acid
hydrolysis to obtain the free base, as shown in the reaction scheme
given in Figure 13

Although a non-homogeneous reaction mixture is obtained due to the
slight solubility of mustard gas in water, the reaction proceeds
smoothly at room temperature. However, again a maximum conversion to
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NH2  NH2

0 0

NH2 I N -S NC.J NH!.

Figure 12. Reaction scheme for the attempted synthesis of di-(2-guan-
7'-yl-ethyl) sulfide via chlorination of the 2'-hydroxyl-
ethylthioethyl moiety of N7-(2'-hydroxyethylthioethyl)-
guanine and subsequent alkylation of guanin

0

N NH 0 0

N N' NH
2  +) N

HO-, - INNH 2HO- - L i - o '-0--0

10 ,O NO - P -oiH HO -P -O 0

SOH OH
O'H OH 64-

OH OH OH OH

H0

0 0

HN N I NH

Figure 13. Reaction scheme for the synthesis of di-(2-guan-7'-4I-
ethyl) sulfide via alkylation of guanosine-5'-phosphate
with mustard gas and subsequent hydrolysis

only 10% of di-adduct was observed. Initial attempts to purify the
di-adduct from the crude reaction mixture by means of chromatographic
tschniques were poorly reproducible. Separations were inadequate and
collected eluates were sometimes ftund to contain no product. When we
found out that these problems were due to the extreme low solubility
of the di-adduct in water, these complications were used to our
advantage. Repeated extractions of crude material with dilute aqueous
hydrochloric acid removed virtually all contaminants and starting

hL
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material. The residual di-adduct was obtained as analytically pure
hvdrochloride salt by means of recrystallization from boiling aqueous
hydrochloric acid (pH 2). The LIV spectrum showed maxima at )84 nm (p11
7.0), and at 249 nm (pH 1.0), i.e., identical with the spectrum of
the mono-adduct (vide supra). Under optimal conditions with regard to
the temperature of the tip of the probe (ca. 250 OC), thermospray MS
of the product showed only MW- at m/z = 389 and MNa+ at m/z .= 411.

The structure of the product followed unequivocally from IH- and 13C-
NMR (Figure 14), using CF 3GOOD a solvent. The long rang" rouplings
between N-CLf2 and C-S/C-8 indicate that the side chain is attached to
N7.

0 H2C --- CHr-S

H N-2H\

N 486 3.27
a 7 HZ

N/ N > 8.95
H2N N

0 50.0 32. Y

H1541.6 HZ~, HzH N" . k4HzW

N 223

15.0140.7)

H2Nj N-- HzN

Figure 14. Chemical shift assignments and coupling constants for the
hydrogen (400 MHz; a) and carbon atoms (100.6 MHz; b) of
di-(2-guan-7'-yl-ethyl) sulfide in CF 3COOD

111.3.3. 06-(2'-Hydroxyethylthioethyl)-2' -deoxyunosine

Our first efforts to obtain this product were based on the work of
Ludlum et al. (37,94,95). These authors reported the synthesis of the
desired product, and of the corresponding (2'-ethylthioethyl)
derivative, in unqualified yields from the reaction of 6-chloro-
3
',

5
'-di-O-acetyl-2'-deoxyguanosine with the (mono)sodium salt of

thiodiglycol and of ethyl 2-hydroxyethyl sulfide, respectively. In
our hands this route of synthesis did not give the desired 06-
derivative of mustard gas. Only when we used the sodium salt of 2-
trimethylailyloxyethyl 2'-hydroxy-ethyl sulfide instead of
thiodiglycol, mass spectrometry (positive CI,isobutane) of the crude
reaction mixture showed peaks at m/z - 256 and 238, corresponding
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wi-i MII+ of 06-(2' -hvdroxyethylthioethyl)-guine and loss of watet
from the latter product. Attempts r, isolate the 06-derivativ I rotm

the reaction mixture by means of reversed phase HPLC were
unsuccessful.

Since the direct reaction of 2'-deoxyguanosine with mustard gas is

expected to give only traces of alkylation at 06 due to the soft
character of the episulfonium ion electrophile, we concenLrated our
efforts on a route of synthesis of 06-derivatives of 2'-d oxy-

guanosines as developed by Gaffney and Jones (55,56), and modified by
Van Boom (57). The sequene of reactions as shjwn in Figure 15

involves reaction of 3'.5' ,N2-triacetyl-2'-deoxyguanosine (1)
with 2,4,6-triisopropylbenzenesulfonyl chloride to yield the

06-sulfonylated derivative (2), in which the sulfonyl ester moiety is

/

., -

N N

ACHNCH'(,;0 AcI3N ,N N"

ACOC 2 Y 1r3N AcOCH2 i 11PAH- 0

OAc OAc &o

380

N~~ -0 11-N eS

ulo

, ''N N

HOCH ," H.OGH,~ ro,

03 GAc

Figure 15. Reaction scheme for the 06-alkylation of 2'-deoxy-

guanosine. TPS-Cl = 2.4,6-triisopropylbenzenesulfonyl

chloride; NMP - N-methylpyrrolidine; R - acetyl or
t-Bu(Me) 2Si; DBU- 1,8-diazabicyclo-(5.4.0)-undec-7-ene
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readily replaced by a 1-methvl-pvrrolidinium group to give ( i) T.
latter group is displaced in turn by the appropriate alcohol in the

presence of the strong base 1.8-diazabicvclo-(5.4.0)-und c-i-ene

(DBU) to yield 4), which is deprotected with aqueous ammonia io givo

the desired product (5). First, we explored this route of synthesis
using the t-butyldimethylsilyl derivative of thiodiglycol !R

tBu(Me) 2 Si-: see 1IT 2.1]. It was concluded that thiis route was

viable, but the insolubility of the silylated derivative of 2'-

deoxyguanosine in water complicated the purification of the end

product. Therefore we used subsequently the monoacetylated derivative
of thiodiglycol [R = MeC(O)-; see 111.2.21. This turned out to

provide a smooth synthesis, in which a one-step deprotection removed

all four acetyl groups to give (5) in ca. 12% overall yield.
According to reversed phase HPLC ('JV detection at 214 nm) the purity
of the product was 98.6%, whereas IH-NMR confirmed that tne overall

purity was >95%.

The structure of the product follows from the route of synthesis and
was confirmed in several ways. The UV spectra at pH 7 and 14 show
maxima at 247 and 281 nm. These maxima shift to 243 and 288 rim at pH

I, ir. accordance with the IV spectra of other 06-alkylated 2'-deoxv-
gu~nosine derivatives (58). The thermospray mass spectrum of the

product shows peaks at m/z - 372 (MH+), 256 [H
+ 

of 06-(2'-hydroxy-
eLilylthioethyl) guanine), and at 152 (lH

+ 
of guanine). See

experimental part for a full assignment of the IH- and 
13

C-NMR
spectra of the product in D20.

111.3.4. 06-(2'-Iydroxyethylthioethyl)-guanine

According _o Ludlum et al. (37,94,95) it is impossible to depurinate
06-(2'-hydroxyethylthioethyl)-2"-deoxyguanosine by means of acidic
hydrolysis since this results in simultaneous loss of the 2'-hydroxv-
ethylthioethyl group at 06. We have found, hovever, that depurination
in 0.1 N aqueous hydrochloric acid for 100 min at room temperature
leads to almost complete depurination and only to partial

dealkylation at 06 (Figure 15). A one-step purification step on a
Sephadex 0-10 column gave the desired product in 39% yield with a

purity > 95% (IH-NMR). The thermospray mass spectrum of the product
shows peaks at m/z - 278 (MNa+), 256 (MH+), and 152 (M11

+
, guanine).

See experimental part for a full assignment of the IH- and 
13

C-NMR
spectra of the product in DMSO-d 6.

111.4. Synthesis of mustard gas adducts with adenine

Alkylation of adenosine with excess of mustard gas in glacial acetic

acid at 100 °C, by analogy with the alkylation of guanosine (see
111.3.1) was followed by hydrolysis of the reaction mixture in I N
aqueous hydrochloric acid. Reversed phase HPLC analysis with
photodiode array detection of this mixture (Figure 16) led to the
identification of peak 4 as adenine, based on retention time and uv
maximum (Amax 259 rum). Peak 6 was tentatively assigned as N3-(2'-
hydroxyethyl-thioethyl)-adenine (Amax 274 nm), and peak N7 as N9-(2'-
hydroxyethylthioethyl)-adenine (Amax 262 rum). The tentative
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Figure 16. Reversed phase HPLC chromatogram with diode array
Jetection after hydrolysis of the crude reaction mixture
resulting from the alkylation of adenosine with mustard
gas in glacial acetic acid at 100 'C. The chromatogram was
measured at a set waveleught of 267 run; the UV spectra of
the major peaks, measured on-line, are also given. Tht
column (250x5 mm) was packed with LiChrosorb RP18
(particle size 7 Mm). Eluent: 25 mM ammonium bicarbonate
in water/methanol (2/1, v/v)

assignments of the latter twc peaks wpre zorroburated by means of
thermospray-LC-MS, which showed prntinated parent ions at m/z - 240,
as expected for 2'-hydroxyethylthioethyl mcn-adducts of adenine. The
prcduct corresponding with peak 6 was isolateo by means of two
successive purifications on a reversed phase medium pressure Lobar
column, which gave the product in ca. 1% overall yield. A final proof
of the structure was obtained from 

1
H- and 

13
C-NMR spectroscopy

(Figure 17). The assignments of the carbon signals are based on
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Figure 17. Chemical shift assignments and coupling constants foi '-
hydrogen (400 P11z; a, and carbon atoms (1C9.6 M~fz; b) f
N2 (2'-hydrox~ethyl-thioethyl)-adenin in DMSO-d6 ,
excluding C-H couplings within the 2' -hydroxy/ethvltliio-
ethyl group

Simultaneously with the N3 adduct. a small quantity of the supposed
N9 adduct was isolated from the Lobar column. rhe structure of this
product was tentatively assigned by means of 1H-NMR as the N9 adduct
(data not given). We assume that this adduct ha.- been fornied du! to
Dartial depurination during the alkylation reactron in glacial acetic
acid, which makes the N9 position available for alkylation. We found
no eviaence for the formation of an NI adduict of adenine. while this
product has been isolated from the reaction of 2'-deoxyguanosine-5'-
phosphate (35) and of adenine (34) '4th semi-mustard gas in aqueous
solution.

111.5. tAttemnted rynthesis of N7-adducts of 2'-deoxyguanosine-5 -

One of the most strai&:tforw rd approaches to obts'n haptens for the
generation o) monoclonal antibodies against adducts of mustard gas
with DNA is the synthesis of nucleotidr acK" cts corre'iponiding with
the major adducts which have been identified, followed b) coupling to
a -otei of such nucleotide adducts vila the phosphate moiety in

r to raise antibodies. In this context we have started our
t~orts to obt- haptens with attempts to synthesize the N7 mono-

adduct of mustard gas with 2' -deoxygutanosinie-5'-phosphate, since the
N7 mono-adduct of guanine appears t) be the most abundant adIdu.'t upon
alkylation of h,.an and calf -thymus DNA with mustard gas (cot.fer
1I1.1l5,'

Reac tion of 2'-deoxyguasnosine-5'-phosp',ate with a 50% molar excess of
mtard gas in a 0.1 M aqueous triethyldmmoni'sm bic ri~onate/-
acetonitrile iifxture (211, v/v; pH 7.5) at room tempe.-arure for 16 h~
gave conversion to ca. 40% of one major reaction product, according



to ani on exchange UPI.C analyvsis. This product was isolIa ted by aIseons
of ani on exchange chromatograjpic: on a Sepharose Q column, using
gradient increasing from 0.1 to 1 0 M aqueous triethylammoiiuu

bicarbonate. This gave the purified reaction product in ca. 16Z
overall yield. Attempts to obtain thetmospray or El mass spectra of~
the product were unsuccessful. The UJV maxima of the adduct in aqueous

solution at pH 1, 7. and 13 wore aL 255, 252, and at 267 nis.
respectively. The similarity of these spectra with those of
unsubstituted 2' -deoxyguanosine (58) and the absence of a rapidly
exchanging hydrogen atom at C8 in the 

1
H-NMR spectrum of the product

in D)20 indicated that the desired N7 adduct had not been obtained.
C;hemical shifts and coupling constants in the '-and 

13
C-NMR spectra

of the produc t in D)20 are summarized in Figure 18. Thepsplittings in
the 

1
H-_decoupled 

13
C-NMR spectrum, which are due to 31 -3

couplings, clearly indicate that the 2'-hydroxyethylthioethyl moiety
is, attached to phosphate. It follows that alkylation of the phosphate
moiety of 2' -deoxyguanosine-5' -phosphate by mustard gas has taken

80 NH

0 403 N-JNH 2

o -P--O--CH 0

4234 63

a 75 Tj 2  258.286
262 ,l 2 OH

262 CH2

OH

0
N 1195 1618

140 7Ni
5Hz H

4H ~0CH2  0 ~ N

885 86 5

b 8 e2 CH 2  ?4 0 41 4
4Hz

34 4 CH, OH

38UH
2

634Cp2

OH

Figure 18. Chemical shift assignments and P-C couplin&, constants for

the hydrogen (400 MHz; a) and carbon atoms (100.6 MHz; b)
of 5'-!0-(2"-hydroxyethylthioethyl) phosphate]-2'-deoxy-
guanosine itn D2

h.
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place almost exclusively with formation of 5'- O-(2"-hydroxyeth'l-

thioethyl) phosphatel-2'-deowyguanosine.

We assume that this preference for alkylation of phosphate instead of
the N7 position of the guanine base is caused by the ionization of
the weakly acidic (pKa 6.4) and strongly nucleophilic secondary

hydroxyl group of the phosphate moiety at the pH (7.5) of the
reaction (59). Reaction at acidic pH in order to protonate the

hydroxyl group is not feasible in view of the rapid depurination of
2'-deoxyguanosine derivatives at acidic pH (96). Therefore, we
attempted the alkylation at N7 of 2'-deoxyguanosine-3',5'-cyclic
phosphate, which has only a strongly acidic, weakly nucleophilic
group at the phosphate moiety. If successful, the reaction product

can be hydrolyzed with phosphodiesterase, 3',5'-cyclic nucleotide
(E.C. 3.1.4.37) (97), to give the desired end product, according to
the reaction scheme given in Figure 19. The reaction was performed
under the same conditions as those described above for 2'-
deoxyguanosine 5'-phosphate. Anion exchange HPLC a -ell as IH-NMR
analysis of the crude reaction mixture after replacement of solvents
by D2 0 revealed that a mixture of at least 6 reaction products had
been formed. No attempts were made to isolate individual products. As
expected, depurination occurred when it was attempted to alkylate the
cyclic phosphate derivative at acidic pH (pH 4.5).

o 0

4.4 N N N

00

0 0

0

H4N N N

OH

Figure 19. Reaction scheme for the attempted synthesis of N7-(2"-
hydroxyethyl-thioethyl)-2'-deoxyguanosine-5'-phosphate via
alkylation of 2'-deoxy-guanosine-3',5'-cyclic phosphate
with mustard gas and subsequent enzymatic hydrolysis of
the cyclic phosphate moiety
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A final attempt was made to obtain the desired N? mono-adduct of
mustard gas with 2'-deoxvnucleoside-5'-phosphate by means of
aikylation at N7 of 2'-deoxy-guanosine, followed by phosphorylation
of the 5'-position with nucleoside phosphotransferase by analogy with
the published procedure for the N7 methyl adduct (98). The reaction

scheme is given in Figure 20.

0 0

3 -6

OH OH

NUCLEOSIDE-

PHOsPHOrRAVS- -

FRAS

0

1N - - N 
S N

HN N N

HO-p-OH

OH

Figure 20. Reaction scheme for the attempted synthesis of N7-(2"-
hydroxyethylthioethyl)-2'-deoxyguanosine-5'-phosphate via
alkylation of 2'-deoxy-guanosine with mustard gas and
subsequent enzymatic phosphorylation at the 5'-position

2'-Deoxyguanosine was reacted with mustard gas as described above for
2'-deoxy-guanosine-5'-phosphate. Cation exchange HPLC of the crude
reaction mixture shows (Figure 21), in addition to the peak of
unreacted starting material, two peeks of reaction products. Small
amounts of these products were isolated by means of preparative
reversed phase HPLC on an RP18 column. IH-NMR of the first reaction
product indicated that this was N7-(2'-hydroxyethylthioethyl)-
guanine, contaminated with other unidentified products. We assume
that N7-(2'-hydroxy-ethylthioethyl)-2''-deoxyguanosine has been
formed during the reaction, but that depurination has proceeded
during work-up.

hL ~mi
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v 3

Time (mbn)

Figure 21. Cation exchange HPLC chromatogram of the crude reaction
mixture resulting from alkylation with mustard gas of 2'-

deoxyguanosine in 0.1 M aqueous triethylammonium
bicarbonate (pH 7.5)/acetonitrile (2/1, v/v). The column
(300x2 mm) was packed with Partisil-10 SAX. Eluent:
aqueous KH 2PO4 with a linear gradient increasing from
0.001 M to 0.3 M in 30 min. UV detection at 254 nm.

Peak i: 2"-deoxy-guanosine; peak 2: N7-(2'-hydroxyethyl-
thioethyl)-2"deoxyguanosine(?) and other products; peak 3:

Nl-(2'-hydroxyethylthioethyl)-2"-deoxyguanosine

Analysis of the IH- and 
1 3
C-NMR spectra in DMSO-d6 of the last

eluting minor product revealed unequivocally that a hitherto
undescribed adduct of mustard gas had been isolated, i.e., Nl-(2'-

hydroxyethylthioethyl)-2"-deoxyguanosine. The assignment of the
carbon signals is based on single frequency deciupling experiments

and on a two-dimensional heteronuclear chemical shift correlated
spectrum (HETCOR; see Figure 22). The assignment of C2 and the
hydroxylated carbons was concluded from the observed splittings after

addition of D 20 (ratio H20/D 20 ca. 1/1). The long range couplings of
approximately 3 Hz found between N-CH2 and both C6 and C2 indicate
that the 2'-hydroxyethylthioethyl moiety is attached to Nl. Chemical
shift assignments and some coupling constants for the hydrogen and
carbon atoms of the N1 adduct are summarized in Figure 23. The
thermospray MS spectrum of the Nl-adduct had major peaks at m/z - 372
(MH

+
) and at m/z - 256 [MH

+ 
of Nl-(2'-hydroxyethylthioethyl)-

guanine], in accordance with the assigned structure.
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Figure 22. Hereronuclear chemical shift correlated (HETCOR) spectrum
of Nl-(2 -hydroxyethylthioethyl )-2"-deoxyguanosine in
DHSO-d6
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Figure 23. Chemical shift assignuients and coupling constants for the
hydrogen (400 MHz; a) and carbon atoms (100.6 MHz; b) of
Nl-(2' -hydroxyethylthioethyl) -2'-deoxyguanosine in
DMSO-d6

111.6. Synthesis of N7 mono- and di-adducts of unse

Experience with the attempted synthesis of N7 mustard gas-adducts of
2' -deoxy-guanosine-5'-phosphate had learned that alkylation at
neutral pH leads to almost exclusive alicylation of the weakly acidic
phosphate moiety, whereas attempts to perform the synthesis under
conditions of complete protonation of the secondary hydroxyl moiety
at phosphate lead to depurination of starting material and of
reaction products. Since guanosine-5'-phosphate depurinates more
slowly than the corresponding deoxyribose derivative under acidic
conditions and since haptens derived from guanosine adducts for
generation of antibodies against deoxy-guanosine adducts have a
sineilar or even better affinity than antibodies raised against the
actual adducts of 2'-deoxyguanosine (98). we decided to attempt the
synthesis of mustard gas-adducts of guanosine-5'-phosphate at pH 4.5,
i.e., at full protonation of the weakly acidic phosphate moiety (pKa
6.4).
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111.6.1. Synthesis of N7-(2"-hydroxyethylthioethyl)-guanosine-5'-

phosphate and of di-12(uanosine-5'-hosphate)-
7
-yl)-

ethyll sulfide

A 10 mM aqueous solution of guanosine-S'-phosphate was alkylated with

20 mK mustard gas for 16 h at room temperature, while the pH was kept

at 4.5 by means of automatic titration with a pH-Stat apparatus.

Reveised phase HPLC of the crude reaction mixture (Figure 24) 'howed,

in eddition to starting material and thiodiglycol, three peaks

preumably corresponding with mono- and di-adducts of mustard gas. A

pre-separation of reaction products from unreacted starting material
was obtained by means of anion exchange chromatography on a Sepharose

Q column. By using water as an eluens, the reaction products and
thiodiglycol are eluted whereas starting material remains on the
column. A separation between peaks 3 and 5 (confer Figure 24),

corresponding with N7 mono-adduct and di-adduct, respectively (vide
infra), was obtained by re-chromatography on the same type of column
using a 0-1 M gradient of aqueous sodium chloride. Finally, gel

2 3

4_

412 18

Figure 24. HPLC chromatogram of the crude reaction mixture obtained

after reaction of guanosine-5'-phosphate with a 100% molar
excess of mustard gas in aqueous solution at room
temperature, pH 4.5. Reversed phase chromatography on an

RP 18 column (300x2 mm). Eluent: 4 mM (n-Bu)4 NHHSO4 and

0.3 H KH 2 PO4 in water/methanol (3/1, v/v). UV detection at
260 no. Peak 1, thiodiglycol; peak 2, guanosine-5'-
phosphate; peak 3, N7-(2"-hydroxyethylthioethyl)-
guanosine-5'-phosphate; peak 4, unknown; peak 5, di-

12((guanosine-5'-phosphate)-7-yl)-ethyl] sulfide
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chromatography on a Sephadex G-10 column removed thiodiglycol and

inorganic salts from the two adducts. The mono-adduct was obtained in

ca. 23% yield with a purity of ca. 94% (estimated from IH-NMR),

whereas the di-adduct was isolated in ca. 4.5% yield, purity ca. 90%

(estimated from IH-NMR). The UV spectra of the mono-adduct in aqueous

solution have maxima at 258, 258, and 266 nim at pH 1, 7, and 13,

respectively, whereas the corresponding maxima of the di-adduct were

found at 266, 260, and 266 nm, respectively.

The FAB-MS spectrum of the mono-adduct (Figure 25) shows peaks at m/z

490 (MNa+ ) ano at 468 (MH+), whereas additional peaks are probably
related tothe glycerol/thioglycerol matrix. Several attempts to
obtain a FAB-MS spectrum of the di-adduct were unsuccessful.

F'0
236 9 E.0'

100-

so-
468. 0

Z22. 9
60-

325.9

40-

278.9 391.1 490.0
20- 256.00 294.09 34,.9 f 421 . 0

20 2-5 309 350 400 450 500 550

Figure 25. Fast atom bombardment (FAB) mass spectrum of N7-(2"-
hydroxyethylthioethyl)-guanosine-5,-phosphate. The
product was ionized from a glycerol/thioglycerol matrix
with Xenon atoms (7-8 kV acceleration voltage)

Analysis of the 1H- and 1 3C-NMR spectra of the mono-adduct (Figure
26) shows unequivocally that N7-(2"-hydroxyethylthioethyl)-guanosine-
5'-phcsphate has been obtained. The assignment of the carbon atom
signals in DMSO-d6 is based on single frequency decoupling
experiments. Long range H-C couplings found between N-CH2 and both C8
and C5 indicate that the 2'-hydroxyethylthioethyl moiety is attached
to N7. Moreover, the IH-NMR spectrum in D20 shows exchange of the
hydrogen atom at C8 with deuterium. This exchange of the acidic

hydrogen atom at C8 is characteristic for N7 adducts of guanosine and
guanosine-5'-phosphate adducts (99).
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Figure 26. Chemical shift assignments and coupling constants for the

hydrogen (400 MHz; a) and carbon atoms (100.6 MHz; b) of

N7-(2"-hydroxyethylthioethyl) -guanosine-5' -phosphate in

DMSO-d 6 . Assignments marked with an asterisk may be

interchanged

The IH-NMR spectrum of the di-adduct gives little characteristic
information. An analysis of the 1

3
C-NMR spectrum of the di-adduct in

H2 0/D2 0 is given in Figure 27. The assignment of the carbon atom

signals is tentative. The assigned structure, i.e., di-[2((guanosine-

5'-phosphate)-7-yl)-ethyl] sulfide, was concluded from the close

similarity of the chemical shifts to those of the N7 mono-adduct. In

order to facilitate comparison, the 
13

C-NMR spectrum of the mono-

adduct in H20/D 20 is also given in Figure 27. The IH-NMR spectrum of
the di-adduct in D2 0 shows also the exchange of the acidic hydrogen

atoms at C8, similar to that in the mono-adduct.

It should be noticed that the di-adduct decomposed within a few

months upon storage of the neat solid material at -PO 0C, whereas the
mono-adduct was stable under such conditions.
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Figure 27. Tentative chemical shift assignments (a) for the carbon
atoms (100.6 MHz) of di-[2((guanosine-S'-phosphate)-7-yll-
ethyl) sulfide in H 20/D20, For comparison the
corresponding data for N7- (2"-hydroxy-ethylthioethyl) -
guanosine-5'-phosphate in H20/D20 are also given (b).
Assignments marked by an asterisk may be interchanged

111.6.2. Attempted synthesis of N7 mustard gas-adducts of ethyl
levulinate-(0-2' .3 -ruanosine-acetal)

Rupprecht et al. (100) have synthesized 2',3'-O-[l-(2-carboxyethyl)
ethylidenel-N7-methyl-guanosine 5'-diphosphate (see Figure 28) for
coupling of its carboxylic function to AH-Sepbarose 4B, in order to
obtain an affinity column for the purification of eukaryotic
messenger ribonucleic acid cap binding protein. Since coupling of
carboxylic acid functions to proteins is supposed to be an efficient
method of coupling (101), we have attempted (see reaction scheme in
Figure 29) to obtain the analogous hapten 2',3*-0-[l-(2-carboxyethyl)
ethylidene J-N7-(2' '-hydroxyethylthioethyl) -guanosine via alkylation
of 2',3'-O-[l-(3-ethoxy-3-oxo-propyl)ethylidene] guanosine with
mustard gas. Due to insolubility of the latter derivative in water,
the alkylation was attempted in DMSO-d6 and in glacial acetic acid.
Even if traces of water were added to these solvents arnd even if the
solutions were heated to 80 OC for a week, no reaction could be
observed according to lHNRspectroscopy. It was concluded that the
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reactivity of mustard gas in nonaqueous solvents was insufficient to
alkvlate the N7 position. This reaction route was abandoned.

0

N N NH 2

o 0
0 P -0 - P -CHI 0 

o o o

0 0

-

0

Figure 28. Chemical structure of 2',3'-O-1-(2-carboxyethyl)-
ethylidene]-N7-methyl-guanosine 5'-diphosphate

0 0

N NHHO S -

N NS-H N N NH2

HO & 0 HOC
0

0 0 0 0

0 0

Figure 29. Attempted reaction scheme for the synthesis of 2',3'-0-tI-
(2-carboxyethyl)ethylidene]-N7-(2"-hydroxyethylthioethyl)-

guanosine

111.7. Kinetics of imidazoliuM ring oening of N7-(2"-
bydroxyethylthioethvl)o-uanosine 5' -hosphate

Adducts at N7 of guanosine and their 5'-phosphate derivatives are
reasonably stable in neutral aqueous solution. However, as shown in
the reaction scheme in Figure 30, such compounds depurinate under
acidic conditions whereas alkaline reaction conditions cause ring
opening of the imidazolium ring. Especially the latter type of
reaction may complicate the immunochemical detection of N7
adducts of guanine in DNA, for example when alkalir.e conditions are
used to obtain single-stranded DNA (confer 111.14.2).
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Figure 30. Decomposition reactiuxia of N7-alkyl-guanosine-5'-
phosphates (R - alkyl) in acidic aqueous medium
(depurination) and in alkaline aqueous medium (imidazolium
ring opening)

For this reason, we have measured the rate of ring opening of 7-(2"-
hydroxyethylthioethyl)-guanosine-5*-phosphate under alkaline
conditions. For comparison we have also measured the reaction rate of
the corresponding N7-methyl derivative. All reactions were measured
spectrophotometrically in ca. 86 AM aqueous solution at pH 11.2,
25 'C, which appeared to be convenient conditions to measure the
reaction rates. As shown in Figure 31, the UV spectra in the course
of the reaction show sharp isosbestic points over a time course of
several half lives, which indicates that a well-defined reaction of a
sufficiently pure substrate is being measured. Very similar spectra
are obtained with the corresponding N7-methyl derivative under the
same reaction conditions.

(Pseudo) first order rate constantp were calculated from a plot of
the lrg of the difference between the absorbancy at a given time and
the absorbancy of the completely imidazolium ring opened compound. We
measured this difference at 266 n, i.e., at the wavelength of
maximal absorbance of the ring opened product (Figure 31). A
representative example of such a plot, pertaining to run I in Table
2, is given in Figure 32.
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Figure 31. UV spectra of NT-(2"-hydrox'-thylthioethyl)-guanosine-)'-
phosphate (86 gM) in the course of imidazolium ring
opening in an aqueous sodium carbonate buffer, pH 11.2,

25 'C. The spectra were taken after 0 (1), 30, 60, 90,

120, and 360 (6) min

The measured absorbancies (At) at 266 ni and the calculated

differences (A. - At) between this absorbancy and the absorbancy A

for compnlete r'ng openinp of the two N7 adducts as a function of
reaction time a-e given in Tables 2 and 3, fcr two duplicate runs.
Rate constants celcul; ced from data points measured within the first
half life time of the reaction were not significantly different from

those calculated over several half lif times. The calculated rate
constants and half lives are summarized in Table 4.
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Figure 32. Plot of reaction time versus natural logarithm of the
difference ')etween the absorbancy (266 nm) at a given lime
(At) and the absorbancy of the completely imidazolium ring
opened N7-(2"-hydroxyethylthioethyl)-uanosine-5'-
phosphate (A.) in aqueous solution, pH 11.2. 23 °C. DAta
taken from Table 2, run 1

The reproducibility of the measurements, as evidenced by the data in
Table 4 suggest that it may be concluded that ring opening of the N7-
(2'-hydroxyethyl-thioethyl)-derivative is slightly but significantly
faster than that of the corresponding N7-methyl derivative. Such an
order of reactivity should be expected (61-64) since the electron
withdrawing character of the (2'-hydroxy-ethylthioethyl) moiety is
presumably slightly larger than that of the met tyl group.
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Table 2. Measured absorbancics at 266 nm (At) and calculated
differences (A, - At) between this absorbancv and the
absorbancy A- for the complete ring opening of N7-(2"-
hydroxyethylthioethyl)-guanosine-5'-phosphate (86 juM) in a

buffered aqueous solution, pH 11.2, 25 °C.

Time At (266 rm) -in (A.o-At)
(min) Run I Run 2 Run I Run 2

0 0.4731 0.5685 0.6990 0.5416
5 0.5154 0.6158 0.7879 0.6264

10 0.5501 0.6552 0.8673 0.1030
15 0.5795 0.6897 0.9398 0.7752
20 0.6062 0.7205 1.0106 0.8444
25 0.6314 0.7491 1.0823 0.9133
30 0.6538 0.7751 1.1507 0.9803
35 0.6745 0.7992 1.2184 1.0467
40 0.6940 0.8224 1.2866 1.1150
45 0.7122 0.8440 1.3548 1.1832
50 0.7294 0.8632 1.4238 1.2479
55 0.7448 0.8822 1.4899 1.3164
60 0.7602 0.8995 1.5606 1.3831
65 0.7742 0.9164 1.6296 1,4529
70 0.7870 0.9315 1.6972 1.5196
75 0.7994 0.9470 1.7673 1.5931
80 0.8101 0.9612 1.8363 1.6655
85 0.8220 0.9740 1.9092 1.7356
90 0.8318 0.9864 1.9776 1.8085
95 0.8414 0.9968 2.0495 1.8741
100 0.8504 1.0082 2.1219 1.9512
105 0.8588 1.0185 2.1946 2.0265
110 0.8667 1.0280 2.2682 2.1013
115 0.8742 1.0371 2.3434 2.1786
120 0.8811 1.0457 2.4180 2.2576
125 0.8875 1.0538 2.4925 2.3382
130 0.8938 1.0614 2.5718 2.4202
end 0.9702 1,1503



124 -

Table 3. Measured absorbancies at 266 nm (At) and calculated

differences (A.o - At) between this absorbancy and the

absorbancy A, for the complete ring opening of N7-methvl-

guanosine-5'-phosphate (86 MM) in a buffered aqueous

solution, pH 11.2, 25 °C

Time At (266 nm) -in (A.-At)

(min) Run 3 Run 4 Run 3 Run 4

0 0.8495 0.8064 0.3279 0.9054

5 0.8894 0.8251 0.3849 0.9527

10 0.9280 0.8440 0.4433 1.0029

15 0.9650 0.8621 0.5027 1.0535

20 1.0001 0.8794 0.5625 1.1044

25 1.0327 0.8960 0.6214 1.1558

30 1.0634 0.9120 0.6802 1.2080

35 1.0931 0.9280 0.7407 1.2630

40 1.1208 0.9441 0.8005 1.3216

45 1.1471 0.9588 0.8609 1.3783

50 1.1720 0.9732 0.9216 1.4372

55 1.1952 0.9874 0.9816 1.4988

60 1.2174 1.0004 1.0427 1.5587

65 1.2390 1.0134 1.1059 1.6225
70 1.2594 1.0260 1.1696 1.6885

75 1.2782 1.0377 1.2320 1.7539

80 1.2965 1.0495 1.2968 1.8245

85 1.3138 1.0607 1.3622 1.8965

90 1.3298 1.0711 1.4267 1.9683

95 1.3464 1.0818 1.4983 2.0479

100 1.3611 1.0920 1.5664 2.1303

105 1.3751 1.1024 1.6358 2.2219

110 1.3884 1.1115 1.7065 2.3096

115 1.4008 1.1208 1.7773 2.4079

120 1.4124 1.1300 1.8483 2.5158

125 1.4244 1.1394 1.9276 2.6395

130 1.4354 1.1481 2.0062 2.7694

end 1.5699 1.2108
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Table 4. Calculated (pseudo)first-order rate constants (k; min-l).
half lives (min) for imidazolium ring opening of two N7-
alkyl-guanosine-5'-phosphates, in aqueous buffer at pH 11.2.
25 °C

Run k Half life
(min -1 ) (min)

la  0.01410 49.16

2a  0.01413 49.05

Averageda 0.01411 49.10

3b  0.01277 54.30
4b  0.01279 54.19

Averagedb  0.01278 54.25

a Alkyl - 2'-hydroxyethylthioethyl
b Alkyl - methyl

111.8. Synthesis of model Re~tides*

In order to find out which type of products can be expected upon
reaction of mustard gas with proteins, we have synthesized several
simple model peptides of single amino acids having functional groups
in the side chain which may be prone to alkylation. Based upon early
investigations on the reactions of mustard gas and other alkylating
agents with proteins and amino acids (40-43,49), valine, aspartic
acid, glutamic acid, cysteine, methionine and histidine were
selected. The structures of the peptide derivatives are shown in
Figure 33.

X-NH-CH(Y)-C(O)NHCH 3  X = H ; Y = CH(CH3 )2
CH3C(O) CH2 COOH

CH3C(O) CH2CH2 COOH
CH3C(O) CH2 SH
CH3C(O) CH2CH2SCH3
CH3C(O) CH2 -Im

Figure 33. Chemical structures of model peptides synthesized for
investigation of the alkylation of various side chains of
amino acids

In the case of valine, the a-amino group was left unprotected in
order to find out which products can be expected upon reaction with
mustard gas of the terminal amino group of a protein, e.g., the amino
group of valine in the a-chain of hemoglobin (65). In all other amino
acids both the a-amino and the a-carboxylic acid group were protected
as amides by means of acetylation and derivatization with

* In this report it is assumed that all amino acids have the natir-i

L-configuration, unless mentioned otherwise.
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methylamine. respectivelv. In this way only the nucleophilic groups
in the side chains are available to react with mustard gas (102).

The synthesis of the model peptidea was straightforward. Valine-
methylamide was obtained via trans-amidation of N-benzyloxycarbonyl-
valine-methyl eater with methylamine, followed by hydrogenolysis of
the benzyloxycarbonyl group, according to the reaction scheme in
Figure 34. Both the histidine and methionine. peptides were
synthesized from the corresponding N-a-acetyl derivatives via
esterification by means of the mixed anhydride method with acetyl
chloride, followed by trans-amidation of the ester with methylamine
as shown in Figure 35.

0

H2  0 C -C - -CH 0- C 1
H2N - C- CCH 2 -O-C1-NH- C-C-OCH3

CH ~ C2i4) 3N CH

CH3 Cf1I CH3 CH3

CH3NH2  
0 I H,/Pd H 0

C'- -'- H OH11

CH3 CH3 Cli, CH3

Figure 34. Reaction equation for the synthesis of valine-inethylamide

0
0 H 0 0 HO0
1 I CH -C-C1 I I I

CNs - C- NH- C- C -OH - CH3 - C- NH- C - CC 2 H5
I C2H5OH I
OH2 CH,

I R
R 0 HO0

CH3NH2 II
-l CH, -C-NH-C-C-NHC4 3

CH,

R

Figure 35. Reaction scheme for the synthesis of N-a.-acetyl
a-methyiamide derivatives of methionine (R-CH2 SCH3 ) and
histidine (R-Im)

The peptide derivatives of aspartic acid and glutamic acid were
obtained by means of the reaction sequence given in Figure 36, The
amino acid in which the aide chain carboxylic acid function is
protected by means of a benzyl ester is N-acetylated with acetic
anhydride. Next, the a-carboxylic acid function is esterified with
ethanol by means of the mixed anhydride method with ethyl
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chloroformate, and is trans-amidated with methylamine. Finally
hydrogenolysis, catalyzed by palladium on charcoal, removes the
protective benzyl group.The synthesis of N-acetyl-cysteine-
methylamide will be described in the final report of this grant.

HO OHHO IHAcO I I I I o--c

H2N-C-C-OH - CH3-C-N-C-C-OH
I I CH3 NH2(CH2  (CH2)n

O= C- 0- CH 2 -no O= C- 0-CH2 -no

OHHO OHHO

1 1 1 1 H2/Pd I I I I
CH3 -C-N-C-C- NHCH 3  - CH - C-N-C- C-NHCH,

I I

(CH nr(CH 2 )n

0-C- -- CH,- 0-C-OH n - 1,2

Figure 36. Reaction scheme for the synthesis of N-a-acetyl
a-methylamide derivatives of aspartic (n-1) and
glutamic (n-2) acid

111.9. Reactions of model Reptides with mustard gas

Reactions of the model peptides with varying molar ratios of mustard
gas were performed in aqueous solution at 25 °C. Depending on the
reactivity of the model peptide relative to water, hydrochloric acid
is produced from mustard gas due to alkylation of the peptide and
hydrolysis to thiodiglycol. In order to maintain an approximately
physiological pH, the solution was titrated automatically during the
reaction with 0.1 N NaOH to pH 7.5, by means of a pH-Stat apparatus.
This procedure is preferred over the use of a buffer since this would
involve the complication of alkylation of the buffer components in
competition with the model peptide (compare 111.11.2).

When the reaction had subsided after 4-24 h, the aqueous solution
(20-50 ml) was concentrated to a small volume. Addition of ethanol
dissolved the organic reaction products while sodium chloride
precipitated. The filtered solution was used for analysis with
reversed phase LC and thermospray-LC-MS detection. The usual eluent
was 0.1 M aqueous ammonium acetate/methanol (1/1, v/v). It was
observed in several cases that chlorine in reactive 2-chloroethyl-
thioethyl moieties was replaced by acetate due to reaction in the
thermospray MS detector.
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111.9.1. Valine-methylamide (65)

An aqueous solution of valine-methylamide (0.38 M) was reacted with
equimolar mustard gas for 24 h. The thermospray-LC-MS chromatogram is
given in Figure 37, together with the thermospray mass spectra of the
various peaks.

100%. 42194204

12

1 9f4. M-*0H thiodiglycol nonoacet u1r

a 20 9 M*N 4 thiodiglycol2

I H 22 4 4

HN I 3 CM

P1121407 V222 20 224 249 r

pug+ 2 2 C-14-(o)-C( iPr)-.HH-r-C-S-C-(T-0OH

.........
titO l 200 2110 so0 354 400 nIH

Figure 37. Thermospray-LC-4S chromatogram and mass spectra of the
various peaks after reaction of valine-methylamide
(0.38 M) with equirsolar mustard gas in aqueous solution,
pH 7.5, 25 OC

As mentioned above, it is assumed that 2-acetoxyethyl 2'-hydroxyethyl
sulfide (peak 1) is formed by replacement of chlorine in semi-mustard
gas. In a similar way, peak 5 corresponding with N-(2'-acetoxyethyl-
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thioethyl)-valine-methylamide (MH+, m/z = 277), may have been formed
from N-(2'-chloroethylthioethyl)-valine-methylamide. The latter
product is the obvious intermediate needed for the subsequent
formation of the di-adduct bis[2-(isopropyl-N-methylcarbamoylmethyl-
amino)ethyll sulfide corresponding with peak 7 (MH+; m/z = 347),
whereas hydrolysis of this intermediate would lead to the formation
of N-(2'-hydroxyethylthioethyl)-valine-methylamide (peak 6; Ml+ at
m/z - 235). Obviously, the latter product may also have been formed
by alkylation of valine-methylamide with semi-mustard gas. The
product corresponding with peak 4 (MH+, m/z = 217) has been
tentatively assigned the structure N-(vinylthioethyl)-valine-methyl-
amide. It may have been formed either by elimination of hydrogen
chloride from N-(2'-chloroethylthioethyl)-valine-methylamide or by
elimination of water from N-(2'-hydroxyethylthioethyl)-valine-
methylamide. Without isolation and subsequent NMR-analysis of the
product corresponding with peak 4, the possibility cannot be excluded
that it has a cyclic structure instead of a vinyl group. The cyclic
product, i.e., 4 -(isopropyl-N-methylcarbamoyl)methyl-tetrahydro-l,4-
thiazine may have been formed by an internal alkylation reaction of
N-(2-chloroethylthioethyl)-valine-methylamide, according to the
reaction scheme shown in Figure 38.

CH3  0 CH3  0
I I I

CH 3 - CH-CH- -C- NHCH 3  CH 3 - CH- CH - C- NHCH,

N

Figure 38. Proposed reaction scheme for the tentative formation of4 -(isopropyl-N-methylcarbamoyl)methyl-tetrahydro-l,4-
thiazine during the alkylation of valine-methylamide with
mustard gas in aqueous solution, pH 7.5, 25 0C

The formation of a large number of reaction products under the
reaction conditions as described above does not permit to conclude
which reaction products are of primary importance. Therefore the
experiment was repeated with a 10-fold lower concentration of mustard
gas, i.e., with a large excess of valine-methylamide. As sho-n in
Figure 39, the thermospray-LC-MS chromatogram now clearly shows that
N-(2'-hydroxyethylthioethyl)-valine-methylamide is the major reaction
product, with formation of a small amount of di-adduct. We consider
the formation of the di-adduct as nonrelevant for the in vivo
situation since it is highly improbable that two valine moieties are
close enough together in the tertiary structure of a protein to
enable the formation of a di-valine adduct.
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5:00 10,00 I5*00
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MH vai Meh!4WnKd6

IO00% 12491104 0 4 0
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Figure 39. Thermospray-LC-MS chromatogram and mass spectra of the
various peaks after reaction of valine-methylamide
(0.38 M) in tenfold molar excess with mustard gas in

aqueous solution, pH 7.5, 25 C

The structure of the major reaction product was confirmed by
independant synthesis (cf I11.10.1) and co-chromatography of this
synthetic product with the above-mentioned product in reversed phase
HPLC.

111.9.2 N-Acetyl-asoartic acid-l-me htlamLm&

An aqueous solution of N-acetyl-aspartic acid-l-methylamide (28 mM)
was reacted with a 15% molar excess of mustard gas. A reaction
ensued, which was complete within 4 h. Analysis of the reaction
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Figure 40. Thermospray-LC-MS chromatogram and mass spectra of the

various peaks after reaction of aqueous N-acetyl-aspartic
acid-l-methylamide (28 mM) with a 15% molar excess of

mustard gas, pH 7.5, 25 °C

mixture with thermospray-LC-MS as summarized in Figure 40, showed two
reaction products (peaks 2 and 4) in addition to starting material
(peak 1) and thiodiglycol (peak 3). Peak 2 was identified as 1-
methyl-3-acetamido-succinimide (MH+, m/z - 171), whereas the small
peak 4 (MH+, m/z - 293) was identified as the expected reaction
product N-acetyl-aspartic acid-4-(20-hydroxyethylthioethyl) ester-1-
methylamide. The formation of a large amount of the succinimide
derivative and the presence of only a small amount of the expected
ester suggests that the latter product is formed primarily but is
rapidly transformed in aqueous solution to the succinimide by means
of nucleophilic displacement of the thiodiglycol moiety by amide with
ring closure, according to the reaction scheme shown in Figure 41.
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0 H H O! I I !

CH 3 -C-N--C-NHCH 3 + CI C
I

CH
2I

OC- OH

OH H 0 OH H O

CH3 -C-N-- C- NHCH3  - CH 3 -C-N-C-C
S/ \

CF-2  H
2
C N - CH3

O=C--O'/-'C--O.-
0=

0

Figure 41. Reaction scheme for the formation of l-methyl-3-acetamido-
succinimide upon alkylation of N-acetyl-aspartic acid-1-
methylamide with mustard gas in aqueous solution, pH 7.5,
25 °C

Such cyclization reactions of 4-carboxylic acid esters of aspartic
acid have been described before (73). In a separate experiment, it
was shown that the ring closure was not due to the work-up of the
reaction mixture before thermospray-LC-MS analysis. A reaction run
similar to the one described except that a fourfold molar excess of
mustard gas was used, was analyzed directly with thermospray-LC-MS.
The results were very similar to those described for the first
experiment. l-Methyl-3-acetamido-succinimide was obtained by
independant synthesis (confer 111.10.2). Co-chromatography of this
product with the reaction mixture obtained from the alkylation of
N-acetyl-aspartic acid-l-methylamide with mustard gas showed that the
major reaction product was indeed the above-mentioned succinimide
derivative.

111.9.3. N-Acetyl-glutamic acid-l-methylamide

N-acetyl-glutamic acid-l-methylamide in aqueous solution (9.5 mM) was
reacted with a fivefold molar excess of mustard gas for 24 h.
According to the thermospray mass chromatogram of the reaction
mixture (Figure 42), the starting material had almost disappeared
(peak 1) and two alkylation products had been formed. Peak 5 was
tentatively identified as the major reaction product N-acetyl-
glutamic acid-5-(2'-hydroxyethylthioethyl) ester-l-methylamide (MH,
m/z - 307). Peak 4 was assigned the structure N-acetyl-glutamic acid-
5-(2'-acetoxyethylthioethyl) ester-l-methylamide (MH+ , m/z - 349). As
in previously described reactions (vide supra), it is assumed that
the latter product is formed during thermospray MS analysis via
replacement of chlorine from the corresponding 5-(2'-chloroethyl-
thioethyl) ester by acetate ions from the buffer solution. Evidently,
and as remarkable as in earlier mentioned cases, the 2'-chloroethyl-
thioethyl moiety in the alkylated product is sufficiently resistant
to hydrolysis to survive several hours in aqueous solution. The
reactions are summarized in Figure 43. No evidence was found for the
formation of secondary cyclic products as was the case with the
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aspartic acid model peptide. This is in accordance with literature
data which indicate that such cyclization reactions are much less

pronounced with glutamic acid derivatives than with aspartic acid

derivatives (73).
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of the synthetic product with the reaction mixture as described
above.
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OH H 0 OH H 0
I I I I CI I I I I

CH3 -C-N- C - C- NHCH) CH3 -C-N- C - C -NHCH 3

(cH, (CH,

I I0 = C- OH 0 
= 

C~o S C
0 H H 0

HOJ / CH3 -C-N- C -C-NHCH3

(CH 1,

0 -0---- -S - OH

Figure 43. Proposed reaction scheme for the formation of N-acetyl-
glutamic acid- 5-(2'-hydroxyethylthioethyl) ester-l-
methylamide upon alkylation of aqueous N-acetyl glutamic
acid-l-methylamide (9.5 mM) with a fivefolA molar excess
of mustard gas, pH 7.5, 25 °C

111.9.4. N-Acetyl-methionine-methylamide

our investigations of the reactions of N-acetyl-methionine-methyl-
amide with mustard gas are in a preliminary stage. An aqueous
solution of N-acetyl-methionine-methylamine (17.5 mM) was reacted
with a 10% molar excess of mustard gas for 42 h. Reversed phase HPLC
of the reaction mixture as shown in Figure 44 showed a peak
presumably belonging to an alkylation product (peak 3), in addition
to peaks of thiodiglycol (peak 1) and starting material (peak 2).
Thermospray-LC-MS confirmed the assignment of peaks 1 and 2. The
thermospray mass spectrum of peak 3 showed the major peak at m/z =
205, i.e., corresponding with MR+ of starting material, and
additional minor peaks at m/z - 174, 157, 140 and 122, which are not
present in the corresponding thermospray mass spectrum of starting
material. Direct thermospray MS of the reaction mixture shows major
peaks at m/z - 295 and 205, in addition to minor peaks at m/z - 157
and at various other m/z values. The peak at m/z - 295 is tentatively
assigned to MH+ of N-acetyl-S-(2'-hydroxyethylthioethyl)-
homocysteine-methylamide.

Tentatively, we assume that the latter product is a decomposition
product of the major alkylation product (peak 3 in Figure 44), i.e.,
the S-(2'-hydroxy-ethylthioethyl)-sulfonium ion of N-acetyl-
methionine-methylamide. The latter ion may decompose during
thermospray MS with loss of any of the three ligands bound to ternary
sulfur, as shown in Figure 45. Loss of methyl leads to the above-
mentioned homocysteine derivative with m/z - 295 (MW+). Loss of the
2'-hydroxy-ethylthioethyl moiety would lead to reformation of
starting material (MH+, m/z - 205), whereas loss of (2'-hydroxy-
ethylthioethyl) methyl sulfide would explain the formation of
a-(acetamido)-vinylacetic acid-methylamide (MI1+, m/z - 157). Earlier
investigations (49, 103-105) have shown that such sulfonium ion-



decompose thermally, but also with acid or hase catalysis. with loss

ot anN of the three moieties bound to sulfur.

i0 i
time (min)

Figure 44. Chromatogram of the crude reaction mixture obtained after
reaction of aqueous N-acetyl-methionine-methy~amide
(17.5 mM) with a 10% molar excess of mustard gas, pH 7.5.
25 °C. Reversed phase HPLC on an RP 18 column (300x2 mm).
Eluent: ammonium acetate (10 mM, pH 6.0) in water/methanol

(7/1, v/v). UV detection at 214 nm

IH- and 
1 3

C-NMR analysis of the crude reaction mixture indicated that
ca. 60% of starting material was left. Additiona' aspects in the

spectra (data not given) can be explained on the assumption that
equal amounts of two reaction products are present, which are
diastere-isomeric. This would be in accordance with the suggested
structure of the sulfonium product, since both the i-carbon of the
amino acid and the sulfonium sulfur are chiral.

The proposed structure of the sulf .. am compounds needs further
confirmation after isolation of the pure product from the reaction
mixture and fDll analysis.
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CH3 - C- NH- CH- C - NHCH 3
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Figure 45. Tentative decomposition scheme during thermospray MS of
the S- (2' -hydroxyeth1 'lthioethyl) -sulfonjun derivative of
N-acetyl-methionine-methylamide (a); (b) N-acetyl-
methionine-methylamide; (c) N-acetyI-S-(2' -hydroxyerhyl-
thioethiyl) -homocysteine-methylamide; (d) a- (acetamido) -
vinylacetic acid-methylamide

An aqueous solution of N-ot-acetyl-',.istidine-methylamide (7.6 m14) was
reacted for 24 h with an equimolar amount of mustard gas at pH 7.5.
Reversed phase HPLC with UiV detection at 214 nm of the reaction
mixture gave the chromatogram as shown in Figure 46. Peaks 1 and 2
correspond with unreacted starting metial and thiodiglycol,
respectively. Presumably, peaks 3 and 4 pertain to alkation
prodi-cts. Thermospray MS-detected chromatography of the reaction
mixture shoved a molecular ion at in/z - 315 for peak 4, corresponding
with MW+ of starting material in which one (2'-hydroxyethylthioethyl)
moiety has been introduced. Peak 3 gave two major ions at ni/z - 315
and 419. Single ion' monitoring at the latter two values of m/z
confirmed that peak 3 consists of an unresolved mixture of two
reaction products presumably corresponding with ?4H+ of an isomer of
peak 4 (m/z - 315), and of a product in which two (2'-hydroxy-
etliylthioethyl) moie~ieb have been introduced (MH+ at m/z - 419).
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Figure 46. Chromatogram of the reaction mixture obtained after

reaction of aqueous N-acetyl-histidine-methylamide
(7.6 mM) with an equimolar amount of mustard gas. pH 7.5,

25 °C. Reversed phase HPLC on an RP 18 column (300x2 mm).

Eluent: ammonium acetate (10 mM, pH 5.0) in water/methanol

(9/1, v/v). UV detection at 214 nm

Our results obtained with these reactions can be explained on the

basis of the assumption that two singly substituted alkylation
products are obtained by alkylation of the N1(x) and N3(r) positions
of the histidine group (70,102), according to the reaction scheme

given in Figure 47. The two singly substituted reaction products were

finally identified as the Nl(w)-substituted product (peak 3) and as
the N3(r)-substituted adduct (peak 4) by means uf independant

.ynthesis, full characterization of the two products (confer

111.10.4) and co-chromatography with the products in the reaction
mixture as described above.
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Figure 47. Reaction scheme for the formation of NI(w)- and N3(r)-(2'-

hydroxy-ethylthioethyl)-substituted N-acetyl-histidine-
methylamides by means of alkylation of aqueous N-acetyl-
histidine-methylamide with mustard gas, pH 7.5

No further attempts were made to synthesize or further identify the
di-substituted reaction product. Presumably, both the I- and 3-

positions of imidazole in the starting material are substituted by
(2'-hydroxyethylthioethyl) moieties, leading to a quaternary
imidazolium structure. Thermospray MS of the pure I- and 3-(2'-
hydroxyethylthioethyl)-substituted histidine derivatives, obtained by
independant synthesis, showed that the ion at m/z - 419 is not caused
by an artifact due to thermospray ionization of the singly
substituted products.

111.10. Synthesis of the major adduc;s of mustard gas with model

The products of the alkylation reactions of model peptides with
mustard gas in aqueous solution at pH 7.5 were identified tentatively
with thermospray MS-detected HPLC of the reaction mixtures, as

described in 111.9. In order to identify the major products in a
definitive way, these were synthesized by independant routes,
purified, and fully identified with spectroscopic techniques.

Co-chromatography with the reaction mixture obtained from alkylation
with mustard gas in aqueous solution served to establish that the
reaction products were identical with the independently synthesized
products.

It will also be essential to have available the pure reaction
products in order to perform competition experiments on a
quantitative basis, in which excess of a mixture of the various model
peptides will be reacted in aqueous solution with mustard gas. These
experiments will be performed in the second half of the grant period.
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111.10.1. N-(2'-Hvdroxyethylthioethyl)-valine-methvlaaide

I,-f1't attempt toc preparc1 N-(2' -hydroxyetrhylthioethyl)-valine-
methylamide (confer 111.9.1) we have used a variant of the proceduro
of Grant and Kinsey (71), who obtained N-(2'-hydroxyethylthioethyl)-
valine from the reaction of valine with semi-mustard gas. According
to the reaction scheme in Figure 48, we alkylated valine-methylamide
with a 50% molar excess of 2-acetoxyethyl 2'-chloroethyl sulfide
(confer 111.2.2) in aqueous solution at pH 9-10. Analysis of the
reaction products with IH-NHR indicated that, in addition to the
desired product, substantial amounts of the bis N-(2'-hydroxyethyl-
thioethyl)-substituted valine-methylamide derivative were formed. The
protective acetyl group was hydrolyzed during alkylation at alkaline
pH. Attempts to isolate the mono-substituted product by means of
cation exchange chromatography with Sepharose S, or by means of
preparative TLC were unsuccesful. Finally, reversed phase HPLC gave
ca. I mg of product, which was pure according to thermospray MS
analysis (MtW, m/z - 235).

0
013 0 CH3s a
I I IC 3

043 -CH-CH-C-NHCt4, ~ CH3 - C- 4C- P*4CH,

I 
I

- 4 CH I 0C .NHC*C4-3

Figure 48. Reaction scheme for the synthesis of N-(2'-hydroxyethyl-
thioethyl)-valine-methylamide via alkylation of valine-
methylamide with 2-acetoxyethyl 2'-chloroethyl sulfide

A better route of synthesis of the desired N-(2'-hydroxyethylthio-
ethyl)-valine-methylamide is outlined in Figure 49. Reaction of

043 0 S013H H 0

043 - CH--CH -C -OH Cit3 -C-CH-C-OH

04N2 CH3 0 Cit3  a
IHN I CH3NH2 I I

-4CH3 - CH- CH - C -OCH 3 -4CH 3 - CHI- 04 -C - NHCH3

Figure 49. Reaction scheme for the synthesis of N-(2'-hydroxyethyl-
thioethyl)-valine-methylamide via alkylat'.on of valine
with semi-mustard pas, followed by esterification and
trans-amidation of the carboxylic acid function
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valine with semi-mustard gas according to the procedure of Grant and
Kinsey (711) yielded N-(2' '-,droxy-ethv1 thioeth,,l)-valmne in 31% yield
with a purity of ca. 80% ( 1H-NMR). Thi s crude product was converted
into the corresponding methyl ester with diazometha.ne (yield Z)
whereas ca 12% N-(2'-hydroxyethylthioethyl)-N-methylvaline-methyI
ester was formed as a byproduct (lH-NMR). Subsequent trans-amidation
with aqueous methylamine converted both esters into the corresponding
methylamider in ca. 80% yield. A final purification by means of
medium pressure preparative chromatography on a Lobar column packed
with Lichrosorb RP 18, with methanol/water (l/l,v/v) as eluent, gave
the desired product in 11% yield.

111.10.2. 1-Hethyl-3-acetamido-succinimide

1-Methyl-3-acetamido-succinimide, the major product resulting from
the alkylation of N-acetyl-aspartic acid-l-methylamide with mustard
gas in aqueous solution and subsequent cyclization (confer 111.9.2),
was synthesized in 641 yield by means of cyclization of N-acetyl-
aspartic acid-4-methyl ester-l-methyl-amide in methanol/triethyl-
amine, as shown in Figure 50. The 4-methyl ester was obtained by
esterification of N-acetyl-aspartic scid-l-methylamide in methanol
in the presence of ace~yl chloride.

0 HO0 0 HO0

1 1 1 MeOO I I I
CH.,- C -NH- C-C- NHCH 3  - * CH 3-C-NH-C-C

I Et~N / 1-1
CtM2  H2C N-CH,

0

Figure 50. Reaction scheme for the synthesis of l-methyl-3-acetamido-
succinimide via cyclization of N-acetyl-asparric acid-
methyl ester-l-methylamide

111.10.3. N-acetyl-glutamic acid-5-(2'-hdroxethylthioethyl) ester--
1-methyamid

Esterification of N-acetyl-glutamic acid-1-methylamide with a slight
molar excess of thiodiglycol in N,N-dimethylformamide at room
temperature in the presence of dicyclohexylcarbodiimide and of a
catalytic amount of 4-dimethyl-aminopyridine (74), gave an almost
quantitative conversion to the desired N-acetyl-glutamic acid-5-(2'-
hydroxyethylthioethyl) ester-l-methylamide according to the reaction
scheme in Figure 51. Trituration with diethyl ether removed a
small amount of the corresponding diester derivative of thiodiglycol.
According to I-NMR and thermospray MS, the oily product (M-[+, m/z -
185) contains only traces of this diester (MH+, m/z - 491).
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Figure 51. Reaction scheme for the synthesis of N-acetyl-glutamic
acid-5-(2'-hydroxyethylthioethyl) ester-l-methylamide via
esterification of N-acetyl-glutamic acid-l-methylamide
with thiodiglycol in the presence of dicyclohexylcarbo-
diimide (DCC)

111.10.4. N-a-acetyl-Nl-(2'-hydroxyethylthioethyl)-histidine-
methylam±i

It appeared that N-a-acetyl-histidine-methylamide reacts rather
slug- shly with mustard gas and with derivatives of semi-mustard gas.
After several preliminary experiments we found that alkylations in
methanol as solvent with semi-mustard gas in which the hydroxyl group
is protected (confer 111.2), in the presence of anhydrous sodium
carbonate for neutralization of acids produced during the reaction
(75), gives the least unsatisfactory results.

2-Trimethylsilyloxyethyl 2'-chloroethyl sulfide was refluxed in
methanol for 7 days with a 4-fold molar excess of N-a-acetyl-
histidinemethylamide and anhydrous sodium carbonate. The large
excess of histidine derivative was used in order to suppress the
formation of di-substituted adducts. Analysis of the reaction mixture
with thermospray MS-detected reversed phase LC showed that two mono-
substituted products were formed, as well as a late eluting di-adduct
with unelucidated structure (confer Figure 47). Apparently, the
adducts had lost their protective trimethylsilyl groups during the
alkylation reaction. Preparative medium pressure chromatography cf
the reaction mixture on a reversed phase Lobar column gave two
fractions, each containing one of the mono-adducts. Subsequent medium
pressure chromatography of the first eluting mono-adduct on a
straight phase Lobar column gave a mono-substituted adduct in ca.
0.5% overall yield, with a purity of 95% (HPLC, UV detection at 220
nm). Thermospray MS analysis of the product showed Mf at m/z - 315.
The structure of the adduct was derived from an analysis of the iH-
and 1 3C-NMR spectra. The assignment of the carbon signals was based
on a two-dimensional heteronuclear chemical shift correlated (HETCOR)
spectrum, as shown in Figure 52. The point of attachment of the (2'-
hydroxyethylthioethyl) moiety was concluded from the results of
single frequency decoupling experiments in conjunction with a
comparison of the shifts of the ring carbon atoms with those of the
isomeric N3(r) compound (see 111.10.5).
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Figure 52. Heteronuclear chemical shift correlated (HETCOR) spectrum
of N-a-acetyl-N-l-(2' -hydroxyethylthioethyl)-histidine-
methylamide in DMSO-d6 (1 bond C-H couplings)

111.10.5. N-a-acetvl-N3-(2' -hydroxvethvlthioethyl )-histidine-

The fraction containing the second adduct, as obtained from reversed
phase Lobar chromatography of the reaction mixture described in
111.10.4, was further purified by semi-preparative reversed phase
HPLC. This gave the second mono-adduct with a purity of ca. 95%
(HPLC, UV detection at 220 nm) in 0.5% yield (thermospray KS: MHf+ at
m/z - 315). The structure of the adduct followed from an analysis of
the 'H- and 1 3C-NMR spectra. As in the case of the Nl adduct, the
cr-bon signals are derived from a two-dimensional heteronuclear
chemical shift correlated spectrum (HETCOR), as shown in Figure 53.
The long range couplings of 3-4 Hz between hydrogen in NCH2 and
C2/C4, as found by a single frequency decoupling experiment, indicate
that the (2'-hydroxyethylthioethyl) moiety is attached to N3.
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Figure 53. Heteronuclear chemical shift correlated (HETCOR) spectrum
of N-a-acetyl-N3-(2'-hydroxyethylthioethyl)-histidine-
methylamide in DMSO-d6 (I bond C-H couplings)

The NI and N3 mono-adducts were also obtained from alkylation of N-a-
acetyl histidine methylamide under the same reaction conditions as
described in 111.10.4, but using equimolar 2-acetoxyethyl 2'-
chloroethyl sulfide (confer 111.2.3) as alkylating agent instead of
the trimethylsilyl protected derivative of semi-mustard gas. The
acetyl derivative of semi-mustard gas is more reactive than the
trimethylsilyl derivative since a reaction period of 7 h was
sufficient to obtain a maximal conversion. Also in this case, the
protective acetyl group had hydrolyzed from the alkylation products
at the end of the reaction period. Separation of the two mono-
substituted adducts was achieved by means of preparative medium
pressure chromatography on a straight phase Lobar column, with the N3
adduct now eluting ahead of the NI adduct. The N3 adduct was recry-
stallized from diethyl ether containing 1% (v/v) of methanol without
further chromatographic clean-up, which gave a product with 95%
purity (HPLC, UV detection at 220 nu) in 0.8% yield. All analyses of
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the product were the same as those of the N3 adduct resulting from
alkylation with the trimethylsilyl derivative of semi-mustard gas.

For practical reasons, no attempts were made to obtain the NI adduct
from the reaction mixture.

III.Ii. Synthesis of mustard gas-adducts of peptides as haptens

In order to generate cells which produce antibodies against amino
acids alkylated with mustard gas, we wished to synthcsize haptens
consisting of various alkylated amino acids as a terminal moiety in a
tri- or higher peptide. Such a hapten should be coupled to a protein,
which is then used to generate the antibody producing cells. In
principle two routes of synthesis of the haptens can be followed: (i)
use of the alkylated amino acid in the synthesis of the hapten, and
(ii) synthesis of the non-alkylated hapten and subsequent alkylation
with mustard gas of the target aminoacid in the peptide. In the
following, examples of both approaches will be given.

In view of the many examples in literature (22,24,25) on the
succesful analysis of alkylation by various alkylating agents of the
amino group of terminal valine in the a-chain of hemoglobin, we have
selected to attempt the synthesis of a tri- and heptapeptide peptide
based on the actual sequence of amino acids bound to this terminal
valine. Moreover we have synthesized a tetrapeptide with a terminal
glutamic acid, alkylated at the 5-carboxylic acid function by mustard
gas, since data in literature indicate that in vivo alkylation at
carboxylic acid functions by mustard gas, recognized by their
instability towards alkali, is prominent (40-43).

III.11.1. Attempted synthesis of N-(2'-hydroxyethylthioethyl)-val-leu-ser

According to the reaction scheme shown in Figure 54, N-benzyloxy-
carbonyl-leu-ser was converted into the corresponding ethyl ester
with ethanol, catalyzed by concentrated sulfuric acid (68% yield).
Next, the benzyloxycarbonyl group was removed in 55% yield by
hydrogenolysis, catalyzed by palladium on charcoal. Subsequent
attempts to couple N-(2'-hydroxyethylthioethyl)-valine (see III.10.1)
to the dipeptide ethyl ester with dicyclohexylcarbodiimide or with
l-(3-dimethylaminopropyl)-3-ethylcarbodiimide in N,N-dimethyl-
formamide failed. Thermospray MS analysis of the reaction mixtures
showed that the carbodiimides added readily to the N-alkylated valine
to give products with MH+ at m/z - 428 for the dicyclohexylcarbo-
diimide derivative and at m/z - 247 (MH+ - H20) for the other
carbodiimide derivative. However, the subsequent reaction with the
amino function of the dipeptide-ethyl ester did hardly proceed, since
only traces of the desired tripeptide were observed. We assume that
the primarily formed O-acyl isourea derivative of N-(2'-hydroxyethyl-
thioethyl)- valine lacks reactivity towards the carboxylic acid
function of the dipeptide, possibly due to the bulk of the Isopropyl
moiety of the valine derivative. This may lead to an internal 0 --> N
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shift in the O-acyl isourea derivative (106), which yields a stable

N-acylurea compound, as shown in Figure 55.

0 H 0 H 0
1 1I I I C2HOH

CH- 0- C- NH-C- C- NH- C- C-OH
I I 1 S04

CR2 CH2

CH OH

CH3 CH3

0 H 0 H 0
I I I I H,/Pd

CH= - O- C- NH- C- C- NH- C- C- OC.HP

Cr2  CR2
I I
CH OH

CH3 CH3

H 0 H 0

+ I I I I
H3N - C - C- NH- C- C- OC2HG
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Figure 54. Reaction scheme for the synthesis of leu-ser-ethyl ester
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Figure 55. Rearrangement of the primarily formed O-acyl isourea
derivative of N-(2' -hydroxyethylthioethyl ) -valine with
dicyclohexylcarbodiimide to a stable N-acylurea

derivative

111.11.2. Synthesis of N-(2'-hydroxyethylthioethyl)-val-leu-ser-
pro-ala=i-asn-l

The N-terminal heptapeptide of the a-chain of hemoglobin (val-leu-
ser-pro-ala-asp-lys) was synthesized as described by van Denderen et
al. (76) using a Biosearch Sam II automatic peptide synthesizer
according to the solid phase synthesis method essentially as
described by Merrifield (77) with _-butyloxy-carbonyl-amino acids.
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Final deblocking and cleavage from the resin was performed by
treatment with trifluoromethanesulfonic acid/thioanisole/m-cresol in

trifluoroacetic acid. The product was purified using liquid
chromatography on a Sephadex G-15 column. The structure of the
peptide was confirmed by amino acid analysis of the hydrolyzed
peptide (vide infra).

For the synthesis of the heptapeptide alkylated with mustard gas at
the N-terminal valine, two portions of the heptapeptide were
dissolved in PBS and treated with I mM mustard gas (for amino acid
analysis) and I mM [35 1mustard gas (for HPLC) in dry acetone (final
concentration 1%) for 45 min at 37 °C. The solutions were directly
injected onto the HPLC column; from the heptapeptide treated with
[3 S]mustard gas, fractions eluted in 0.5 min intervals were
collected and the radioactivity was determined. The radioactivity
profile showed two components, one being thiodiglycol and one which
appeared to be the reaction product of mustard gas with phosphate in
the PBS buffer. These two peaks were also collected upon analysis of
the sample treated with 1 mM rustard gas. By amino acid analysis it
was shown that no amino acids were present in these two fractions.
The UV-profile showed two extra peaks which were identified as
contaminants of acetone. In further experiments, mustard gas was
dissolved in dry acetonitrile and the heptapeptide in distilled
water, while the pH was controlled by a pH-Stat. No adduct formation
could be= realized at pH 7, possibly because of insufficient
deprotonation of the NH3+-group of valine. Treatment of the
heptapeptide with 5 mM mustard gas dissolved in dry acetonitrile
(final concentration 1%) at pH 8.5, resulted in the formation of one
prominent new peak (peak 3 in Figure 56) and some smaller peaks. In
the HPLC pattern, 52% of the total peak area represented the original
heptapeptide (peak 2) and 30% the most prominent adduct (peak 3).
Peak 1 represented thiodiglycol. Peaks 2 and 3 were collected
separately by means of HPLC and the amino acid composition was
assessed. The amount of amino acids (nmol) in the samples was
expressed as the ratio of nmol amino acid:nmol ala. Peak 2 is the
original heptapeptide [val(0.9), leu(0.9), ser(l.2), pro(l.0),
ala(l.0),asp(0.9) and lys(l.2)]. The adduct peak 3 contained the
following amino acids: val(0.l),leu(0.7),ser (1,3), pro(l.2),
ala(l.0), asp( 1.0) and lys(1.0). This peak contained all amino acids
of the heptapeptide but for the low content of valine. Probably, val
in the heptapeptide was alkylated at the amino group, blocking the
reaction with phenyl isothiocyanate, which is used in the amino acid
analysis. Valine alkylated with mustard gas was eluted in the void
volume. Also, the amount of leu was somewhat decreased. A possible
explanation could be incomplete hydrolysis of the bond between val
and leu, as a result of the alkylation by mustard gas at the amino
group of valine.

Peaks 2 and 3 were analyzed with thermospray mass spectrometry,
whereas peak 3 was also analyzed with NMR.
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Figure 56. HPLC-chromatogram (ODS-Sephadex reversed-phase column) of
the N-terminal heptapeptide of the a-chain of hemoglobin
treated with 5 mM mustard gas at pH 8.5. The absorbance
was recorded at 220 nm. To elute the various peptides an
acetonitrile gradient in 0.1% trifluoroacetic acid was
used. Peak I: thiodiglycol; peak 2: N-terminal
heptapeptide of the a-chain of hemo globin; peak 3: N-(2'-
hydroxyethylthioethyl)-val-leu-ser-pro-ala-asp-lys

Thermospray MS analysis of peak 2 showed MH+ of the intact
heptapeptide at q/z - 729 and fragments at m/z - 711 (MH+-H20), 414
(MH+ of val-leu-ser-pro) and at m/z - 485 (MH+ of val-leu-ser-pro-
ala). It can be concluded that peak 2 represents the intact
he tapeptide. The thermospray MS analysis of the adduct peak 3 showed

of the expected monoadduct of the heptapeptide at m/z - 833, as
well as MH

+ 
at m/z - 334 of a fragment, i.e., N-(2'-hydroxyethyl-

thioethyl)-val-leu.
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NMR was used to confirm the structure of peak 3. Because of the small
amount of product available, only IH-NMR spectra could be taken. In

order to avoid problems of overlapping resonances due to the many
resonances and complicated coupling patterns of the modified
heptapeptide, two-dimensional NMR techniques were applied. The
peptide was dissolved at a concentration of 3.5 mg/ml in a buffer
containing H20 and D20 in a ratio of 9:1 (v/v) and 10 mM of
perdeuterated sodium acetate, pH 4.30, 30 °C. Under these conditions
the amides of the peptide backbone are mainly protonated and exchange
slowly with water. Since these measurements require saturation of the
water resonance of the solvent, the slow exchange is essential to
prevent transfer of saturation to the amide protons. The proton
resonances of the various amino acid residue side chains were
assigned using double quantum filtered COSY (two-dimensional
correlated spectroscopy) NMR, which shows scalar couplings, and
chemical shift information (107).

Especially the assignments of the resonances of the a-carbon proton
in the valine residue and the protons in the sulfur mustard group
were needed to show the modification of valine. Although the
measurements were carried out in a H2 0 containing buffer, the valine
amine proton was not visible, probably due to an unfavorable pK-
value. NOESY (two-dimensional nuclear Overhauser enhancement
spectroscopy) and ROESY (two-dimensional rotating frame Overhauser
enhancement spectroscopy) were used to show dipolar couplings
(through space) between protons in the sulfur mustard group and
protons in the valine residue. These couplings are only visible if
the distance between the involved protons is less than ca. 0.4 nm.
Because of the unfavorable rotational correlation time of the
modified peptide, the NOESY spectrum showed only very weak cross
peaks. This problem was avoided using the ROESY technique. As shown
in Figure 57 (cross peaks A and B), clearly dipolar couplings between
the a-carbon proton of thevaline residue (3.80 ppm) and the
neighbouring protons of the (2'-hydroxyethylthioethyl) moiety (3.14
and 3.24 ppm) were visible. These couplings are visualized in Figure
58. Dipolar couplings between the latter protons and protons of other
amino acid residues are not observed.

Modified valine, i.e., N-(2'-hydroxyethylthioethyl)-valine (confer
11.10.2.5) was studied with one- and two-dimensional NMR techniques.
A great resemblance with the modified heptapeptide was observed.
Chemical shift assignments for the (2'-hydroxyethylthioethyl)-valine
moiety of the modified heptapeptide are shown in Figure 59, whereas
some additional assignments are summarized in Table 5.

It is concluded that 1H-NMR and thermospray-LC-MS analysis of the
alkylated heptapeptide (peak 3 in Figure 56) fully support the
assigned structure, i.e., the heptapeptide is mono-substituted with a
(2'-hydroxyethylthioethyl) moiety at the amino group of valine.

L N
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Figure 57. Part of the ROES" (two-dimensional rotat E4 rawe
Overhauser enhancement ;pectroscopy) spect. n (400 MHz) of
N-(2'-hydroxyethyl-t1- oethyl)-val-leu scr-pro-ala-asp-lys
in H20/D20 (9/1, v/v), contai. nig 10 mM perdeuterated
sodium acetate, pH 4.30. Mixing cime 0.200 s. Cross-peaks
indicated with a and b are due to dipolar C-H of the
valine residue (3.80 ppm) and the neighbouring protons of
the (2' -hydroxyethylthioethyl) moiety
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Figure 58. Observed dipolai )uplings in the N-(2'Klydroxyethyl-
thioethyl)-valyl moiety in the ROESY (two-dimensional
rotating frame Overhauser enhancement spectroscopy)
spectrum of N-(2' -hydroxyethylthioethyl)-val-leu-ser-pro-
ala-asp-lys
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Figure 59. Chemical shift assignments for the N-(2'-hydroxyethylthio-
ethyl)-valyl moiety in the IH-NMR spectrum (400 MHz) of
N-(2'-hydroxyethylthioethyl)-val-leu-ser-pro-ala-asp-lys
in H20/D20 (9/1, v/v), containing 10 mM perdeuterated
sodium acetate, pH 4.30

Table 5. Some chemical shift assignments in the IH-NMR spectrum of
N-(2'-hydroxyethylthioethyl)-val-leu-ser-pro-ala-asp-lys

NH Ca-H CO-H Cy-H Ca-H Cc-H

Val - 3.80 2.22 1.05
0.9

7

Leu 8.81 4.52 1 19 1.59 0.92
0.88

Ser .42 4.7.

Pro - 4.38 2.28 2.00 3.80
1.90 3.69

Ala 8.16 4.28 1.35

Asp 8.24 4.75 2.9#
2.79

Lys 7.76 4,i 1.80 1.35 1.65 2.95
1.70

111.11.3. Mhe s, p__of £ly-gly-gly-glutamic acid-5-(2'-hydroxyethyl-
LhLoethyl) ester-l-amide hydrochloride

The title peptide was obtained according to the reaction scheme shown
in Figure 60. N-Benzyloxycarbonyl-gly-gly-gly-glutamic acid-5-t-butyl
ester-l-amide was obtained in 73% yield by coupling N-benzyloxy-
carbonyl-gly-gly-gly with glutamic acid-5-t-butyl ester-l-amide via



the mixed anhydride method with ethyl chloroformate. Next, the
benzyloxycarbonyl moiety was removed by hydrogenolysis, catalyzed by
palladium on charcoal.
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Figure 60. Reaction scheme for the synthesis of gly-gly-gly-glutamic
acid-5-(2'-hydroxyethylthioethyl) ester-l-amide
hydrochloride
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Without isolation of the peptide with deprotected amino group, the t-
butyl group was removed by treatment with trifluoroacetic acid. This
gave gly-gly-gly-glutamic acid-l-amide trifluoroacetate in
quantitative yield after the combined deprotection steps. Thermospray
MS showed MH+ at m/z = 318, as expected. Finally, the 5-carboxylic
acid function of the peptide was esterified in thiodiglycol at room
temperature, in the presence of a catalytic amount of acetyl chloride
(69). Removal of excess thiodiglycol left the desired tetrapeptide in
almost quantitative yield. Thermospray MS showed major signals at m/z
= 422 (MH+ ) and at m/z - 300 (MH4 -thiodiglycol).

The IH- and 13 C-NMR spectral data of the end product (confer
11.10.3.3) were in good agreement with the structure. In order to
provide evidence of the point of attachment of the (2'-
hydroxyethylthioethyl) moiety, several attempts were made to
establish a connectivity or proximity between this group and the rest
of the molecule. Although these attempts failed, the proposed
structure seems to be the best explanation of the spectral data which
were obtained.

111.12. Identification and guantitation of mustard gas adducts to
calf-thymus DNA and DNA of human white blood cells

Various degradation procedures are known for the detection of DNA
modifications by means of liquid chromatography: (i) the enzymatic
breakdown of the treated DNA into nucleosides and the separation by
Fast Performance Liquid Chromatography (FPLC) on a cation-exchange
column (108), (ii) the release of purines and alkylated purines
(depurination) at a low or neutral pH and high temperature followed
by separation of these bases by HPLC on a reversed-phase column
(109), (1ii) combination of DNA breakdown and depurination, and the
use of various columns (reversed-phase and ion-exchange) for the
subsequent purification steps (110).

We chose for an enzymatic breakdown of the DNA into nucleosides,
followed by a mild depurination to bring about the selective release
of the modified guanines and adenines, and a separation by HPLC on a
reversed-phase column. First, ammonium formate buffers were used for
the gradient elution. However, the ammonium formate caused problems
when collected peaks were freeze-dried and used for thermospray MS.
Therefore, the NH4HCO 3 buffers as described in 11.11.6. were used in
later experiments.

Both the isolation of DNA from WBC and the breakdown of DNA into
nucleosides are standard techniques in this laboratory (108,111).
Commercially available nucleosides were used as markers (dG: 2'-
deoxyguanosine; dA: 2'-deoxyadenosine; T: thymidine; dC: 2'-
deoxycytldine) to develop an HPLC procedure for the analysis of calf-
thymus DNA and DNA isolated from WBC after the degradation into
nucleosides. The marker nucleosides were co-injetee with the
degraded DNA and retention times were compared. Also UV spectra were
taken of the collected nucleoside peaks and compared with the spectra
of the marker nucleosides. Figure 61 shows the HPLC profile of
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untreated calf-thymus DNA degraded into the nucleosides dC, dG, T and
dA. A smaller peak, 2'-deoxy-5'methylcytidine, was also detected,
with a retention time between those of dC and dG. This compound is a
modification which always is present in DNA. The profile of degraded
DNA isolated from WBC corresponds to the profile shown in Figure 61.

0 .2 . . . . .. .. . . .

EC W( ; T (11
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0 10 ;? 0i 40
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Figure 61. HPLC-chromatogram (ODS-Sephadex, reversed-phase column) of
calf-thymus DNA after enzymatic degradation into
nucleosides. The UV-absorbance (285 rm) was recorded.
dC: 2'-deoxycytidine; dmC: 2'deoxy-5'methylcytidine; dG:
2'-deoxyguanosine; T: thymidine; dA: 2'-deoxy-adenosine

After the development of this HPLC-procedure, resulting in the
separation of the various unmodified nucleosides, calf-thymus DNA and
DNA from whole blood of human volunteers treated with various
concentrations of [

35
S]mustard gas, were degraded into nucleosides

and analyzed by HPLC. Figure 62 shows the HPLC profile of double-
stranded calf-thymus DNA (ds-ct-DNA) exposed to I mM [

35
S]mustard

gas.

In addition to the four nucleosides, four major radioactivity peaks
were detected. In this figure, only the fractions containing more
than 1 of the total radioactivity detected are shown, since in the
present project merely the identification of the major adducts is of
importance. In a small aliquot of the mixture of nucleosides the
radioactivity was directly counted without HPLC, to cheik the loss of
radioactivity during HPLC. In all experiments the loss of
radioactivity was not more than 5-10X. The adducts in Figure 62 were
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Figure 62. HPLC-chromatogram of hydrolyzed calf thymus DNA exposed to
1 mM [3 5Slmustard gas (30 min; 37 OC). The DNA-hydrolysate
was analyzed on an ODS-Sephadex column; UV-absorbance
(285 nm) and radioactivity were monitored. The radio-
activity of the fractions (0.5 min) was counted for
10 min in a Mark III liquid scintillation counter.
dC: 2' -deoxycytidine; duC: 2' -deoxy-5' -methylcytidine;
dG: 2'-deoxyguanosine; T: thymidine; dA: 2'-deoxy-
adenosine; N7-G-HD: N7-(2' -hydroxyethylthioethyl )-guanine;
N3-A-HD: N3-(2' -hydroxyethylthioethyl- adenine; N7-C-HD-G:
di-(2-guanin-7'-yl-ethyl) sulfide; TDG: thiodiglycol

also detectable by UV, and their retention times corresponded with
the radioactive adduct peaks. One radioactive peak (retention time 11
msin) did not correspond with an UV-peak. This peak could be ascribed
to [35Slthiodigly'ol, the hydrolysis product of mustard gas, which
does not show UV absorbance at 285 nls. The presence of thiodiglycol
was unexpected since after treatment of DNA or whole blood with
mustard gas, the DNA is isolated by ethanol precipitation which was
supposed to remove free thiodiglycol from the samples. However, the
thiodiglycol still present in the samples suggests an incomplete
removal of this hydrolysis product during the nNA-isolation step (the
peak corresponds to 1.3% of the amount of mustard gas used). The
other three 35S-peaks were co-eluted with the synthetic N7-(2'-
hydroxyethylthioethyl)-guanmne (N7-G-HD; confer 111.3.1) marker, the
N3-(2' -hydroxyethylthioethyl)-adenine (N3-A-HD; confer 111.4) marker
and the di-[(2-guanin 7'-yl-ethyl] sulfide (N7-G-HD-G; confer
111.3.2) marker, with retention times of 24, 28 and 39 min,
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respectively. The three adduct peaks derived from ds-ct-DNA treated
with mustard gas were also characterized by their UV spectra obtained
with a diode-array detector (Appendix B) as well by thermospray-LC-MS
(Appendix C), with the markers used as references.

DNA which was isolated from whole human blood after treatment with
I mM [35 S]mustard gas and was degraded into nucleosides, showed the
same radioactivity profile as double-stranded calf-thymus DNA treated
with mustard gas. Three radioactive adduct peaks were detected
(Figure 63). Thiodiglycol was not detectable, confirming that the
presence of thiodiglycol in digested calf-thymus DNA probably was due
to insufficient removal during the DNA-isolation step. UV-peaks could
not be detected at the position of the adducts. Hence
characterization by diode array detection or thermospray-LC-MS was
not attempted. However, the radioactive adduct peaks again were co-
eluted with the three adduct markers as described before. It could be
concluded, therefore, that the same three major adducts were formed
in whole blood as in calf-thymus DNA treated with mustard gas.
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Figure 63. HPLC-chromatogram of DNA from human whole blood exposed to
1 MM [35S]mustard gas (30 min; 37 °C). The DNA-hydrolysate
was analyzed on an ODS-Sephadex column; UV-absorbance (285
nm) and radioactivity were monitored.The radioactivity of
the fractions (0.5 min) was counted for 10 min in a liquid
scintillation counter. dC: 2'-deoxycytidine; dmC: 2'-de-
oxy-5'methylcytidine; dG; 2'-deoxyguanosine; T: thymidine;
dA: 2'-deoxyadenosine; NT-G-HD: N7-(2 -hydroxy-ethylthio-
ethyl)-guanine; N3-A-HD: 3-(2 -hydroxyethylthioethyl)-
adenine; N7-G-HD-G: di-(2-guanin-7'-yl-ethyl) sulfide
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In addition to the adducts with mustard gas mentioned above the 06-

(2'-hydroxyethylthioethyl)-guanine (06-G-HD) adduct also might be

formed. Attempts were made to locate this adduct. It was unknown

whether this compound would be released from the deoxyribose during

the heating-step in the procedure. Therefore, both the markers 06-G-

HD (confer 111.3.4) and 06-(2'-hydroxyethylthioethyl)-2"-deoxy-

guanosine (06-dGuo-HD; confer 111.3.3) were synthesized and used for

the identification. On HPLC, both markers had a retention time longer

than that of the di-adduct. Figure 64 shows the HPLC profile of the

four markers N7-G-HD, N3-A-HD, N7-G-HD-G and 06-G-HD. A different

column and elution gradient was used. Consequently, the retention
times of the markers in Figure 64 are not comparable with the

retention times of the markers in Figures 62 and 63. The 06-dGuo-HD
marker had a retention time longer than that of the 06-G-HD (profile
not shown). It was questionable whether significant amounts of

radioactivity above the background value were present at the position

of the 06-adduct. Therefore, if any 06-G-HD adduct was formed, it was
a very small amount (less than 0.5 % of total detected radio-

activity).
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Figure 64. HPLC-chromatogram (ODS-Sephadex column) of synthetic
adducts of mustard gas with DNA, used as markers. UV
absorbance (285 rum) was recorded. N7-G-HD: N7-(2'-hydroxy-

ethylthioethyl)-guanine; N3-A-HD: N3-(2'-hydroxyethyl-
thioethyl)-adenine; N7-G-HD-G: di-(2-guanin-7'-yl-ethyl)
sulfide; 06-G-HD: 06-(2'-hydroxyethylthioethyl)-guanine
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The three major adducts were also quantified in two completely
quantitative experiments. The same hatch of [35Sjmustard gas
(specific activity at the day of preparation 850 MBq/mmol) was used
in both experiments. The specific activities of the [

3 5S]mustard gas
on the days of counting were 261 and 245 MBq/mmol, respectively. The
amount of DNA in the injected samples was determined spectrophoto-
metrically. In both experiments 10 ml of whole blood was treated with
1 and 0.1 mM [3 5S]mustard gas, and 0.5 ml ds-ct-DNA (0.5 mg) was
treated with 1, 0.1 and 0.05 mM [3 5S]mustard gas. The amount of DNA
isolated from the blood was 200-250 pg DNA/10 ml blood. In one
experiment 0.5 ml ss-ct-DNA (0.5 mg) was treated with 1 and 0.1 mM
[3 S~mustard gas. However, in this experiment a different batch of
[3 5S]mustard gas was used (specific activity on the day of use 353
MBq/mmol) and also a different reversed phase column. The amount of
radioactivity connected to the DNA relative to the amount of
radioactivity applied is shown in Table 6.

Table 6. Percentage of radioactivity bound to calf-thymus DNA and to
DNA from white blood cells in whole blood, after treatment
with [35SI mustard gas

Sample Percentage of radioactivity bound to DNAa

Concentration of mustard gas (mM)
1 0.1 0.05

Ds-ct-DNAb 9.6 20.0 19.5
11.7 12.4 ndc

Ss-ct-DNAd 7.8 11.1 nd

Bloodb 0.014 0.022 0.032
0.023 0.021 nd

a The percentage of radioactivity bound to DNA is expressed

relative to the amount of radioactivity applied
b Data are shown from two experiments
c Not determined
d Data are shown from one experiment performed at a later
date with a different batch of [35 S]mustard gas and a
different reversed phase column

Much more radioactivity had reacted with naked calf-thymus DNA than
with the DNA in the WBC of whole blood. This suggests that in whole
blood there is interference with regard to the reaction of mustard
gas with nuclear DNA, probably because of the presence of serum
components, red blood cells and cell walls, cytoplasm components and
nuclear walls of the WBC. Mustard gas also reacts with these
constituents. The molar ratio of the amount of [35 S]mustard gas
(treatment with 1 mM mustard gas) which had reacted with ds-ct-DNA
(0.5 mg/0.5 al) and DNA in WBC (250 pg DNA/10 ml blood) has been
calculated, which amounted to 3.5x10- and 2.1x10 "3 mol [3 5S]mustard
gas/mol nucleotides in DNA, respectively (mean of the two
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experiments). Per mol nucleotide 17 times as much [3 5Slmustard gas
had reacted with double-stranded calf-thymus DNA compared to DNA in
WBC. The amounts of adducts formed during the treatment with 0.1 mM
[3 5 S]mustard gas were, respectively, 5.4xi0 -3 and 3.0xlO -4 mol
[35 S]mustard gas/mol nucleotides in DNA. Treatment with a tenfold
higher concentration of [35S]mustard gas (1 mM versus 0.1 mM) did not
result in a proportionally increased level of alkylation. Evidently,
the concentration of mustard gas is not the only rate-determining
factor in the formation of DNA adducts.

The [3 5S]-DNA preparations obtained were processed further to allow
the HPLC separation of the modified nucleosides. The resulting three
major adduct peaks of N7-G-HD, N3-A-HD and N7-G-HD-G, together with
thiodiglycol, were responsible for most of the radioactivity observed
in the HPLC fractions (only fractions containing more than 1% of the
radioactivity were taken into account). A background of radioactivity
(0-0.5% per fraction) was found in each of the fractions eluted
beyond the thymidine peak. Table 7 shows the amounts of addvcts and
thiodiglycol found after exposure of ct-DNA and whole blood to 1, 0.1
and 0.05 mM [35 S]mustard gas.

Table 7. DNA-adducts found after exposure of calf thymus DNA and
whole blood to [3 5S]mustard gas

Sample Concentration Percentage radioactivity of
mustard gas HPLC inputa

(MM)
N7-G-HD N3-A-HD N7-G-HD-GD

s-ct-DNAb 1 66.3 10.1 14.2

0.1 54.8 11.1 14.7
0.05 54.4 8.7 21.4

Ss-ct-DNAc 1 49.5 4.3 10.5
0.1 54.6 3.8 9.5

Bloodb 1 61.4 4 .8d 15.2
0.1 60.9 6 .5d 19.6

a Only tractions containing more than 1% of the radioactivity
were taken into account; the percentages have been corrected
for the amount of thiodiglycol recovered

b Data from two experiments (averaged)
c Data from one experiment
d Data from one experiment; in the other experiment N3-A-HD was

not formed

Table 7 shows that N7-G-HD monoadduct is the major adduct formed in
ct-DNA and in DNA from WBC. Higher concentrations of mustard gas
resulted in relatively more N7-G-HD monoadducts and less di-adducts,
suggesting a certain saturation. The proportion of N3-A-HD adducts in
ct-DNA is higher than in WBC. As was observed before, the relative
amount of thiodiglycol was high in the experiment with ds-ct-DNA,
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probably because during the DNA-isolation by a single ethanol

precipitation not all of it had been removed. The percentages of the

adducts, therefore, have been corrected for the amount of

thiodiglycol present. In one experiment with human blood N3-A-HD was

not found. For ss-ct-DNA, the three major adduct peaks represent only

66% of all radioactivity. There were two additional large peaks

(containing about 11 and 16% of total radioactivity) which had longer

retention times than the three major peaks; one appeared close to the

elution position of 06-G-HD. The other one may pertain to the Nl-

mono-adduct of adenine. The Nl-position in adenine is more reactive

towards mustard gas than the N3-position, but in double-stranded DNA

the Nl-position is shielded. These peaks have not been identified

yet. Steric hindrance may also be a reason for the absence of 06-G-HD

adduct in ds-DNA. The formation of the di-adduct of N7-guanine in ss-

ct-DNA in roughly the same proportion as in ds-ct-DNA suggests that
the majority of these adducts do not result from interstrand
crosslinks. Probably, in most cases it is formed via the reaction of

one molecule of mustard gas with two different guanines belonging to

the same DNA-strand (36).

From the total data the degree of alkylation of DNA, that is the

ratio of alkylated bases versus non-modified bases, has been

calculated. The results are presented in Table 8. This table shows

that mustard gas is a very effective alkylating agent. Even in blood

treated with mustard gas (I mM), where so many other reactive
constituents are present, 1 out of every 124 guanine bases is

alkylated to form the N7-G-HD monoadduct. It should be mentioned that
the peaks corresponding to adducts with a low degree of labelling

(< 1:1,000) contained small amounts of radioactivity, which resulted
in data that are not very accurate. This prohibited the determination
of the adducts formed in WBC at lower concentration of mustard gas.

Also, extrapolation from the data of Table 8 to lower doses of

mustard gas results in uncertain values.

Table 8. Degree of alkylation with mustard gas in calf thymus DNA and
DNA from white blood cells

Sample Concentration Ratio alkylated bases/unmodified bases

mustard gas

(am) N7-G-HD/G N3-A-HD/A N7-G-HD-G/G
a

Ds-ct-DNA 1 1:10 1:64 1:47

0.1 1:75 1:378 1:286
0.05 1:151 1:946 1:390

Ss-ct-DNA 1 1:18 1:283 1:61
0.1 1:129 1:1,550 1:844

Blood 1 1:124 1:1,640 1:502

0.1 1:1,000 1:12,550 1:3,280

a Alkylation expressed as mol crosslink/mol G
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In all circumstances of treatment of DNA with mustard gas, the N7-G-
HD mono-adduct was shown to be the major adduct; for that reason it
was decided to aim the development of an immunochemical detection
method at this adduct. A suitable derivative of N7-G-HD (confer
111.6.1), therefore, was used for the immunization of mice in the
attempts to isolate hybridomas that produce specific antibodies
against mustard gas-damage in DNA.

111.13. Detection of interstrand crosslinks in mammalian cells

The development of methods to detect mustard gas-induced DNA-DNA
interstrand crosslinks by means of the method of "alkaline elution"
was started with experiments using Chinese Hamster Ovary cells (CHO),
because of the experience with such cells at TNO-MBL. To ensure that
concentrations of mustard gas were chosen which permit the cells to
maintain their integrity, the so-called biologically relevant doses,
experiments were carried out to determine the cell survival, i.c.,
colony-forming ability, of CHO cells after exposure to 0.5-2.5 UM
mustard gas. Figure 65 shows that exposure in this concentration
range resulted in cell survival (and cell division) gradually
decreasing from 1OO% to 5%.
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Figure 65. Survival (colony-forming ability) of CHO-cells exposed to
mustard gas (0.5-2.5 gM mustard gas; 30 min; 37 °C). After
six days of incubation, colonies of 50 or more cells were
counted and cell survival was calculated. The data are
mean values of six samples in one experiment with SEM

On the basis of these results the same concentrations of mustard gas
were applied in experiments performed for the detection of crosslinks
in CHO cells by alkaline elution. Crosslink induction increased
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linearly with dose (Figure 66). The exposure induced about 0.4
crosslink/10 6 guanines per uM mustard gas. From this data it was
concluded that the method is suitable for the detection of
interstrand crosslinks in CHO cells.
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Figure 66. Crosslink detection in CHO-cells exposed to mustard gas
(0.5-2.5 uM mustard gas; 30 min; 37 'C) by alkaline
elution. The data are mean values of four samples in one
experiment with SEM

Also experiments were carried out to study removal of the crosslinks.
After exposure of CHO cells to 1 or 2 pM mustard gas and removal of
the mustard gas solutions, the cells were incubated in fresh medium
at 37 OC for 0-4 h and at intervals the amount of crosslinks
remaining was measured. Figure 67 shows the repair curves. After both
concentrations the highest amount of crosslinks was detected after
i h of post-treatment incubation. Evidently, the formation of
crosslinks continues after termination of the exposure, probably by
through-reaction of mustard gas which is initially bound mono-
functionally. After 4 h almost all interstrand crosslinks had been
removed. With this technique only the disappearance of crosslinks can
be detected. It is not possible to tell whether the crosslink-forming
diethyl thioether chain is removed properly or that the crosslinks
are simply broken, resulting in other "DNA-damages".

The method for the detection of crosslinks was developed with CHO

cells, which could be radioactively labelled. Radic-labelled

thymidines were incorporated in the DNA-strands during replication.
Consequently, the DNA determination in the alkaline elution could be
based on radioactivity measurements. However, white blood cells (WBC)
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are resting cells, so no radioactivity could be incorporated via DNA-
synthesis during culturing. Therefore, for the detection of
crosslinks in WBC, the DNA in the eluted fractions was detected
fluorometrically.
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Figure 67. DNA-repair of crosslinks in CHO-cells exposed to I ()
and 2 ( .- ) pM mustard gas (20 min; 37 °C) as studied with
alkaline elution. After the incubation with mustard gas,
the medium was replaced with fresh medium and the plates
were incubated at 37 IC (0-4 h). The data are mean values
of four samples in one experiment with SEM

It was attempted to separate different types of WBC (lymphocytes and
granulocytes) by Percoll-gradient centrifugation. It was thought of
interest to isolate both types of cells and to examine the induction
of crosslinks in each cell type, because the reaction of mustard gas
with various types of WBC, their DNA-repair systems and the amount of
background single-strand breaks might differ in the various cell
types. However, problems were encountered with the Percoll-gradient
method, in particulat in the isolation of the required amount of
granulocytes. Therefore, most experiments were carried out with a
lysis buffer which lyses the red blood cells while the total WBC
fraction could be isolated. This mixed cell population was used for
the detection of interstrand crosslinks. The results are presented in
Figure 6), showing a dose dependent increase of the amount of
crosslinks in the dose-range covered.

By means of HPLC of enzymatically degraded DNA of whole blood treated
with 0.1 M [35S]mustard gas, it was found that 1 N7-G-HD-G
(crosslink) was formed per 3,280 unmodified guanines, that is I such

i I
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crosslink pet 228,000 guanines when extrapolated to an exposure to
1 jsM mustard gas. As can be :-,ived from Figure 68, with alkaline
elution of cells treated with I AM mustard gas, 0.2 interstrand
crosslink per 1,000,000 unmodified guanines was found (that is I
crosslink per 5,000,000 guanines). This is 15-fold difference.
However, with alkaline elution only the interstrand crosslinks are
detected, whereas with HPLC, both interstrand and intrastrand
-rosslinks are determined, suggestirg that many more intrastrand
crosslinks are induced compared to interstrand crosslinks (36).
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Figure 68. Crosslink detection by 'aline elution in white blood
cells from whole human blood exposed to 0.5-5 MM mustard
gas (30 min; 37 C). The white cells were isolated by
treatment of the blood with a buffer that induces lyris of
the red blood cells. The data are mean values ,f four
samples in one experiment with SEM

We had the opportunity to analyze blood samples from four victims of
the Tran-Iraq Gulf War, who were presumably exposed to mustard gas
22-28 days earlier. Blood of European volunteers was collected to use
as controls. This "alkaline elution" method as described, is suitable
for the detection of both single-strand breaks (SSB) and interstrand
crosslinks which mask SSB's, so the results obtained from the
experiments with blood of the Gulf War victims represent an
accumulation of SSB's due to alkali-labile sites and interstrand
crosslinks. In these experiments, blood of the alleged victims s
irradiated with 4 Gy and the number of SS1's in the DNA of WBC'. as aresult of alkali-labile sites, irradiation and crosslaln9 (masking
the SSB's), was compared with the control cells of Europan
volunteers, irradiateO with the same dose. Also unirradiated cells of
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the victims and the European volunteers were examined. A ratio of 1
indicates, that no alkali-labile sites or interstrand crosslinks are
dutectable whereas a ratio > 1 indicates an induction of alkali-
labile sites and a ratio < 1 an induction of crosslinks. In these
experiments both the lymphocytes and the granulocytes were isolateA
by Percoll-gradient centrifugation. Table 9 shows the re.ults of
three experiments (22, 26 and 28 days after exposure), concerning the
blood samples of the four alleged victims.

The results show a slight induction of SSB's in the DNA of blood
cells of the patients 02 and 03 (both only suffering from lung
injury), possibly due to the formation of alkali-labile sites by
mustard gas. This is even more pronounced if the amount of SSB's in
unirradiated WBC of the victims is compared with the amount of SSB's
in unirradiated control cells. The damage in lymphocytes is more
severe than in granulocytes. The experiment with blood of these two
patients was, however, carried out only once. No more bloo. was
available to repeat the experiment. It is not possible to detect a
significant increase of SSB's in the DNA of patients 01 and 04 (with
the medical diagnosis: no lung injury, only skin blisters in the
pelvis area). Crosslinks are not detected in any patient.

Table 9. The relative number of single-strand breaks (SSB's) in the
DNA of lymphocytes and granulocytes from alleged victims of
mustard gas exposuie during the Gulf Wara

Patient Number of days Relative amount of SSB's
after exposureb after 4 Gy unirradiated

Lymc Grand Lymc Grand

01 22 0.99 0.96 0.62 1.21
26 0.79 0.85 0.75 1.07
28 1.21 1.22 1.18 1.80

02 22 1.17 1.21 3.01 1.75

03 22 1.23 1.1' 2.75 1.94

04 26 0.94 0.83 0.75 0.69
28 1.15 0.86 2.77 0.78

a The amount of SSB's in cells of alleged victims, after 4 Gy 
60

Co-

y-irradiation and the amount in unirradiated cells relative to the
amount of SSB's in control cells, not exposed to mustard gas, but
irradiated with 4 Gy 

60
Co-I-irradiation and unirradiated control

celia respectively
b The data shown are averages of three independent experiments at

each day indicated
c Lymphocytes
d Granulocytes
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The conclusions have to be regarded as very preliminary about the
induction of alkali-labile sites or crosslinks by exposure to mustard
gas in vivo, or about the persistence of addurts in these
experiments, 3-4 weeks after exposure. Without blood of control
volunteers, also living in Iran, it is difficult to evaluate a
possible induction of SSB's (patients 02 and 03) by mustard gas,
because factors such as sunshine, food or exposure to other DNA-
damaging agents present in the environment, could influence the
outcome of the experiments. However, it ma be possible that
alkylation of DNA of blood cells in patients with lung injury is more
severe than in patientq with skin damage, as a result of a higher
diffusion rate of mustard gas into the blood circulation via the
respiratory system, than via the skin (patients with blisters).

111.14. Immunoloeical detection of DNA adducts with mustard

111.14.1. G mpetitve Enzyme-Linked Immunosorbent Assay (ELISA)

For the development of immunochemical detection methods of ex.posure
to DNA-damaging agents, an antiserum raised against a suitable DNA-
damage is needed. To this end, calf-thymus DNA was treated with I mM
mustard gas and used as immunogen for immunization of rabbits to
obtain a polyclonal antiserum. As immunogen for the last booster
immunization, ss-ct-DNA treated with 1 mM mustard gas was used, which
was thought to stimulate, especially, the production of antibodies
against the N7-G-HD monoadduct. Two rabbits were immunized and both
polyclonal antisera were tested on activity igainst untreated and
mustard gas-treated ss-ct-DNA and in a direct ELISA.

The difference in response against these two DNA-samples reflects the
specific affinity for DNA adducts with mustard gas. After the first
immunization, the sera of both rabbits were tested and one (W7/10)
showed a specific response against DNA treated with mustard gas
(Figure 69). With this serum it was possible to start the
optimalization of the ELISA. In the ELISA, small reaction vessels,
i.e., wells in a plastic microtiter plate, are coated with poly-L-
lysine followed by control or mustard gas-treated DNA. Next, the
antiserum is added in various dilutions. The binding of antibodies tc
the immobilized DNA is assayed via attachment of a so-called second

antibody that carries a detection 2nzyme. The aim of the
optimalization was to reduce a-specific binding of the antiserum and
the conjugated second antibodies to the DNA and the polystyrene
wells. The a-specific binding was reduced by blocking free binding
places of poly-L-lysine and DNA with gelatine instead of foetal calf
serum (FCS), that is normally used in this laboratory, and by using
Tween 20 in the various washing steps, FCS could not be used because
it increased the background signal. The responses of the antisera
against ss-ct-DNA and ss-ct-DNA treated with 1 mM mu'tard gas after.
respectively, the first, second and third immunization are 1hown in
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Figure 69, Antibody response observed with the rabbit sera W7/IO and
W6/5 in a direct ELISA, two weeks after the first
immunization with double-stranded calf-thymus DNA. The
wells were coated with excess singie-stranded calf-thymus
DNA treated with 1 mM mustard gas (+--+: 0/10; A-A:
W6/5) or with untreated single-stranded calf thymus DNA
(+---+: W7/10; A---A: W6/5). The antibody molecules bound
to the walls were detected with enzyme-conjugated second
antibodies, on the basis of the enzyme activity, i.e.,
conversion of a substrate into a fluorescent product

Figures 69, 70, and 71. The results show that the antiserum activity
of W7/10 against HD-DNA increased after each immunization, while the
response against untreated ss-ct-DNA remained very low, a criterion
for the selectivity of the antiserum. In contrast, the antibody
response of W6/5 was not increased after the second immunization.
Therefore, only rabbit W7/10 was bled.
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Figure 70. Antibody response observed with the rabbit sera W7/O and
W6/5 in a direct ELISA, two weeks after the second
immunization with double-stranded calf-thymus DNA treated
with 1 mM mustard gas. The wells were coated with excess
single-stranded calf-thymus DNA treated with I mM mustard
gas (+-+: W7/l0; &-A: W6/5) or with untreated single-
stranded calf-thymus DNA (+---+: W7/1; A---A: W6/5)

With the W7/1O serum collected after the bleeding, the ELISA was
further improved (e.g ,by estimating the optimal concentration of
mustard gas for treatment of the coating-DNA, the optimal amount of
conjugated second antibodies, and the optimal amount of DNA/well).

Ss-ct-DNA was treated with 1-1000 MM mustard gas and used to coat to
the wells of the 96-well microtiter plates and the serum was tested
in three concentrations (1:40,000, 1:80,000 and 1:160,000, Figure
72). In the preceding assays, the serum was only tested on ss-ct-DNA
treated with I mM mustard gas, but Figure 72 shows that treatment
with 100 j mustard gas resulted in the highest response.
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Figure 71. Antibody response observed with rabbit serum W7/10 in a
direct ELISA, two weeks after the third immunization, with
single-stranded calf-thymus DNA treated with 1 mM mustard
gas. The wells were coated with excess single-stranded
calf-thymus DNA treated with 1 mM mustard gas (+ +) or
with untreated single-stranded calf-t0ymus DNA (+--
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Figure 72. Antibody response observed with rabbit serum W7/10 in a
direct ELISA. The wells were coated with excess single-
stranded calf-thymus DNA treated with 1-1000 AM mustard
gas. Three different serum concentrations were tested:
1:40.000 (+ -+), 1:80,000 (A---A) and 1:160,000 (o---o)
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Another important factor for an optimal detection of the DNA-damage.
is the amount of conjugated second antibodies (Goat-anti-rabbit-lgG-
alkaline phosphatase conjugated: GAR-IgG-AP), which should be in
excess over the amount of bound first antibodies. Figure 73 shows the
results of different dilutions of GAR-IgG-AP tested on ss-ct-DNA
treated with I mM mustard gas. Three different dilutions of W7/10
serum were tested (1:8,000, 1:16,000, anJ 1:32,000). The ELISA signal
(fluorescence) increased with the concentration of GAR-IgG-AP, but
beyond 1:1,000 hardly any further increase was observed. Therefore,
in subsequent experiments the concentration used was 1:1,000.
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Figure 73. Antibody response observed with rabbit SeLIM W7110 in a
direct ELISA, in which various dilutions were tested of
the second antibody, i.e., goat-anti-rabbit-IgG-alkalitie
phosphatase conjugate (1:250 - 1:8,000). The wells were

coated with excess single-stranded calf-thymus DNA treated
with I mK mustard gas. Three different W7/10 serum
concentrations were tested: 1:8,000 (+ +) 1:16,000
(&---A) and 1:32,000 (o--- o)

The amount of DNA-adducts present in the coating of the wells should
be in excess over the amount of antibodies that can bind to theseadducts. DNA treated with 100 AM mustard gas was used for the coating
at various concentrations (0.1-10 g/ml) and three different W7/10
serum dilutions were tested (1o20,000, 1:40,000 and 1:80,000), as is
shown in Figure 74. At a DNA-conentraton of 1I 0/ml (50 ng/well)
the maximum fluorescence was reached. When more DNA was added the
fluorescence even showed a slight decrease.
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Figure 74. Antibody response observed with rabbit serum W7/10 in a
direct ELISA, in which various concentrations of single-
stranded calf-thymus DNA treated with 0.1 M mustard gas
were used as coating-DNA in the wells. Three different
serum concentrations were tested: 1:20,000 (+ +),
1:40,000 (A---a) and 1:80,000 (o---o)

With the optimalization of the ELISA, also parameters were determined
for the competitive ELISA. In the competitive mode of this assay, a
fixed amount of antibodies is incubated with various concentrations
of comfetitor DNA before the solutions are added to the wells. Then,
only the antibody molecules not occupied in attachment to the
competitor can bind to the coating DNA. These are "back titrated"
under the conditions of the direct ELISA. The fixed amount of W7/10
antiserum was selected such that without any competitor material
added the ELISA reading would reach a fluorescence level of 30% of
the highest detectable level after 2 h of incubation with the
substrate. This is the 100% value of the method, A 1:40,000 dilution
was chosen.

In the development of the competitive ELISA, untreated ss-ct-DNA and
ss-ct-DNA treated with 10 and 100 AM mustard gas were used as
competitor. For the coating of the wells, ss-ct-DNA treated with 10
and 100 j&M mustard gas was used (50 ng/well). The competition curves
are shown in Figure 75. The amounts of competitor DNA needed for a
reduction of 50% of the maximal fluorescence signal ("50% inhibition
point"), with ss-ct-DNA treated with 10 jM mustard gas as competitor,
are 3.1 and 12.5 ng DNA/well on coatings consisting of DNA treated
with 10 and 100 M mustard gas, respectively. With ss-ct-DNA treated
with 100 juM mustard gas as competitor, the 50% inhibition points are
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0.15 and 0.52 ng DNA/well on coating-DNA treated with 10 and 100 PM
mustard gas, respectively. These results show that DNA treated with
10 MM mustard gas leads to a higher sensitivity in the competitive
ELISA, although DNA treated with 100 pM mustard gas gives a better
signal in the direct ELISA. For this reason, ss-ct-DNA treated with
10 uM mustard gas has been selected as coating-DNA for the
competitive ELISA.
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Figure 75. Competitive ELISA with rabbit serum W7/10 and single-
stranded calf-thymus DNA treated with ltO pM mustard gas
(o---o), 10 pM mustard gas (A---A) or untreated DNA
(+ -+) as the competitor. The wells were coated with an
excess of single-stranded calf-thymus DNA treated with
10 AM mustard gas (panel A) or 100 pM mustard gas
(panel B)

After optimalization of all parameters, the sensitivity of the
competitive ELISA (the amount of mustard gas-adducts detectable per
well) could be estimated for this polyclonal antiserum, by using
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untreated and mustard gas-treated ss-ct-DNA (0.1, 1 and 10 juM mustard
gas) as competitor. The competition curves are shown in Figure 76.
The sensitivity derived from these curves is shown in Table 10.
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Figure 76. Competitive ELISA with rabbit serum W7/10 and single-
stranded calf-thymus DNA as competitor. The competitor DNA
was treated with 10 pM (o--o), I aM (+-+) or 0.1 pM
(A-A) mustard gas or was untreated (o-e). The wells
were coated with an excess of single-stranded calf-thymus
DNA treated with 10 jM mustard gas

As Figure 76 indicates, untreated DNA does not give any inhibition,
not even at high doses. The three DNA's consistently indicate a
sensitivity, at the 50% inhibition point, of a few femtomoles of
adduct per well. By using the 20% inhibition point instead of the 50%
inhibition point, a level of 0.4 fmol Ni-G-HD monoadduct/well for ss-
ct-DNA should be detectable.

The specificity of the method (the ratio of the number of N7-G-HD
monoadducts to the amount of unmodified nucleotides) could be
calculated after the degree of alkylation of the competitor DNA's had
been obtained. These values were estimated by linear extrapolation of
the degree of alkylation detected by HPLC in ss-ct-DNA which was
treated with 0.1 mM [3 5Sjmustard gas. This DNA contained I N7-G-HD
monoadduct per 129 unmodified guanines (Table 8). From the ratio
between the adduct content and the number of unmodifiod nucleotides
present, the specificity of the method could be estimated. By
extrapolation to competitor ss-ct-DNA treated with 0.01 pTM mustard
gas, this appears to amount to I N7-G-HD monoadrtuct amongst 1,290,000
unmodified guanines or ca. 5,160,000 unmodified nucleorides.
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Table 10. Competitive ELISA for the detection of mustard gas adducts
in calf thymus DNA treated with mustard gas, with
polyclonal antiserum W7/10

Conc. Sensitivity Guanines Specificity
mustard N7-G-HD monoadduct at 50% (N7-G-HD monoadduct/
gas at 50% inhi-ition inhibition guanine)
(AM) point point

(fmol/well) (pmol/well)

0 0

0.1 3.8 492 1:129,000

1 3.8 49.2 1: 12,900
10 2.4 3.1 1: 1,290

111.14.2. The detection of mustard gas adducts in calf thymus DNA
and WBC with the competitive ELISA

To detect mustard gas adducts to DNA of white blood cells (WBC), it
is necessary to disrupt the cell wall and nuclear membrane to release
the DNA, and to optimize the accessibility of the DNA for the
antibodies. In a first approach, the DNA was released by treatment of
the cells at high pH. In this way the DNA is made single-stranded as
well. Since the antiserum was raised against mustard gas-treated
single-stranded DNA, it was thought that adducts in single-stranded
DNA would be recognized better by the antiserum than those in double-
stranded DNA. The WBC from mustard gas-treated blood were incubated
in a NaCl-solution, adjusted to pH 12.1, for 30 min at 20 °C. After
sonication, the solution was neutralized. The sonication is performed
to procure extensive fragmentation of the DNA while single-stranded,
yielding relatively small fragments that will be unable to retrieve
the complementary counterparts to re-form doublestrands. This is

particularly relevant in case interstrand crosslinks are expected
which are starting places for renaturation after neutralization. In
control experiments, mustard gas-treated ss- and ds-ct-DNA was run
through the same procedures and tested in the competitive ELISA
together with the WBC samples.

Figure 77 shows the competition curves for whole blood treated with
1, 0.1 and 0.01 mM mustard gas (panel A) and ss-ct-DNA treated with
10 and 1 5AM mustard gas or untreated (B). Panel B also shows results
obtained with alkali-treated and untreated DNA, tested to observe the
influence of alkali on the outcome of the assay. However, the ELISA
results did not indicate the presence of mustard gas adducts that
were recognized by the antibodies, neither with the WBC-DNA (Figure
77A) nor with the mustard gas-exposed ss-ct-DNA treated with alkali
(Figure 77B). In contrast, ss-ct-DNA treated with mustard gas, but
not with alkali, did show the expected competition curves (Figure
77B). A possible explanation could be that during the alkali
treatment in all N7-G-HD adducts the imidazole ring of the guanine
was opened and, as a consequence, the adducts are no longer
recognized by the antibodies which were raised with mustard gas-
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treated DNA having intact guanine ring systems. This ring opening is
known to occur with N7-alkylated guanines in alkaline medium.
Therefore, methods using alkali probably are unsuitable for the
isolation of WBC-DNA for an ELISA to test mustard gas damage with
these antibodies. Another remarkable fact is the high response of DNA
of untreated WBC and untreated ss-ct-DNA in this experiment. In
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Figure 77. Competitive ELISA with rabbit serum W7/l0 and DNA as
competitor. Panel A: DNA from human blood; whole blood was
treated with 1 mM (+-+), 0.1 mM (*---e) or 0.01 mM
(a---a) mustard gas or untreated (o ...o) and then brought
at alkaline pH to release DNA and to induce single-
strandedness. Panel B: single-stranded calf-thymus DNA,
treated with 10 gM (+---+) or I pM (A--- A) mustard gas and
untreated (o---o), before and after exposure to alkaline

pH (10 uM mustard gas: +--+; 1 M mustard gas: A-A;
untreated: o---o). The wells were coated with an excess of
single-stranded calf-thymus DNA with 10 AM mustard gas
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several other experiments, it appeared that different batches of DNA
could lead to different outcomes, so it is important to perform
control experiments with the same DNA-batch.

Another method to disrupt cell walls and membranes, and to make the
DNA single-stranded is to treat the cells in a citrate buffer with
70% formamide at 56 °C. However, WBC treated with mustard gas
followed by release and denaturation of DNA with formamide, showed
results comparable with those of cells treated with alkali (Figure
78). Interference of the medium with the ELISA could be excluded as
the explanation for this result on the basis of control studies with
mustard gas-treated calf-thymus DNA (Figure 79), where the responses
of ss-ct-DNA untreated and treated with the formamide solution were
practically the same. It appears possible that the formamide
treatment is not capable to degrade the cells completely and to
remove the histones from the DNA, which is necessary to make the
adducts inside the protein-DNA cluster accessible.
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Figure 78. Competitive ELISA with rabbit serum W7/1O and DNA from
human blood as competitor. Whole blood was treated with
I mM (+-+), 0.1 mM (A---&) or 0.01 mM (o' -o) mustard
gas or untreated (e---.). Next, DNA was released and
denatured with the 70% formamide buffer. The wells were
coated with an excess of single-stranded calf-thymus DNA
treated with 10 pM mustard gas



T

- 176 -

The third procedure attempted was more successful. In this approach
the mustard gas-treated blood cells were lysed overnight with 1% SDS
(to degrade the cell wall) and proteinase K to degrade the proteins.
Next day, the DNA was purified by phenol extraction and ethanol
precipitation and then dissolved in PBS. The DNA (still double-
stranded) was sonicated and directly thereafter tested in the ELISA.
With this double-stranded material, significant competition was
obtained.Using this procedure several (control) experiments were
carried out. Ss-ct-DNA was used that had been treated with I and
10 AM mustard gas (Figure 80). DNA was first isolated from WBC and
then treated, either in single-stranded (Figure 81) or in double-
stranded form (Figure 82), treated with 0.1, 1 and 10 uM mustard gas.
Also isolated WBC from whole blood (Figure 83) and whole blood
(Figure 84) were treated, with 1 and 0.1 mM mustard gas, and then the
DNA was isolated and assayed in the ELISA.
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Figure 79. Competitive ELISA with rabbit serum W7/10 and single-
stranded calf-thymus DNA as competitor. The DNA was
treated with 10 um (+) or I pM (A) mustard gas or
untreated (.) and then tested in the competitive ELISA
before ( ...) or after (_-) treatment with the 70%
formamide buffer. The wells were coated with an excess of
single-stranded calf-thymus DNA treated with 10 gM mustard
gas

A6
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Figure 80. Competitive ELISA with rabbit serum W7/10 and single-
stranded calf-thymus DNA as competitor. The DNA was
treated with 10 pM (+--+) or 1pM (a---A) muztara gas or
untreated (o--- o) and then tested in the ccmpetitive
ELISA. The wells were coated with an excess of single-
stranded calf-thymus DNA treated with 10 pM mustard gas
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vigur- 81. Competitive ELISA witi rabbit serum W7/10 and DNA isolated
from human w'iite blooG cells as competitor. The DNA was
isolated b, phenol extraction and ethanol precipitation
and then, after heating (10 min; 100 °C) to induce single-
strandedness, treated with 10 AM (+-+), I AM (a---A) or
0.1 AM (o---o) mustard gas or untreated (e. e). The
wells were co--:

' 
.!- _: excess of single-stranded calf-

thymus DNA treated ith .O AM mustard gas
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Figure 82. Competitive ELISA with rabbit serum WI/IO and DNA isolated

from human white blood cells as competitor. The DNA was
isolated by phenol extraction and ethanol precipitation
and 'hen treateC with 10 AM (+-+). I pM (A---A) or

0.1 piM (o--.o) mustard gas or untreated (*-''e). The wells
were coated with an excess of single-stranded calf-thymus
DNA treated with 10 /iM mustard gas
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Figure 83. Competitive ELISA with rabbit serum W7/1O and DNA isolated
from human white blood cells in as competitor. White blood
cells were isolated from whole blood and treated with I mM
(+-+), 100 AM (A---A) or 10 pM (o---o) mustard gas or
untreated (e .e). The DNA was isolated by phenol
extractioi and ethanol precipitation and tested as double-
stranded DNA. The wells were coated with an excess of
single-stranded calf-thymus DNA treated with 10 AM mustard
gas



181 -

IO
100

80- +

60-

40 +

20

10" 10 1 0' 0 0 0

ng competitor DNA/well

Figure 84. Competitive ELISA with rabbit serum W7/10 and DNA isolated
from human white blood cells as competitor. Whole blood
was treated with I mM (+-+) and 100 AM (A---A) mustard
gas or untreated (o---o). After isolation of the white
cells, DNA was isolated by phenol extraction and ethanol
precipitation and tested as double-stranded DNA. The wells
were coated with an excess of single-stranded calf-thymus
DNA treated with 10 AM mustard gas

The 50% inhibition points of all these samples are shown in Table 11.
The amount of N7-G-HD monoadduct present with competitor DNA at the
50% inhibition point for ss-ct-DNA, ds-ct-DNA and DNA from whole
blood, has been derived by extrapolation from the data shown in Table
8 for ss- and ds-ct-DNA treated with 0.1 mM [

3 5
Slmustard gas and

whole blood treated with I mM [
35
S]mustard gas (respectively, 1

adduct per 129, 75 and 124 unmodified guanines).
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Table Ii. N7-(2'-Hydroxyethylthioethyl)-guanine monoadducts (N7-G-HD)
after treatment of calf-thymus DNA, DNA of white blood
cells, white blood cells and wholo blood with mustard gas
detected in a competitive ELISA

Sample Single-/ Mustard Amount of N7-G-HD Amount of
double- gas N7-G-HD at competitor DNA at
stranded concen- 50% inhibition 50% inhibition
(ss/ds) tration point point

(AM) (fmol/well) (ng/well)

Ct-DNA ss 1 51.7 88 0a

ss 10 10.5 18

Blood DNAb ss 1 43.2 735
ss 20 10.5 18
ds 1 959 9500

a

ds 10 234 232

WBCb ds 100 n.m.c 3000
a

ds 1000 n.m.c 38

Whole ds 1000 892 146
bloodb

a Extrapolated
b DNA was isolated by phenol extraction aLd ethanol precipitation,

and made single-stranded (if applicable) by heating at 100 °C for
10 min

c Not measured

Evidently, when DNA of WBC was isolated, made single-stranded and
then treated with 10 uM mustard gas, the amount of competitor DNA ct
the 50% inhibition point was the same as the amount of similarly
treated ss-ct-DNA at i . 50% inhibition point. However, the
competition curves differ from those pertaining to data shown in
Table 10. These differences appear to be related to differences in
the DNA-batches, which complicates this detection method. It might be
advisable to take other control DNA preparations, e.g., rat liver
DNA, and use these in every experiment together with an internal
standard of mustard gas-treated ss-ct-DNA, with a known amount of N7-
G-HD monoaddtcts.

In these experiments, the shift in the inhil'ition curve when the
treatment concoitration of mustard gas was varied, was not always in.
proportion to the concentration change. Foc ss-DNA treated with 10
and 1 AM mustard gas, respectively, the curve shifted by a factor of
aoout 40, i.e. 40 x more DNA was needed after exposure to 1 AM
mustard gas to obtain a comparable extent of inhibition. This was
found for ss-ot-DNA as well as for ss-WBC-DNA (Figures 80 and 81).
With ss-WBC-DNA a tenfold lower concentration of must&rd gas (0.1 MM)
was also tested, which resulted in a still detectable inhibition
(Figure 81) although 50% inhibition was not reached. In this case,
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however, the shift appeared to correspond rather well to the
concentration differences.

With the double-stranded DNA a similar phenomenon was observed
(Figure 82). After exposure to 10 AM mustard gas, thim amount of
competitor DNA in the 50% inhibition point was 232 ng/well, whereas
at the tenfold lower concentration about fortyfold more DNA was
needed to achieve the same extent of competition. A comparison of the
data in Table 11 demonstrates that after exposure to the same
concentration of mustard gas much more double-stranded DNA is
required for effective competition than mustard gas-treated single-
stranded DNA. At the 50% inhibition point the difference amounts to a
factor of 13. The DNA isolated from WBC and whole blood treated with
mustard gas, was tested in the ELISA as double-stranded material. The
amount of competitor DNA at the 50% inhibition poir: of DNA derived
from samples of WBC treated with 1 mM mustard gas was 38 ng/well,
while the amount of competitor DNA from samples uf whole blood
treated with I mM was 146 ng/well (Figures 83, 84 and Table 11).
Assuming that I out of 124 guanines is alkylated with a N7-G-HD
monoadduct when blood is exposed to I mM mustard ,as (based on HPLC
analyses on h35S]mustard gas reated whole blood), 892 fmol N7-G-HD
monoadduct/well is detected in the DNA present in the double-stranded
form at the 50% inhibition point.

Since adducts of mustard gas appeared to be better recognized in
single- than in double-stranded DNA, the poor results obtained with
the material from cells treated with alkali or formamide to liberate
DNA, might be due to insufficient single-strand character. For that
reason, all ct-DNA samples treated with alkali and formamide were
tested on single-strandedness. In these tests, monoclonal antibodies
which specifically recognize single-stranded DNA (DlE) were used. The
amount of competitor DNA/well needed to reach the 50% inhibition
point iq summarized in Table 12. Untreated, single-stranded ct-DNA
was taket, as the 100% point and double-stranded ct-DNA, treated with
1 pM mustard gas, as the 0% point, assuming that no single-stranded
DNA is present (arbitrary 0% point).

Thwse results show that in ss-ct-DNA the percentage single-
strandedness ranges from 95-100. The three ds-ct-DNA samples range
from 0 to 15%. It can be concluded that alkali treatment of double-
stranded DNA induced 100% single-strandedness, while formamide did so
for about 90%. Evidently, the failure to detect with the competitive
ELISA HD-DNA aducts in DNA treated with alkali or formamide cannot be
attributed to lack of single-st-andedness. When alkali is used to
disrupt the cells, the opening of the imidazolium ring in tbo N7-
guarine adducts is induced, which destroys the affinity of the W7/10
antibodies for the mustard gas adduct. The reason for the absence of
a response in the ELISA in case of formamide treatment is not clear.
Possible explarnations hAvP heen suggested above. This question has
not been pursued further sinca the third method appeared to give good
results.
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Table 12. The amount of single-strandedness in single- and double-
stranded calf-thymus DNA exposed to mustard gas and treated
with alkali or formamide

Sample Concentration Treatment DNA at 50% Single-
mustard gas alkali/ inhibition strandedness
(UM) formamide point (percentage)

(ng/well)

Ss-ct-DNA 0 0.24 100a

i 0.30 98
10 0.24 100
0 alkali 0.45 95
1 alkali 0.34 97

10 alkali 0.30 98
0 fora aide 0.36 97
I formamide 0.27 99

10 formamide 0.36 97

Ds-ct-DNA 0 3.6 15
I 4.2 0

a

10 3.6 15

0 alkali 0.23 100
1 alkali 0.31 98

10 alkali 0.31 98
C formamide 0.77 87
1 formamide 0.62 90

10 formamide 0.53 93

a By definition

111.14.3. Cl-LS

One of the goals of this project is the development of an
immunochemical method to detect damage due to exposure to mustard gas
in DNA of WBC or skin biopsies on the single-cell level, by
immunofluorescence microscopy. In the ultimate procedure aimed at,
monoclonal antibodies will be used for this application. The
development of such antibodies implies the screening of hybridoma
clones with respect to the properties of the antibody molecules they
produce. I1 order to select the proper clones, it is important to use
screening procedures that resemble as much as possible the conditions
of the eventual practical application of the antibodies. For that
reason, a screening method had to be developed mimicking the single-
cell detection conditions, a so-called cell-ELISA. In the
developmental stage, the polyclonal antiserum W7/13 was used. WBC
were processed in the same way as they should be for
ir'unofluorescence microscopy, but they were attached to wells of
microtiter plates instead ot on object glasses (as described in
11.3.9.3). WBC (4.104), isolated from blood exposed for 1 h to 1 or
n.1 mM mustard gas, were applied per well and treated with RNAse
followed by 70% formamide (at 56 °C), or in NaOH in 70% ethanol (at
room temperature) and washed with ethanol. As a control, mustard gas

AA1
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exposed cells without any treatment were used. After a subsequent
proteinase K incubation (in order to digest proteins) the antiserum
W7/10 was added in various dilutions (50 to 1.10

6 
x). Detection of

the antibody molecules attached to the DNA was performed with the
second antibody goat-anti-rabbit-IgG-alkaline phosphatase. The

substrate was 4-nitrophenyl phosphate (PNP) or 4-methylumbelliferyl

phosphate (MUP). The results of the cell-ELISA are shown in Figures
85, 86. and 87.
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Figure 85. Antibody response of rabbit serum W7/O against mustard
gas-treated human white blood cells in a cell-ELISA. Human
blood was treated with 1 mM (o---o) or 0.1 mM (A---A)
mustard gas or untreated (+-+). The white blood cells
were isolated and used to coat the wells (40,000
cells/well). After RNA-digestion and protein degradation,
various W7/10 dilutions were tested in the same way as in
a direct ELISA

As expected, untreated cells (Figure 85) and cells treated with
alkali (Figure 86) did not show mustard gas-damage specific binding
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Figure 86. Antibody response of rabbit serum W7/10 against mustard
gas-treated human white blood cells in a celI-ELISA. Human
blood was treated with I mM (o --- o) or 0.1 mM (& --- A) HD
or untreated (+--+). The white blood cells were isolated
and used to coat the wells (40,000 cells/well). After
RNA-digestion the cells were treated with alkali to
disrupt the cells and to denature the DNA. After
subsequent protein degradation, various W7/10 dilutions
were tested in the same way as in a direct ELISA

of W7/10. The damage due to mustard gas is not accessible for
antibodies when the cells ire not treated with cell-disrupting
agents, such as alkali or formamide. Though alkali disrupts the cell-
wall, it also induces ring-opening of the guanine adducts, so these
adducts will not be recognized by the antibodies. When the cells were
treated with formamide (Figure 87) a high response was found, but
only for cells treated with I K mustard gas. In this application,
the W7/10 serum is not as sensitive as in the competitive ELISA,
because at a dilution factor of 10,000, only a tenfold higher
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Figure 87. Antibody response of rabbit serum W7/10 against mustard
gas-treated human white blood cells in a cell-ELISA. Human

blood was treated wiht 1 mM (o---o) or 0.1 mM (A---A)

mustard gas or untreated (+ -- +). The white blood cells
were isolated and used to coat the wells (40,000

cells/well). After RNA-digestion the cells were treated
with a 70% formamide buffer to disrupt the cells to

denature the DNA. After subsequent protein degradation,

different W7/10 dilutions were tested in the same way as

in a direct ELISA

response can be seen with WBC from blood treated with 1 mM mustard
gas than with WBC from untreated blood. At a dilution factor of
40,000 (dilution factor of the W7/IO serum used in competitive
ELISA's) no significant difference in response could be detected,
whereas in the competitive ELISA with the corresponding blood samples
no inhibition was found with untreated blood, while 50% inhibition
was found at 0.15 #g DNA/well with treated blood (1 mM mustard gas).
It was concluded that this system would be suitable for the screening
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of monoclonal antibodies, by using WBC from whole blood treated with
1 mM mustard gas and disruption of the cell-walls with formamide.

111.14.4. Monoclonal antibodies against N7-(2'-hydroxyethylthio-
ethyl)-guanos*ne

For the development of monoclonal antibodies with specificity for the
major mustard gas-adduct in DNA, mice have to be immunized with a
proper antigen. The immunogen prepared for this purpose was the
product of the reaction of mustard gas with guanosine-5'-phosphate
(GNP) coupled to a carrier protein. The use of such a protein was
required since in general small molecules will not elicit an
efficient immune response. After synthesis and characterization of
N7-(2"-hydroxyethylthioethyl)-guanosine 5'-phosphate (GMP-7-HD; see
111.6), this adduct was coupled to the protein Keyhole Limpet
Hemocyanine (KLH), with periodate or l-(3-dimethylaminopropyl)-3-
ethylcarbodlimide hydrochloride (EDC). As a control for the coupling
reaction and in order to screen the antisera for the presence of
anti-adduct activity, coupling products of GMP and GMP-7-HD to bovine
serum albumin (BSA) were also prepared, which were used in the direct
ELISA. BSA was used instead of KLH to prevent a high anti-KLH
background in the assay due to antibodies raised against determinants
of that protein.

Periodate coupling
In this procedure, the carbon atoms bearing two vicinal hydroxyl
groups in the sugar moiety of guanosine are oxidized to aldehyde
functions with rupture of the C-C bond, followed by condensation with
amino groups in the protein. MV spectra were taken of KLH, BSA, GMP-
and GMP-7-HD and of the protein products after the coupling (Figure
88). Four different ratio's adduct:protein (w/w; 1:1, 1:10, 1:25 and
1:100) were applied for the coupling of GMP or GMP-7-HD to KLH or
BSA. As can be derived from Figure 88D, GMP was coupled to BSA.
However, GNP-7-HD was not coupled to either KLH (Figure 88C) or BSA
(Figure 88D). We presume that periodate had oxidized the sulfur atom
of the (2'-hydroxyethylthioethyl) residue instead of the sugar moiety
of guanosine.
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Figure 88. UV spectra of various compounds used for periodate
coupling of guanosine-5'-phosphate (GHP) or N7-(2*-
hydroxyethylthioethyl )-guanosine-5'-phonphate (GMP-7-HD)
to Keyhole Limpet Hemocyanine (KLH) or Bovine Serum
Albumin (BSA). Panel A: KLH (1) and BSA (2)in PBS.
Panel B: GMP-7-HD at pH 7. Panel C: Coupling products of
KLH with GKP-7-HD by periodate in PBS. The input ratio of
adduct:protein was (w/w) 1:10 (1), 1:25 (2) and 1:100 (3).
Panel D: Coupling products of BSA with GMP (1) and with
GMP-7-HD (2) by periodate with an adduct:protein ratio
(w/w) of 1:10 in PBS
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FOG coupling
In this procedure, the phosphate group of the GMP is activated by I-
(3-dimethyl-arninopropyl)-3-ethylcarbodiiiide hydrochloride (EDC) in
an imidazole buffer. This activated phosphate group can easily hind
to the amino group of a lysine residue in the carrier protein. Only
rhe coupling of GMF-7-HD to KLH was performed. Three different
amounts of EDC (50, 100 or 250 mol EDC/mol GMP-J-HD) were used and UV
spectra were taken after the coupling (Figure 89). The UV spectra
show that GHP-7-HD was coupled to KLH. The coupling products obtained
after reaction at a molar ratio of 50 and 100 mol EDC/mol GMP-7-HD
showed the highest absorbance and both were used for the immunization
of 8 mice to raise monoclonal antibodies.

2 tO

Figure 89. UJV spectra of N7-(2"-hydroxyethylthioethyl)-guanosine-5'-
phosphate (GMP-7-HD) coupled via 1-(3-dimethylamino-
propyl)-3-ethylcarbodiimide hydrochloride (EDC) to Keyhole
Limpet H'emocyanine (KLHf). Three different input ratio's of
ED(.:GHP-7-HD were applied: 50 mol EDC/mol GHP-7-HD (1);
100 mol EDC/mol GHP-7-HD (2); 250 mol EDC/mol GMP-7-HD (3)

Four mice were immunized with the product of 50 aol EDC/mol GKP-7-HD
(mouse 1, 2, 3 and 4) as immunogen and 4 mice with that of 100 mol
EDC/mol GMP-7-HD (mouse 5, 6, 7 and 8). After 8 days blood samples of
all mice were taken and the sera were tested for antibody activity
against se-ct-DNA treated with 10 uM mustard gas in a direct ELISA.
Figure 90 shows the results of the ELISA, at a serum dilution of 200.
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Figure 90. Antibody response of sera of eight mice at eight days
after the first immunization, in a direct ELISA. Four mice
(1-4) were immunized with the coupling product of N7-(2"-
hydroxyethylthioethyl)-guanosine-5'-phosphate (GMP-7-HD)
via EDC to Keyhole Limpet Hemocyanine (KLH) with a molar
ratio of EDC:GMP-7-HD of 50:1 and a molar ratio of
adduct:KLH of 100:1, and four mice (5-8) were immunized
with the coupling product with a molar ratio of EDC:GMP-7-
HD of 100:1 and a molar ratio of adduct:KLH of 100:1. The
wells were coated with an excess of single-stranded calf-
thymus DNA treated with 10 jvM mustard gas or with
untreated single-stranded calf-thymus DNA. The sera were
diluted twohundred-fold

The mouse with the serum showing the best response against mustard
gas-treated DNA was chosen for isolation of the cells to be used for
fusion after a second immunization. The mice immunized with the
coupling product of 50 mol EDC/mol GMP-7-HD appeared to be the best
in this respect. Mouse i was chosen for the fusion experiment. After
a second immunization the spleen and lymph node cells of this mouse
were isolated; also blood was collected to check the antibody
activity. Figure 91 shows the response of the serum of mouse I taken
after the first and the second immunization against ss-ct-DNA treated
with 10 uM mustard gas and untreated ss-ct-DNA, respectively.
Evidently, the specific response against mustard gas-adducts had
increased after the second immunization.

The lymph node and spleen cells of mouse I were fused with SP2/0
plasmacytoma cells and hybridomas were selected in HAT-medium as
described in 11.13.7. In 100% of the wells (300 wells) containing
"spleen"-hybridomas, clones were formed and, in first instance,
supernatants of 62 wells showed a specific response against ct-DNA
treated with 10 pM mustard gas compared to untreated ct-DNA (specific
response: ? 2x response of untreated DNA). Only in 67% of the wells
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Figure 91. Antibody response of the serum of a mouie (1) eight days

after the first immunization and four d~iaz after the

second immunization, in a direct ELISA. The mouse was

immunized with the coupling product of N7-(2"-hydroxy-

ethylthioethyl)-guanosine-5'-phosphate (GMP-7-HD) via EDC

to Keyhole Limpet Hemocyanine (KLH) with a molar ratio of

EDC:GMP-7-HD of 50:1 and a molar ratio of adduct:KLH of

100:1. The wells were coated with an excess of single-

stranded calf-thymus DNA treated with 10 pM mustard gas or

with untreated single-stranded calf-thymus DNA. The sera

were diluted fourhundred- and eighthundred fold

(300 wells) containing "lymph node"-hybridomas, clones were formed

and only nine wells showed positive response. The supernatants of the

wells were screened in a direct ELISA, and when a positive response

was observed, the supernatants were also tested in tht cell-ELISA.

However, as is often the case, many clones lost their antibody-

producing capability with time, c'o finally cells from only four
"spleen"-wells and one "lymph node"-well remained to oe subcloned

twice by limiting dilution, 'he procedure applied to Mqke sure thae

monoclonal antibodies were obtained. For the second subcultur"g,
only cells from a well in which one clone was grown were selected.

The same procedure was followed for the selection of ten clones (two

clones from each of the five wells).

The ten selected clones, producing antibodies with specific activity

against ss-ct-DNA treated with mustard gas, were named 2CI, 2D4.

2FIO, IH4, 2F12, 2D3, 2A4, 2E3, 2F8 and IH7. Two clones (2FiO and

IH4) were hybridomas from lymph node origin and the other eight x me

from spleen cells. The crude supernatants of these ten hybridomas

ware tested in a d'zect and a cell-ELISA. The results of the direct

and cell-ELISA are shown in Figure 92. The supernatants were diluted
tenfold and tested on ss-ct-DNA treated with 10 pM mustard gas

(direct ELISA) and on WBC of whole blood treated with I mM muatprd

gas. These results show that the last six clones in Figure 92 show a

substantial response in the direct ELISA as well as in the cell-

_.I6 . ... ...



ELISA. Another important feature is the low response against
untreated ss-ct-DNA and untreated WBC for all ten clones.Also the
immunoglobuline-subclass was determined and all supernatants showed
to contain specific antibodies of the IgGl-subclass.

1.5

E
C -11] ELISA

0.5 untreated
0
-e 1.0ELISA

a10 AM HD
* [ii]cell-ELISA

untreated
0.5

cell-ELISA
1 mM HO

0.0[
2CI 2b4 2FI0 1144 2F12 2D3 tA4 2VI RFG 1HT

clone number

Figure 92. Antibody response of the supernatants of ten monoclonal
cell cultures in a direct ELISA and in a cell-ELISA. The
cell lines were isolated after fusion of the spleen- and
lymph node cells of a mouse immunized with the coupling
product of N7-(2"-hydroxyethylthioethyl)-guanosine-5'-
phosphate (GMP-7-HD) via EDC to Keyhole Limpet Hemocyanine
(KLH) (molar ratio of EDC:GMP-7-HD of 50:1) with SP2/0
plasmacytoma cells, and recloned twice by limiting
dilution. The wells were coated with an excess of single-
stranded calf-thymus DNA treated with 10 jM mustard gas or
with untreated single-stranded calf-thymus DNA in the
direct ELISA and with white blood cells (40,000/well)
isolated from human blood treated with 1 mM mustard gas or
from untreated blood in the cell-ELISA. The supernatants
were diluted tenfold

Purification studies were performed on the monoclonal antibodies in
saturated supernatants of each of the ten clones; ammonium sulfate
precipitation followed by chromatography on a protein A column was
applied. The protein content (Biorad assay) of the final, purified,
monoclonal antibody preparations, originating from 100 ml of crude
supernatants, is shown in Table 13.

The ten purified MABs were screened in a direct ELISA and in a cell-
ELISA (Table 14). Different amounts of the MABs (ng protein/well)
were tested on immobilized ss-ct-DNA treated with 10 AM mustard gas
and on WBC from whole blood treated with 1 mM mustard gas. After 1 h,
the fluorescence was recorded and the amount of protein needed to
reach a standard level of fluorescence (3,000 arbitrary units) was
calculated. In the cell-ELISA the purified antibodies of the clone
2C1, 2D4 and IH4 did not reach this level, so the fluorescence of the



Table 13. The amount of purified monoclonal antibodies isolated -rono

the supernatant of ten hybridomas

Clone number Protein content

(pg/i00 ml supernatant)

2Ci 917

2D4 806

2F1O 683

1H4 832

2F12 260

2D3 61

2A4 41

2E3 171

2F8 163

IH7 99

highest amount of incubated protein is shown. An important criterion
for the selection of MAB's is a high response to DNA treated with
mustard gas and a low response to untreated DNA. Therefore, the

corresponding response to untreated DNA/WBC is also shown in Table

14.

Table 14. Direct ELISA and cell-ELISA on ten purified monoclonal
antibodies (NAB's)

C-ne Direct ELISA Cell-ELISA
number

fluorescence
a  

ng protein/ fluorescence rig protein/

well well

10 , I H 0 1 M0b 1 mMR D 0 M FD
c

2CI 3000 250 14 1925 425 40

2D4 3000 250 15 1875 425 40

2FI0 3000 350 90 3001 875 600

IB4 3000 475 300 1850 850 1000

2F12 3000 1000 4,0 3000 800 7.5

2D3 3000 475 5.0 3000 450 8.5

2A4 3000 600 6.5 3000 600 10

?E3 3000 1175 2.5 3000 1125 4.0

2F 3000 1275 3.0 3000 1075 6.0

157 3000 500 7,5 3000 500 10

a The fluorescence was recorded after I h
b The fluorescence without MAB was 180.
c The fluorescence without MAB was 237.

Table 14 shows that clones 2C1, 2D4, 2FIO and IH4 respond very well
to DNA treated with mustard gas, compared to untreated DNA; a
relatively large amount of protein is needed, however, compared to
the other clones. In the cell-ELISA they do not respond very well.
The clones 2F12, 2E3 and 2F8 show a high background activity against
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untreated DNA, which is in contrast to the results shown in Figure 9"

for the ELISA before purification of the same antibodies. The clones
2D3, 2A4 and IH7 show the best results, in the direct ELISA as well
as in the cell-ELISA. Less than 10 ng protein/well is needed to rcjch
a fluorescence of 3000 units after 1 h of incubation, while the
response to untreated DNA remains at an acceptable level.

The protein yield of the 6 clones 2F12, 2D3, 2A4, 2E3. 2F8 and IH7
was not high, however the specific activity (that is the amount of
protein needed to reach a standard level of fluorescence of 3000
arbitrary units) was high. The low protein yield could be due to
fluctuations in production capacity of the clones or loss of activity
during the different purification steps (purification was done in the
same order as the clones were numbered). Next time, when a new batch
of supernatant will be purified, the activity of the fractions during
the different purification steps should be mcnitored accurately, to
detect activity loss. However, enough MABs were isolated to perform
screening tests to characterize the antibodies a.ld to select one or
two clones for the further productions of the antibodies.

The MABs were also tested in a competitive ELISA. The wells were
coated with ss-ct-DNA t-eatcd with 10 AM mustard gas. Various amounts
of competitor DNA (ss-ct-DNA treated with 10, 1 or 0.1 AM mustard
gab) were incubated with a fixed amount of MAB. This amount was
chosen such that a respose of 3000 fluorescence units after I h of
incubation was obtained, when no competitor DNA was added (103%
point). To compare the activity of the various monoclonal antibodies
with the rabbit antiserum W7/10, this serum was also tested with the
same competitor DNA. Figure 93 shows the competition curves of MABs
of clone 2D3 (5 ng protein/well) and of W7/10 (dilution: 1:40,000).
The amount of competitor DNA required to reach the same level of
inhibition was less for clone 2D3 than for W7/10. With ss-ct-DNA
treated with 10 AM mustard gas as competitor, the 50% inhibition
point was reached at 3 and 15.5 ng DNA/well with 2D3 and W7/10,
respectively. As described before, it was shown that I out of 1,290
guanines is modified into a Ni-G-HD monoadduct when ss-ct-DNA is
treated with 10 AM mustard gas. Therefore, on the basis of these 50%
inhibition points it can be calculated that, respectively, 1.8 and
9.1 fmol N7-HD-G monoadduct/well are present. Also some other clones
were tested in a competitive ELISA. The results are summarized in
Table 15.

The sensitivity of the competitive ELISA when antibodies of the six
clones were compared showed little variation, only the antibodies
produced by clone 2CI appeared to be not very sensitive. It can be
concluded that several hybridomas have been isolated that produce
monoclonal antibodies with specificity for DNA damage due to exposure
to mustard gas. The sensitivity of the competitive ELISA when
performed with these antibodies is equal to that of the polyclonal
antiserum W7/10, or somewhat better.
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Figure 93. Competitive ELISA with rabbit serum W7/10 (panel A) and

monoclonal antibodies produced by hybridoma 2D3 (panel B),

and single-stranded calf-thymus DNA as competitor. The DNA

was treated with 10 AM (a.. ), 1 AM (o---o) or 0.1 AM

(A---A) mustard gas or utntreated (+---+). The wells were

coated with an excess of single-stranded calf-thymus DNA

treated with 10 AM mustard gas. The W7/10 serum was

diluted 1:40,000 and monoclonal antibodies were added in

5 g protein aliquots/well
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Table 15. The amount of N7-(2"-hydroxvethvlthioethy)-guaiiine (N/-G-
HD) monoadduct per well present in the competitor DNA at
the 50% inhibition point in a competitive ELISA with
various hybridomas

Serum DNA at 50% inhibtion N7-G-HD-adduct at 50%
point inhibition point
(ng/well) (fmol/well)

W7/10 15.5 9.1
2D3 3.0 1.8
2C1 103 60.4
2r12 2.3 1.3
2A4 5.1 3.0
2F8 2.3 1.3
1H7 2.6 1.5

111.15. Distribution of radioactivity between various blood

compoentsln

Since adducts in DNA of WBC as well as those in hemoglobi of red
blood cells are to be examin-d for their possible use in a dosimeter
for mustard gas, the distribution of this agent between various blood
components was studied after treatment of whole blood with 0.1 mM
[
35
S]=ustard gas. After division of the blood Into two equal parts

(duplo experiment), various blood fractions, including serum
proteins, red and white blood cells, hemoglobin and DNA (as described
in 11.4) were isolated and the radioactivity was counted. The
distribution of the radioactivity over the fractions was calculated.
This experiment was done twice. The combined results of these
experiments are shown in Figure 94.

Almost all radioactivity appeared to be present in the serum (60%)
and the erythrocytes (39%). Only 0.67% was associated with the WBC,
with 0.021% bound to the DNA. Of the total amount of radioactivity,
31% was bound to globin, which is 1,500 times more than to DNA. Since
the hemoglobin content in blood varies between 0.12 and 0.16 g/ml
with a mean value of 0.14 g/ml and the DNA-content is ca. 50 Ug
DNA/ml, the difference amounts to a factor 2,800. When blood was
treated with 0.1 mM [

3 5
S]mustard gas, 1,500 times more radioactivity

was bound to hemoglobin than to DNA; hence mustard gas binds 1.9
times more efficiently to DNA than to hemoglobin. However, the
absolute number of mustard gas-adducts in hemoglobin in blood is much
higher than in DNA because of the large amount of hemoglobin compared
to DNA. It is expected that adducts in hemoglobin have a higher
persistency due to the absence of repair for these types of lesions,
in contrast to DNA-adducts which -in general- can be repaired by
cellular enzyme systems. Consequently, for a practical detection and
the quantification of exposure to mustard gas, an immunochemical
method based on antibodies that are specific for protein adducts
might be attractive. However, on a weight basis more adducts are
present in DNA and little DNA is needed for the assay. Furthermore,
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DNA adducts are more directly related to the adverse health effects

of mustard gas.
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Figure 94. The distribution of :adioactivity in human whcle blood
after treatment with 3.1 mM [3

5
Smuastard gas. The blood

was separated in the serum fraction, the red blood cells

(RBC) and the white blood cells (WBC). The serim was
divided into the serum proteins and the serum sapernatant
containing the remaining components. The RBC were divided
into the RBC proteins (globin) and the heme fraction. The
WBC were divided into the DNA and the remaining
components. The radioactivity is expressed as the
percentage radioactivity in the fraction compared to the
totally recovered radioactivity. The data are the mean
values of four experiments C± SEM)

111.16. Identification of reaction products of mustard Pas in
proteins of erythr9Ly

111.16.1. Identification of the N-terminal heptaheptide of a-viobin
in hemoglobin digested with trypsin

Since it is known from literature (25) that the N-terminal amino acid
valine of the a-chain of hemoglobin is a good target for alkylation,
the detection of mustard gas-adducts to this amino acid has been

chosen as a first approach. This valine is released from the a-globin
chain by digestion with trypsin together with six other amino acid

residues as the N-terminal heptapeptide val-leu-ser-pro-ala-asp-lys
(HP).

An HPLC system has been developed to separate peptides and peptides
alkylated by mustard gas. A C18 reversed phase column (25 cm x 4,6
mm) was used and the peptides were eluted with an acetonitrile
gradient in 0.1% trifluoLoacetic acid (TFA); the products were
detected by their absorbance at 220 nm.

k--L. m i m mnm~m mnm m~mllllglllmlllg p



A method has been developed to isolatc globin (Gb) chains from whol-
blood and from commercially available hemoglobin (Hb) as described in
11.15.1 and I.15.2. In order to digest the proteins into peptides,

Gb was hydrolyzed with trypsin at 37 'C for 2 h. Trypsin cleaves the
protein specifically at the carboxyl-end of lysine and arginine
residues. In this way, HP could be released. Figure 95 shows the
profile of Hb (Sigma) digested with trypsin and subsequently injected
onto the HPLC column. Digestion and HPLC separation are very
reproducible. Also Hb isolated from blood was digested and injected
onto the HPLC column (Figure 96). The elution showed approximately
the same profile as that obtained with the commercially available lib
(Figure 95). Figure 97 shows digested Gb, co-injected with the
synthetic heptapeptide (see 111.11.2) which was characterized by

0.2
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Figure 95. HPLC-chromatogram (ODS-Sephadex reversed-phase column) of
hemogiobin (Sigma) hydrolyzed with trypsin. The absorbance
was recorded at 220 rum. An acetonitrile gradient in 0.1%
trifluoroacetic acid was used to elute the various
peptides
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Figure 96. HPLC-chromatogram (ODS-Sephadex reversed-phase column) of
trypsin-digested globin isolated from human blood. The
absorbance was recorded at 220 rim. An acetonitrile
gradient in 0.1Z trifluoroacetic acid was used to elute
the various peptides

by amino acid analysis. The HP was eluted after 18.5 min (peak 1).
Peak 1 was collected from the sample as shown in Figure 95 and also
analyzed by amino acid analysis. The amount of amino acids (nmol) was
measured in the sample and expressed as the ratio of nmol amino
acid:nmol ala. Ala served as a reference amino acid because it is
very stable and will not be alkylated by mustard gas. Seven amino
acids were detected with the molar ratio indicated between brackets:
val(l.O), leu(l.0), ser(l.2), pro(l.3), ala(l.0), asp(0.9) and
lys(l.l). The digestion method was considered suitable for releasing
the HP from Hb and possibly also from hemoglobin reacted with mustard
gas.
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Figure 9/. HPLC-chromatogram (ODS-Sephadex reversed-phase column) of
hemoglobin (Sigma) hydrolyzed with trypsin and co-injected
with the N-terminal heptapeptide of the a-chain of
hemoglobin (peak 1). The absorbance was recorded at 220
nm, An acetonitrile gradient in 0.1% trifluoroacetic acid
was used to elute the various peptides

111,16.2. Identification of the alkylated pei ie ii
Lrt&Ld with mustard &a"

Subsequent to the synthesis and the characterization of N-(2'-
hydroxylethyl-thioethyl)-val-leu-ser-pro-ala-asp-lys, i.e., the
h-ptaneptide alkylated with mustard gas at valine (see 111.11.2), a
larger amount of HP kiO mg; was treated with mustard gas as described
in 111.11.2. The monoadduct of the HP was coiieted by HPT" cn a
semi-preparative column (ODS-Sephadex; 25 cm x 10 mm), the monoadduct
of the HP was collected and lyophilized. This product was used as a
marker to identify the alkylated peptide in hemoglobin treated with
mustard gas. Hemoglobin was treated with (

35
Slmustard gas (ImM). Gb

wa isolated, digested with trypsin and the digest was injected onto
the HPLC column. An aliquot of N-(2'-hydroxylethylthioethyl)-val-leu-
ser-pro-ala-asp-lys was co-injected. Fractions eluted in 0.5-mi time
intervals were collected and the radioactivity was determined.
Several radioactive peaks were observed (Figure 98). one of which was
eluted with the reference material. This experiment has yet to be
duplicated (also with whole blood treated with mustard gas) and
should be repeateI with different elution programs in order to show
unambiguously the presence of the alkylated N-terminal heptapeptide
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Figure 98. HPLC of trypsin-digested hemoglobin (Sigma) which had been
treated with I mM [

35
Slmustzard gas. An aliquot of the

N-terminal heptapeptide of the an-chair. of hemoglobin
alkylated with mustard gas at the valine residue [N-(?'-
hydroxylethylthioethyl)-val-leu-ser-pro-ala-asp-lvs 

'peak 11 was co-injected. The peptide mixture was analyzed
on an ODS-Sephadex column; UV absorbance (220 rn) and
radioactivity were monitored. The radioactivity of the
fractions (collected over 0.5-mmn intervals) was counted
for 10 mim in a Mark III liquid scintillation counter
(Packard, USA)

111.16.3. Stability of mustard eas-adducts in hemoglobin

Experiments were carried out to determine the amount of alkali- and
acid-labile adducts in mustard gas-treated Hb. Adduct- t- carboxylic
acid groups are described in the literature to be alkali- and ac~d-
labile, whereas adducts to amino groups, and those to Cys or His
(when formed) are supposed to be stable. HNb was treated with I M
[35Sjuustard gas at pH 8. A part of the Hb was precipitated and Gb
was isolated (see 11,15.2). Nb and Gb were treated for 0-120 h at
37 OC with 5 N aqueous solutions of NaOH, or methanesulfonic acid
(NSA), or HCI. Treatment with the 5 N solutions jed to precipitation
of Hb, so this protein was treated with I N rioltitic'4s of these
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W4hen Gb, isolated from I-b which has been IrearP i'-ith 1ta3 5
Stmustard gas, was treated for various periods of time with ')N

NaOH. HCl or MSA, it appeared that 30% of the initial amount of
radioactivity bound to Gb was still bound to precipitable proteini
acid- and alkali-stable adducts) after 24 h, whereas /0% was present

in the supernatant (acid- and alkali-labile adducts). as can be
derived from Figure 99. The release of acid- or alkali-labile addiwcv
(30% of total) is complete within 4 h. The effects of the three
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Figure 99. Stability of muz;tard gas-adducts to glohin in acidic arid
in alkaline solution. Human blood was treated with I mM
f
3 5

S~mustard gas and the hemoglobin was isolated. tGlohin
was isolated from the hemoglobin and treated with L)N Ilil -

5 N methanesulfonic acid or 5 N NaOH at roi, temperature
for several hours. After acid-acetone precipitationi
(-20 OC) of the protein, the radioactivity in the
precipitate was counted and compared to total radio-
activity, to determine the percentage of addurts of
mustard gas still attached to globin



treatments, with eit her acid or aiil i , wr.,< \ v S i l I r i vt P , h;!
the acid- and alkali -labile adduct s are twistat-d Ias rs idIts ob"Id
carbox-ilic acid groups of amino acids

When I mM Hb treated with 1 InmM j35SImustard gas was incobaled with
N of MSA or NaOH, 50% of the adducts bound to the globin within fit
were alkali- and acid-stable and were still present after 48 h

(Figure 100). while in Gb treated with 
35

S]mustard gas only 307
remained bound after 4 h. These differences could be due to the
molarities of the acid- and alkali-treatments (5 versus 1 N) and may

also be ascribed to the configuration of free Gb and Hb: the globin
structure in Hb may be more compact and may thus protect the adducts

against hydrolysis.When Hb treated with I mM 1
3 5
Smustard gas was

incubated at neutral pH, 37 °C. in order to study the stability of
the adducts over several days, 75% of the radioactivity initially
present in Gb was still bound to Drot-in after 24 days (Figure 101).
Hb started to precipitate after 24 days, so the experiment was
stopped.
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Figure 100. Stability of mustard gas-adducts to hemoglobin in acidic
and alkaline solution. Human blood was treated with I mM
[
3 5
Slmustard gas and hemoglobin was isolated and treated

with 1 N methanesulfonic acid or I N NaOH at room

temperature for several hours. After acid-acetone
precipitation (-20 °C) of the protein, the radioactivity
in the precipitate was counted and compared to total
radioactivity, to determine the percentage of adducts of
mustard gas still attached to hemojlobin

The results indicate that Hb exposcd to mustard gas contains a high
proportion of mustard gas-adducts that is relatively stable (75% of
the initial amount is still present after 24 days of incubation under

physiological conditions; 30% of the adducts resist acid or alkali
treatment). This might indicate that a substartial fraction of the
mustard gas-adducts to Hb formed in vivo (at 37 °C), remain in the
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body for a prolonged period of tire, perhaps long enough after
exposure to permit retrospective detection.
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Figure 101. Stability of Liustard gas-adducts to hemoglobin at neutral
pH. Human blood was treated with 1 mM (3 S]mustard gas
and hemoglobin was isolated and incubated at 37 °C for
several days. After acid-acetone precipitation (-20 °C)
of the protein, the radioactivity in the precipitate was
counted and compared to total radioactivity, to determine
stability of adducts during that time. The radioactivity
in the globin fraction immediately afttr treatment with
[35 S]mustard gas was set at 100%

However, the identification of the various mustard gas adducts to
protein is hampered by the acid-instability of a large proportion of
the reaction products. To establish to which amino acid the mustard
gas residue is attached, the protein has to be digested to yield the
free amino acids. Among these, certain amino acids modified by
mustard gas can subsequently be characterized. The usual procedure
for complete hydrolysis of proteins involves heat treatment in the
presence of 6 N HCI, during which treatment at least 70% of the
adducts will decompose. Therefore, a different procedure has to be
developed for identification of the acid-labile adducts.

111.17. Imunochemical methods for the detection of mustard gas-
adducts in proteins of erythrocytes

For the immunochemical detection of mustard gas-adducts in (blood)
proteins, two approaches are being followed up to the present. One
aims at the detection of the mustard gas-modified N-terminal valine
in Hb, the other is a less specific approach, involving antibodies
raised against mustard gas protein-adducts in general. In first
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instance, it was attempted to obtain polyclonal antisera suitable for

the development of detection and selection procedures. Two different
rabbit antisera were raised, for which purpose Hb treated with I mM
mustard gas and with N-(2'-hydroxyethylthioethyl)-D,L-valine coupled
to Keyhole-Limpet Hemocyanine (KLH) via EDC, respectively, were used
as immunogen. Tmmunization were performed at 4 week intervals. Two
weeks after the third immunization the rabbits were bled and the
antisera collected.

The antiserum raised against Hb treated with 1 mM mustard gas was
tested in a direct ELISA, with Gb, Gb treated with 1 mM mustard gas,
human serum albumin (HSA) and HSA treated with I mM mustard gas,
respectively, used as antigen to coat the wells of the microtiter
plates (I pg/ml). No difference in signal between the mustard gas-
treated and untreated proteins was detected (F'.gure 102). As
expected, the response against Gb was much higher than that against
HSA. There may be several reasons for the negative result of these
preliminary experiments: (i) the adducts in the coating proteins are
not accessible to the antibodies, (ii) treatment of the proteins with
1 mM mustard gas resulted in too few adducts that can be recognized
by the antibodies, (iii) no antibodies are formed, because the
adducts are too weakly immunogenic, and (iv) only one rabbit was used
for immnization.
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Figure 102. Antibody response of the serum of a rabbit immunized with
hemoglobin treated with 1 mM mustard gas, in a direct
ELISA. The wells were coated with 50 ng of untreated
globin (Gb) (o---o), globin treated with 1 mM mustard gas
(o---o), untreated human serum albumin (HSA) (A---A), and
HSA treated with 1 mM mustard gas (A-A)
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The antiserum of the rabbit immunized with N-(2'-hydroxyethylthio-

ethyl)-D,L-valine coupled to KLH was tested in a direct ELISA with
HSA, HSA treated with I mM mustard gas, N-(2'-hydroxyethylthioethy1)-
D,L-valine coupled to HSA (HSA-Val-HD), HP, HP treated with 5 mM

mustard gas, Hb, and Hb treated with 1 mM mustard gas as coating
antigens in the wells of the microtiter plates (I jug/ml). Various

serum dilutions were tested (Figures 103 and 104). Figure 103 shows
an equal, low response of the serum against HSA and HSA treated with
I mM mustard gas and a high response against HSA-Val-HD. Also the
responses against HP, HP treated with 5 mM mustard gas, Hb and Hb

treated with 1 mM mustard gas were low (Figure 104). It can be
concluded that mustard gas-specific antibodies are not present in the

serum. Therefore, at this moment, an antiserum against protein
adducts of mustard gas is not available for the development of
methods to screen hybridoma supernatants or detection procedures.
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Figure 103. Antibody response of the serum of a rabbit immunized with
N-(2'-hydroxyethylthioethyl)-D,L-valine coupled to
Keyhole Limpet Hemocyanine (KLH) via EDC, in a direct
ELISA, The wells were coated with 50 ng of untreated
human serum albumin (HSA) (+-+), HSA t-.eated with I mM
mustard gas (A --- A), or N-(2'-hydroxyethylthioethyl)-D,L-
valine coupled to HSA via EDC (o---o)



- 208 -

2

E
C

U)

0, +

0-C

1 C'
* C

o

10' 10' 10' 10' 10, 104

antiserum dilution

Figure 104. Antibody response of the serum of a rabbit immunized with
N-(2'-hydroxyethylthioethyl)-D,L-valine coupled to KLA

via EDC, in a direct ELISA. The wells were coated with
50 ng of the N-terminal heptapeptide of the a-chain of

hemoglobin (HP) (+ -+), HP treated with 5 mM mustard gas

(A---A), hemoglobin (Hb) (o---o), or Hb treated with 1 M
mustard gas (e...
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IV. DISCUSSION

Identification of mustard gas-adducts to calf thymus DNA atid DNA uf
human white blood cells

To the best of our knowledy the products arising from alkylation of
DNA due to in vivo exposure j mustard gas have not been
investigated. In vitro alkylation of DNA and RNA by mustard gas has
been studied by Lawley et al. (30-35) in the early sixties. They
suggested that foremostly the N7 nitrogen of guanine is alkylated,
leading to N7-(2'-hydroxyethylthioethyl)-guanine, as well as to the
corresponding intrastrand and interstrand (36) di-adduct di-(2-
guanin-7'-yl-ethyl) sulfide. The authors also report that the N3
nitrogen of adenine in DNA is alkylated to give N3-(2'-hydroxy-
ethylthioethyl)-adenine. In RNA the NI adduct of adenine is also
formed, presumably because this position is not hydrogen-bonded, as
it is in double-stranded DNA. Similar DNA-adducts have been reported
by Kirchner and Brendel (112) upon exposure of yeast cells to mustard
gas. Until now, all these products were characterized only on the
basis of similarity of their UV spectra and chromatographic behavior
with that of analogous alkyl-substituted purines. In most cases,
except for the N7 guanine monoadduct, it was unclear whether enough
of the adducts had been isolated to allow further analysis and
characterization.

We have (re)synthesized and characterized several adducts of mustard
gas with guanine and adenine for use as markers in the identification
of adducts formed upon exposure of calf-thymus DNA or human WBC to
mustard gas. Using the early, but highly reproducible, work of
Brookes and Lawley as a starting point, we have now developed methods
of synthesis and purification for the N7 mono- and di-adducts of
guanine, as well as the N3 adduct of adenine, which yield the pure
adducts on a 10-100 mg scale. This allowed full characterization if
these adducts based upon thermospray and electron impact mass
spectrometry, as well as on 1H- and 13C-NMR spectroscopy.

In more recent investigations, Ludlum et al. have studied the
reaction of monofunctional sulfur mustard (chloroethyl ethyl sulfide;
CEES) with 2'-deoxyguanosine (95) and with calf-thymus DNA (37). In
both investigations, the alkylation product of CEES at the 06-
position of 2'-deoxyguanosine was found to be a minor product (0.1%
of the total alkylation). Attempts to depurinate this product to 06-
(ethylthioethyl)-guanine failed, presumably due to rapid dealkylation
at 06 in acidic aqueous solution. It has not become clear whether the
authors obtained the corresponding 06-adduct of mustard gas with 2'-
deoxy-guanosine (94). We have used a very recent method of synthesis
for 06-adducts of 2'-deoxyguanosine to obtain 06-(2'-hydroxyethyl-
tldoethyl)-2'-deoxyguanosine. The key step in this method is the
replacement of a 1-methylpyrroli-dinium group at the 6-position of
2'-deoxyguanosine by an appropriate alcohol, in this case 2-acetoxy-
ethyl 2'-hydroxyethyl sulfide or 2-t-butyldimethyl-silyloxyethyl 2'-
hydroxyethyl sulfide. The desired adduct was obtained in 12% overall
yield. In contrast with the results of Ludlum et al. with the
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corresponding CEES derivative, wp obtained 06-(2'-hydroxyethylthio-
ethyl)-guanine via acid-catalyzed depurination of the 2'-deoxy-
guanosine derivative, without overriding dealkylation at 06. In our
route of synthesis of the 06-derivative we used for the first time
new acyl and trialkylsilyl derivatives of thiodiglycol and semi-
mustard gas which we designed in order to circumvent problems due to
the bifunctionality of thiodiglycol and semi-mustard gas. At the end
of the synthesis route, the hydroxyl group of the 2'-hydroxyethyl-
thioethyl moiety is deprotected, in alkaline medium for the acyl
derivatives and in acidic medium in case of the trialkylsilyl
derivatives.

In other studies on the alkylation of 2'-deoxyguanosine with CEES in
aqueous solution (pH 6.0) Sack et al. (113) have found evidence for
the formation of a small amount of N2-(ethylthioethyl)-2'-deoxy-
guanosine (Figure 105a), in addition to the expected large amount of
the N7 adduct. In our studies on the alkylation of 2'-deoxyguanosine
with mustard gas in aqueous solution (pH 7.5), we have not found an
N2 adduct, possibly due to the fact that we have not attempted to
isolate and characterize all minor reaction products. However, we
have isolated Nl-(2'-hydroxyethyl-thioethyl)-2'-deoxyguanosine
(Figure 105b), i.e., a hitherto unreported reaction product of
mustard gas with nucleosides, as a minor but significant product from
the reaction mixture. This product was fully characterized by means
of IH- and 13 C-NMR (HETCOR) spectroscopy, thermospray mass
spectrometry and UV spectra. The formation of this product is rather
surprising because the Nl-position in 2'-deoxyguanosine is known to
be highly unreactive in aqueous solution. So far, Nl-adducts have
only been obtained by alkylation in basic, nonaqueous media in which
the 2'-deoxyguanosine anion is prevalent (114).
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Figure 105. Chemical structures of N2-(ethylthioethyl)-2'-deoxy-
guanosine (a) and of Nl-(2"-hydroxyethylthioethyl)-2'-
deoxyguanosine (b)

In the present study, prevalence of the adduct and its stability and
persistence in the living cell are important aspects in selection of
the reaction product between DNA and mustard gas for use in the
immunization of mice and subsequent isolation of hybridomas that
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produce specific antibodies against DNA damage due to mustard gas. In
experiments with double-stranded calf-thymus DNA and white blood
cells exposed to [3 5Slmustard gas, N7-(2'-hydroxyethylthioethyl)-
guanine was shown to be the major adduct. About 60% of the
radioactivity reacted at the N7-position of guanine resulting in this
monoadduct. The N7 di-adduct and the N3-adenine mono-adduct were
formed to a lesser extent.

With the techniques available, it was impossible to detect 06-(2'-
hydroxyethyl-thioethyl)-guanine. If this adduct is formed, it is
present only as a trace adduct (less than 0.5% of total detected
radioactivity). Such an almost negligible alkylation at 06 of the
guanine moiety by mustard gas should be expected on the basis of the
high s-value (0.95) of the episulfonium ion in the Swain-Scott
equation (115,116). For double-stranded DNA, the three detectable
adduct peaks represented ca. 90% of all radioactivity. Upon
alkylation of single-stranded DNA, the corresponding peaks
represented only 66% of all radioactivity. Two additional large peaks
were detected in the hydrolysis products, containing ca. 11 and 16%
of total radioactivity. These two adducts are not identified yet. One
of the unidentified peaks may correspond with Nl-(2'-hydroxyethyl-
thioethyl)-adenine, which is also formed in substantial amounts upon
alkylation with mustard gas of RNA, in which N1 of adenine is not
hydrogen-bonded (32,35). Further studies will have to show whether
the Nl-adduct of guanine is formed upon alkylation of double- or
single-stranded DNA. In this study we have focused on the adduct
pattern induced in double-stranded DNA, representing the prevalence
of alkylation by mustard gas in biological samples.

Our results show that mustard gas is a very effective alkylating
agent. Even in blood, in which numerous other reactive constituents
are present, 1 out of 124 guanine bases was alkylated to form the N7
monoadduct upon exposure to 1 mM mustard gas. In double-stranded DNA,
even 1 out of 10 guanines was alkylated by 1 mM mustard gas.
Comparable experiments with diethyl sulfate showed an alkylation
degree of only one N7-ethyl-guanine adduct per 400 unmodified
guanines upon exposure of white blood cells to 100 mM diethyl
sulfate, whereas an alkylation level of one N7-guanine adduct per 45
unmodified guanines was observed for double-stranded DNA after
exposure to 77 mM diethyl sulfate (117). The concentrations of
mustard gas mentioned above are very high in comparison with the so-
called biologically relevant doses which are used, for instance, in
studies to determine cell survival as expressed by means of colony-
forming ability. When Chinese hamster ovary cells are exposed to 1.4
pM mustard gas, 37% of the cells in the population survive and will
form colonies after exposure.

These studies suggest that the biologically relevant doses are
probably in the micromolar range. In order to determine the ratio of
alkylated bases versus non-modified bases in DNA exposed to low doses
of mustard gas (0.01-10 AM), extrapolation of the degree of
alkylation detected by HPLC in DNA treated with high doses (0.1-1 mM)
had to be applied. Because of the low specific activity of the
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[3 5S]mustard gas batch at the time of the experiment (850 MBq/mmol)
it was impossible to obtain accurate data for the alkylation degree
of DNA treated with concentrations of mustard gas <0.1 mM. The values
at lower concentrations were estimated by linear: c:-trapolation of the
data obtained with white blood cells or DNA exposed to 0.1 mM
[3 5S]mustard gas. IL tuture experiments, these estimations, as well
as the use of radioactive material, can be avoided if an alternative
method of analysis for alkylated bases in digested DNA can be
developed based upon HPLC with electrochemical detection. In this
way, Park et al. (118) were able to detect 100 fmol N7-ethylguanine.
In our laboratory, the detection limit amounted to 0.45 N7-
ethylguanines/10 nucleotides in liver cells from rats that were
exposed to hydrazine (117). Possibly, this HPLC procedure can be used
for the calibration of immunochemical assays.

The development of immunochemical detection methods7 ELISA

The immunization of rabbits with calf-thymus DNA which had been
exposed to mustard gas resulted in the polyclonal antiserum W7/l0
with a high specificity for adducts of DNA with mustard gas. With
this antiserum a screening method for specific antibody activity oi
hybridoma-supernatants could be developed and optimized.

Next to a screening method for supernatants of hybridomas, a
competitive ELISA was developed with single-stranded calf-thymus DNA
treated with mustard gas as competitor. This competitive ELISA will
be used to measure the level of mustard gas adducts in biological
samples such as human blood, exposed to mustard gas. It was shown
that untreated DNA does not give any inhibition, not even at high
doses. This is a criterion for the selectivity of the antiserum. The
N7 guanine mono-adduct is the most abundant lesion, which is
converted into the ring-opened derivative after treatment with
alkali. Since DNA exposed to mustard gas after treatment with alkali
is not recognized by the antiserum, it is likely that this antiserum
is directed mainly against the N7 guanine mono-adduct. The
sensitivity of the competitive ELISA at the 50% inhibition point is a
few fentomoles per well of this adduct. When the 20% instead of the
50% inhibition point was chosen as a criterion, 0.4 fmol N7 guanine
mono-adduct/well is detectable in single-stranded calf-thymus DNA.
The specificity of the method could also be estimated. For single-
stranded calf-thymus DNA treated with 0.1 gM mustard gas this
specificity was one N7 guanine monoadduct amongst 1.3xlO 5 unmodified
guanines. However, because of the low cross-reactivity of the
antibodies with untreated DNA, it should be possible to detect
significant inhibition with single-stranded calf-thymus DNA treated
with 0.01 gM mustard gas by use of the 20% inhibition point,
resulting in specific detection of 1 mono-adduct amongst l.3xlO

6

unmodified guanines or 5.2xi0 6 unmodified nucleotides.

In order to reach a sensitivity of 0.4 fmol adduct/well using
Lompetitor DNA with a very low alkylation degree (s 0.01 AM mustard
gas) it is necessary to add more competitor DNA to reach the 202
inhibition point. Until now the highest amount of added competitor
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DNA was 2.5 Ag/well. To obtain the required amount of DNA from
biological specimens (DNA from white blood cells), large samples are
needed. Sometimes it is impossible to reach the level of 20%
inhibition by adding more DNA. Therefore, a better method should be
developed to detect low levels of damage (< 0.1 MM mustard gas).
Possibly, one such method is the amplification of the detection
signal by use of the avidin-biotin complex (119).

For the initial development and optimization of the competitive ELISA
to detact damage due to mustard gas, purified single-stranded calf-
thymus DNA was used. In this type of DNA, the antigens ax pi:s-.,_ed
in an optimal way for antibody recognition. However, the
immunochemical methods for this project are aimed at the detection of
mustard gas-damage in biological samples, i.e., human blood or skin
biopsies. In such samples DNA is present as double-stranded material,
surrounded by nuclear proteins, the histones. After exposure to the
same concentration of mustard gas, much more double-stranded DNA is
required for effective competition than single-stranded DNA treated
-'ith w utard gas, probably due to shielding of the damage by the
complementary DNA strand, as well as to interstrand crosslinks of
mustard gas which prevent an optimal presentation of antigen. A 13-
fold decrease in sensitivity relative to single-stranded DNA was
measured. Therefore, DNA in biological samples should be converted
into the single-stranded form which is accessible for the antibodies.

This conversion would require adequate methods to disrupt the cell
wall and the nuclear membrane, to digest the proteins and to release
the DNA in single-stranded form without changing or destroying the
adducts with mustard gas. The usual method for disrupting the cell
wall and releasing the DNA in the single-stranded form is treatment
of the WBC with alkali (91). However, this method is not suitable,
because of opening of the imidazolium ring* in the N7-guanine adducts
which will destroy the binding of the W7/10 antibodies to the mustard
gas- adducts. Also, extensive heating at 100 oC or lowering the pH in
combination with denaturating agents cannot be used, because of the
depurination of the N7-modified guanines.

Formamide is another agent for the induction of single-strandedness.
In preliminary experiments with single-stranded DNA, treated with 70%
formamide at 56 1C, we found that formamide did not modify or destroy
the adducts and did not interfere with the ELISA when solutions with
high DNA concentrations (1 mg/ml) were treated with 70% formamide,
provided that the solution was diluted 25-fold before being used in
the ELISA. When the dilution step was omitted, the high
concentrations of formamide caused substantial background signals in
the ELISA. Formamide did induce single-strandedness, although
slightly less effectively than alkali did (100% with alkali versus
90% with formaside). Since only a small amount of DNA can be isolated

* Kinetic measurements showed that the rate of ring-opening of N7-

(2"-hydroxyethylthioethyl)-guanosine-5'-phosphate at pH 11.2 is
virtually the same as that of the corresponding N7-methyl derivative
(see 111.7).
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from biological samples (! 25 pg/ml blood), extensive dilutions
cannot be applied to avoid background signals of formamide in the
ELISA. Therefore, formamide should be removed by, e.g., dialysis or
precipitation of the DNA.

We did not obtain satisfactory results when formamide was used to
disrupt cell walls of white blood cells and to release the DNA.
Similar competition curves were obtained when DNA from untreated
white blood cells or from white blood cells treated with various
concentrations of mustard gas were used, which indicates that the
mustard gas adducts were not recognized. Possibly, the formamide
treatment does not lead to complete degradation of the cells and
complete removal of the histones from the DNA for optimal
presentation of the antigens. Nevertheless, formamide might be a
convenient tool in combination with other methods for cell disruption
and protein removal.

A more useful method was the disruption of the white blood cells by
sodium dodecyl sulfate, followed by protein digestion by proteinase
K. After isolation of DNA by means of extraction with phenol and
precipitation with ethanol, significant competition was obtained with
double-stranded DNA isolated from white blood cells exposed to 0.1 mM
mustard gas. Nevertheless, ca. 900 fmol of N7-guanine mono-adduct are
required to obtain 50% inhibition in the assay with DNA from blood
treated with I mM mustard gas, whereas only a few fmoles of the
monoadduct were needed after exposure of dissolved single-stranded
DNA. Probably, the antigen recognition in DNA from blood treated with
mustard gas was not optimal, due to shielding by proteins and by the
complementary strand.

As mentioned before, it should be possible under optimal conditions
to detect with this competitive ELISA I modified guanine amongst
5.2xi06 unmodified nucleotides in single-stranded DNA exposed tr
0.01 juM mustard gas. Theoretically, when DNA is isolated from WBC
exposed to mustard gas and when complete single-strandedness is
induced, it shculd be possible to detect also I modified guanine
amongst 5.2x106 unmodified nucleotides. This corresponds with an
exposure of the white blood cells to ca. 0.1 AM mustard gas, as
derived by linear extrapolation from exposure to higher
concentrations. In order to optimize detection conditions, the
presentation of the antigens in DNA of white blood cells exposed to
mustard gas should be improved using such mild conditions that the
adducts are not destroyed.

Methods to achieve a high sensitivity in the competitive ELISA can be
developed by a combination of various procedures to release the DNA
from the cells or tissues, to digest the proteins and to induce
single-strandeduess in the DNA. For the disruption of the cell walls
and membranes, high concentrations of sodium chloride or sodium
dodecyl sulfate can be used, followed by protein digestion. The
influence of extraction with phenol and precipitation with ethanol
up"-. '- 0 stability of the adducts should be studied to see whether
this step should be omitted or replaced. For the induction of single-
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strandedness, various methods should be tried, such as digestion by
exo- and endonucleases in combination with formamide treatment or
sonication to prevent renaturation As already mentioned above,
biological samples contain small amounts of DNA, which means that
formamide cannot be removed by dilution, but has to be eliminated
otherwise.

In the competitive ELISA for analysis of DNA treated with an unknown
amount of mustard gas, it is necessary to measure the concentration
of DNA. A method should be developed to determine small quantities of
DNA from blood (10-50 ng/sample) for use in the competitive ELISA.
For the quantitation of DNA-damage it is also important to obtain a
large standard batch of mustard gas-treated DNA, with an exactiy
known degree of alkylation. This batch should be used for calibration
purposes, i.e., to calculate the amount of alkylation in samples
exposed to unknown concentrations of mustard gas.

Monoclonal antibodies

Upon treatment of DNA with mustard gas, the N7-guanine monoadduct was
shown to be the major adduct in all circumstances. For that reason it
was decided to synthesize a hapten based on this adduct for use in
the immunization of mice and the subsequent isolation of hybridomas
which produce specific antibodies against damage due to mustard gas
in DNA.

In our first attempt to obtain a hapten we have tried to alkylate the
N7-position of 2'-deoxyguanosine-5'-phosphate with mustard gas at pH
7.5, and to use the phosphate moiety for subsequent coupling of the
hapten to a carrier protein. However, the alkylation proceeded almost
exclusively at the phosphate moiety (120) instead of the N7-position.
Attempts to shift the regiospecificity of the alkylation reaction to
N7 by means of protonation of the least acidic function at phosphate
at pH 4.5 (59) led to some alkylation at N7, but also to complete
depurination. Even alkylation at N7 of 2'-deoxyguanosine with mustard
gas at pH 7.5, to be followed by enzymatic phosphorylation at the 5'-
position (97), led to depurination. In view of these results we
decided to attempt alkylation at N7 of guanosine-5'-phosphate, since
(i) guanosine derivatives depurinate several orders of magnitude less
rapidly than the corresponding 2'-deoxyguanosine analogs (121) and
(ii) other investigators had learned that the presence of an extra
hydroxyl group at the 2'-position of the sugar moiety in the hapten
did not decrease the binding activity of antibodies towards adducts
in DNA (98). Treatment of guanosine-5'-phosphate with mustard gas in
aqueous solution at pH 4.5 gave a reaction mixture from which both
the desired N7-(2"-hydroxyethylthioethyl)-guanosine-5'monophosphate
and the corresponding di-addict could be isolated on a 10-100 mg
scale by means of various chromatographic techniques. The products
were characterized with IH- and 13 C-NMR spectroscopy, whereas the
molecular weight of the mono-adduct was confirmed with FAB-ionized
mass spectrometry. Coupling of the N7 mono-adduct to carrier protein
with l-(3-dimethylaminopropyl)-3-ethylcarbodiimide via an in situ
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prepared imidazolium derivative at the phosphate moiety proceeded

smoothly.

After immunization of mice with N7-(2"-hydroxyethylthioethvI)-
guanosine-5'-phosphate coupled to a carrier protein, fusion

experiments yielded 10 hybridoma clones producing monoclonal

antibodies that recognize adducts of mustard gas. The clones were

selected on single-stranded DNA treated with 10 MM mustard gas, i.e..
not on the immunogen itself coupled to a carrier. It is possible that
in competition experiments with various competitors, the monoclonal

antibodies will recognize DNA exposed to mustard gas better than the
nucleotide or guanine alkylated with mustard gas: the antibodies are

selected on single-strand DNA and part of the DNA-backbone might be
involved in the antigen presentation. This aspect can be important

with regard to the preparation of DNA samples from human origin in a
later stage of this project when a detection method will be developed
that can be used as a screening method for the exposure of mustard

gas casualties. When mustard gas adducts in DNA are better recognized
than those in the alkylated nucleotides, it will suffice to purify
the DNA.

In our first attempt to isolate monoclonal antibodies (MABs), the
yield of protein in the purified MAB preparations originating from
crude supernatant was poor. It is uncertain whether this low yield is
due to loss of activity and/or protein in the precipitation step or
due to problems with the protein A column. Another explanation could
be the destruction of the MABs by proteinases which are released

after cell death. When these experiments will be repeated, the
supernatant will be harvested at the moment that MAB production is
optimal, before lysis of the cells occurs. Also the purification of
the MABs with the protein A column will be optimized. Attention will
be paid to the precipitation step, replacement of the protein A
column, as well as antibody activity before and after the various
purification steps. The storage conditions of the purified MABs will

be improved.

Although the yield of MAB was poor, screening tests could be
performed in which the sensitivities of the competitive ELISA with
the antiserum W7/10 and the MABs were compared. The sensitivity of

the competitive ELISA with the MABs 2D3, 2F12, 2A4, 2G8 and IH7 was
comparable to the assays performed with W7/10. The antibodies
recognize the N7-guanlne mono-adducts of mustard gas containing an
intact imidazolium ring. When DNA exposed to mustard gas was treated
with ring-disrpt-ing agents such as alkali, the adducts were not
recognized anymore. hence, the usual treatment with alkali for
release of DNA from cells and induction of single-strandedness could
not be used for the development of a sensitive method for the
detection of 4amage due to mustard gas in DNA of WBC.

Adducts to nroteins and model peptides

It is expected that adducts of mustard gas to proteins, for instance
hemoglobin or serum albumin, have a higher persistency due to the



2i / -

absence of repair systems for these types ot lesions. This stainds ill
contrast with DNA-adducts. which are often repaired bv cellular
enzyme systems. For the detection and the quantification of exposurc
to mustard gas in practical situations, it might be attractive to
develop an immunochemical method of analysis with antibodies that ir,
specific for protein adducts. Moreover, sufficient amounts of
proteins are readily obtained from relatively small blood samples.
For example, the mean value for the hemoglobin content in blood is
0.14 g/ml as compared to 5O gg DNA/ml blood. It was shown that
mustard gas binds only 1.3 times less efficiently to protein than to
DNA. Therefore, immunochemical detection of mustard gas damage in
proteins for dosimetry of exposure to mustard gas might be
advantageous, provided that the protein adducts can be concentrated
by way of purification.

Little is known about the reactivity of mustard gas towards
individual amino acids in proteins or the structure and stability of
the adducts (22-24). For this reason we have investigated the
alkylation of simple model peptides, i.e., N-acetyl-amino acid-
methylamides [CH 3C(O)NH-CH(Y)-C(O)NHCH 3 ], in which Y represents a
,roup that can be alkylated by mustard gas. So far we have
investigated the reactions with mustard gas in aqueous solution (pH
7.5) at room temperature of such model peptides derived from aspartlc
acid, glutamic acid, histidine, and methionine. In order to
elucidate the reaction products of mustard gas with terminal amino
groups, we have also studied the alkylation of valire-muthylamide,
NH2 CH(iPr)C(O)NHCH 3 (see Figure 33). All model peptides were readily
alkylated. In the model peptides derived from aspartic and glutamic
acid the free carboxylic groups were alkylated leading to the
formation of (2'-hydroxyethylthioethyl) esters. The ester derived
from the aspartic acid model peptide underwent a rapid secondary
reaction with expulsion of the alcohol moiety by nitrogen of the
peptide bond and formation of a succinimide derivative. Evidently.
this secondary reaction spoils the use of aspartic acid derivatives
for verification purposes. Both ring nitrogens of the histidine
peptide were alkylated at approximately the same rate, whereas a
small amount of product also was formed in which both nitrogens had
reacted. The methionine peptide is alkylated at sulfur, leading to a
ternary (and chiral) sulfonium derivative, which decomposes in acidic
or alkaline medium. As expected, the primary reaction product of
valine-methylamide with mustard gas is the N-(2'-hydroxyethyl.

-

thioethyl) derivative. Reactions with the model peptide N-acetyl-
cysteine-methylamide (Y - CH 2SH) will be discussed in the final
report of this project, but our preliminary results indicate that
cysteine is by far the most reactive amino acid towards mustard gas.

The alkylation products formed in aqueous solution were all
identified by means of thermospray-LC-MS. These products were also
synthesized by means of independent routes and their identity with
the products formed by alkylation of the model peptides in aqueous
solution was confirmed with HPLC. In future experiments, the
alkylation products will be used as references for quantitative

competition experiments, in which the relative order of reactivity of
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the various model peptides vis a vis mustard gas will be measured.
The products will also be used to study their stability upon
hydrolysis with 6 N HCI, i.e., conditions used to hydrolyze alkYlated
proteins in order to see which adducts survive such harsh conditions.

Identification of mustard gas-adducts to hemoglobin

It is known that human erythrocytes have a life-span of ca. 120 days,
i.e., a potential target protein such as hemoglobin (Hb) will stay in
the circulation for a long time. Hemoglobin is easily isolated after
separation of serum fraction and cell fraction, followed by lysis of
the erythrocytes. Serum albumin is more difficult to isolate because
of the presence of many other proteins in the serum fraction from
which .bumin should be separated by chromatography. Studies on the
stability of mustard gas adducts to hemoglobin showed that 70% of the
adducts bound to globin is acid- and alkali-labile (treatment with 5
N alkali or acid, during 4 h at room temperature). These data
indicate that identification of museard gas adducts to hemoglobin
based upon amino acid analysis after the complete degradation of
hemoglobin into amino acids by means oZ the standard procedure
involving treatment with 6 N HCI at 110 0C for 24 h is not feasible.
Alternatively, the proteins can be degraded into amino acids or small
peptides via digestion with specific enzymes.

Under physiological conditions the mustard gas-adducts of proteins
are rather stable. Not less than 75% of the initial amount of
[
35
Slmustard gas was still bound to hemoglobin after 24 days of

incubation at 37 0C. These data indicate that a substantial fraction
of the mustard gas-adducts to hemoglobin might be stable in vivo.

Analogous to the work of Wraith et al. (25) we started to study the
alkylation with mustard gas of the N-terminal valine of the a-chain
of hemoglobin which was shown to be a good target for alkylation by
ethylene oxide. The N-terminal heptapeptide val-leu-ser-pro-ala-asp-
lys is conveniently isolated by means of tryptic digestion of the
protein, followed by HPLC.

For use as a marker, the heptapeptide was synthesized and mono-
alkylated with mustard gas specifically at the amino group of
terminal valine. The reaction product was purified by means of HPLC
and was characterized by means of amino acid analysis, thermospray
mass spectrometry and 

1
H-NMR spectrometry. The next step will be the

identification with HPLC of the heptapeptide obtained by means of
tryptic digestion of hemoglobin which is alkylated with [

3 5
S]mustard

gas. Various elution programs will be used to show uinambiguously the
presence of this alkylated N-terminal heptapeLi'L in the digest.

In order to develop a method for the screening of the supernatant of
hybridoas after fusion experiments for specific antibody activity,
it is convenient to have a polyclonal rabbit serum available with
specific antibody activity against mustard gas-adducts. Analogous to
the "DNA-approach," rabbits were immunized with hemoglobin treated
with mustard gas and with N-(2'-hydroxyethylthioethyl)-D,L-vallne
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which was coupled to a carrier protein. Unfortunately, serum with
spocific activity against mustard gas-damage was not obtained. A
possible explanation could be the insufficient immunogenicity of the
alkylated proteins. Furthermore, only one rabbit was immunized per
immunogen, which limited the chance of obtaining a specific serum.
Since it takes 3 months to raise an antiserum in rabbits, mice
instead of rabbits will be immunized with the alkylated heptapeptide
bound to a carrier protein in future experiments. After fusion
experiments the supernatants of the hybridomas will be screened in a
direct ELISA. We will use as a substrate a commercially available
pentapeptide val-leu-ser-gly-glu which is homologous in the last
three amino terminal amino acids with the globin heptapeptide. Both
the pentapeptide and the pentapeptide alkylated with mustard gas at
the amino group of valine will be coupled to a carrier protein which
is different from the one used for the immunization. When a positive
response is detected in the ELISA, the hybridomas will be subcloned
by limiting dilution and the supernatant will be screened on the
native protein, e.g., hemoglobin which is alkylated with mustard gas.
In this way a suitable s-reening method can be developed and
monoclonal antibcdies can be selected.

An alternative approach is the immunization of mice with proteins
such as seium albumin or gamma-globulin (chicken or bovine) which
have been exposed to mustard gas, and subsequent screening of the
supernatants on the native protein. However, in case of a positive
response with this approach, it would be difficult to identify the
nature of the antigen against which the response is directed.

Hantens based on amino acids with high reactivity towardsmutar.g

In the absence of an analysis of the most abundant adducts formed by
alkylation of proteins, and in addition to the above-mentioned
approach involving the terminal heptapeptide in the a-chain of
hemoglobin, we are developing haptens based on amino acids which show
a high reactivity towards mustard gas. Our preliminary experiments
show that especially cysteine and glutamic acid are highiy reactive.
We have already synthesized the hapten gly-gly-gly-glutamic acid-5-
(2'-hydroxyethy'thioethyl) ester-l-amide, and in the second half of
this project we intend to synthesize the adduct of gly-gly-gly-
cysteine with mustard gas. Such an adduct can be used to characterize
the monoclonal antibodies which can be obtained after immunization
with, e.g., chicken-gamma globulin which has been exposed to mustard
gas. Another possibility is the use of these antigens, after coupling
to a carrier protein, to generate antibodies. Both approaches might
yield antibodies which are especially useful to detect mustard gas-
damage to proteins in skin biopsies. Obviously, antiLodies which are
specific for mustard gas adducts of hemoglobin will be very useful to
detect damage in blood, but not in skin biopsies. Investigations
published shortly after the second world war (38), indicate that the
alkali-labile adducts of mustard gas, which we interpret as ester
adducts to, e.g., glutamic acid, are stable for weeks or even months
in the skin of human volunteers.
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V. CONCLUSIONS

1. Routes for the synthesis and purification of the mono- and di-
adducts of mustard gas at the N7-position of guanine, for the
mono-adduct at the 06-position of guanine and at N3 in adenine,
were developed, leading to full characterization of these
adducts.

2. The hitherto unreported mono-adduct of mustard gas at the N1
position of guanine has been identified as an alkylation product
of 2'-deoxyguanosine with mustard gas in aqueous solution at
neutral pH.

3. O-Acetylated and O-trimethylsilylated derivatives of thiodiglycol
and semi-mustard gas are highly useful synthons to obtain mono-
adducts of mustard gas with DNA and proteins.

4. The mono-adduct of mustard gas at the N7-position of guanine was
shown to be the major adduct upon exposure of double-stranded
calf-thymus DNA and human white blood cells to mustard gas. The
corresponding di-adduct and the mono-adduct at N3 of adenine were
formed to a lesser extent, whereas the mono-adduct at 06 of

guanine could not be detected with the available techniques.

5. For double-stranded calf-thymus DNA, the three identified
reaction products with mustard gas represent ca. 90% of all
adducts.

6. Mustard gas is a very effective alkylating agent: even in human
blood treated with 1 mM mustard gas, 1 out of 124 guanine bases
is converted into the monc-adduct at N7.

7. The biologically effective concentration of mustard gas is ca.
I gM, as evidenced by survival experiments with Chinese hamster
ovary cells.

8. Cross-linking of DNA by mustard gas in Chinese hamster ovary
cells disappears within a time period of 4 h.

9. Immunization of rabbits with calf-thymus DNA exposed to mustard
gas resulted in a polyclonal antiserum W7/10 with a high
specificity for adducts of DNA with mustard gas.

10. With the polyclonal antiserum against mustard gas-adducts of DNA,
a method for the screening of supernatants for specific antibody
activity was developed and optimized, based upon the use of
single-stranded calf-thymus DNA exposed to 10 ;M mustard gas as a
coating material for the wells.
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11. A competitive ELISA was developed in which mustard gas-adducts to
DNA could be detected with a minimum detectable amount of a few
femtomoles of adducts per well, and a selectivity which allows
detection of one mono-adduct at N7 of guanine amongst 1.3x10

6

unmodified guanines.

12. The minimum detectable amount in the ELISA of adduct with DNA in
human white blood cells exposed to mustard gas is ca. three
orders of magnitude higher than for single-stranded DNA, probably
due to shielding by the complementary strand and proteins as well
as to interstrand cross-linking, all preventing optimal
presentation of antigen.

13. Methods for the synthesis, purification and full characterization
of the mono- and di-adducts of mustard gas at the Ni-position of
guanosine-5'-phosphate were developed, for use as haptens to
generate monoclonal antibodies against such adducts in DNA.

14. Monoclonal antibodies are produced by hybridomas which were
obtained after immunization of mice with the N7-substituted mono-
adduct of mustard gas of guanosine-5'-phosphate, coupled to a
carrier protein via the phosphate moiety. The antibodies
recognize specifically the N7-guanine adducts with an intact
imidazolium ring structure.

15. The sensitivity of the competitive ELISA with the monoclonal
antibodies is similar to that observed in the assays performed
with the polyclonal antiserum W7/IO.

16. Since mustard gas binds almost as effectively to proteins as to
DNA, immunochemical detection of mustard gas-damage for dosimetry
of exposure to mustard gas based on protein adducts might be
advantageous in view of the abundant availability of proteins,
provided that the adducts can be concentrated by way of
purification.

17. Our studies on the reaction products resulting from alkylation of
model peptides with mustard gas provide valuable information on
the nature, abundance and stability of the amino acid adducts
which are possibly formed upon exposure of proteins to this
agent.

18. Since approximately 70Z of the adducts of mustard gas to globin
is acid- and/or alkali-labile, enzymatic degradation to amino
acids and peptides might be a more viable approach to
identification of the adducts than the standard approach
involving complete degradation into amino acids by means of acid
hydrolysis.
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19. The N-terminal heptapeptide from the a-chain of hemoglobin, i.e.,
val-leu-ser-pro-ala-asp-lys, was synthesized and mono-substituted
with mustard gas specifically at the terminal amino group of
valine, for use as a hapten to generate monoclonal antibodies
against adducts of mustard gas with hemoglobin.

20. Since mustard gas appears to be especially reactive towards
glutamir acid and cysteine, mustard gas adducts to these amino
acids bound to gly-gly-gly are synthesized, specifically for use
as haptens to generate monoclonal antibodies for immunochemical
detection of mustard gas exposure in skin biopsies.
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APPENDIX A

Molecular weight distribution of fragments in alkali-denatured DNA
samples with randomly induced single-strand breaks and interstrand
crosslinks

G.P. van der Schans
TNO Medical Biological Laboratory, P.O. Box 45, 2280 AA Rijswijk. The
Netherlands

In the appendix by Van der Schans et al (Al), added to the paper of
Plooy et al. (A2), curves have been derived and presented for the
calculation of the average number of interstrand crosslinks related
to the fraction of DNA eluted. The fraction of eluted DNA of cells
pretreated with a crosslinking agent and subsequently irradiated was
assessed at the 50% elution point of DNA of cells which have been
only exposed to radiation. However, in the case of irradiated DNA,
the fraction of DNA eluted at the 50% point cannot be determined
accurately because the amount of DNA in the first fraction of the
elution is not exactly known (due to the presence of a small but
varying amount of fluorescing material not related to DNA). The
effect of this uncertainty on the calculation of the number of
interstrand crosslinks can be reduced when the calculation is carried
out for later fractions in the elution, i.e., at the 80% point.

For non-crosslinked DNA, the molecular weight of single-stranded DNA
fragments that are passing through the filter at the point in the
elution curve where 80.1% of the material has been eluted, is just
equal to 3 times the number-averaged molecular weight of all
fragments (mn), when a random distribution of the breaks over the
molecule is assumed. Since mn-M/p, Eq. 4 of Van der Schans et al.
(Al) can be written as:

m
X - J mn-2 . e-m/mn . (I - e (x/P)(m/mn))dm (Eq. 6)

0

where Xm is the weight fraction of molecules with a molecular weight
between 0 and m containing at least one link.

The value p is the average number of breaks and x is the average
number of links, both per single-stranded DNA molecule with molecular
weight H. Solution of this equation yields:

Xm - 1 - (M/mn + l)e-m/mn - (1 + x/p)- 2 
+ (I + x/p) - 2

.

(m/mn + (m/mn).(x/p) + l)e-(m/mn)(l+x/P) (Eq. 7)

In the experimental determination of crosslinks, we use the
percentage of total DNA already eluted at the point where non-
crosslinked single-stranded material with m-3mn is expected to appear
in the eluate (the 80% point). It is relevant, therefore, to ask what
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will be the elution behavior of the material in fraction X3mn. Which
part will acquire a molecular weight >3mn by the crosslinking?
Analogous to Van der Schans et al. (Al), this question can be easily
answered for two extreme situations:
1. All crosslinked fragments have acquired a total molecular weight

exceeding 3mn and are no longer eluted in the category m<
3mn. In

this case, Eq.7 directly gives the weight fraction that disappears
from this category. Hence, the original 80.1% eluted with m<3mn
will be reduced to 0.801-X 3mn .

2. Only the fragments crosslinked to pieces with m>3mn disappear from
the category with m<3% . As the crosslinks have a random
distribution and since - by definition - 0.199 of the material has
a molecular weight >3mn, in this case only 19.9% of the crosslinks
will be effective in shifting the fragments to the category with
m>3mn. This implies that in Eq. 7, x has to be substituted by the
number of effective crosslinks, i.e., by 0.199x, in order to
obtain the weight fraction of material disappearing from the
population with m<3m n .

In Figure Al, the weight fraction expected to be collected in the
eluate at the point when 80.1% would have been eluted in the absence
of crosslinks, has been plotted as a function of x/p, for both cases.
It will be clear that the real curve will lie somewhere between
these two extremes.

100 0

80 20

40 60

S.-

20 so--8

0 100
0.0 0.5 1.0 1.5 2.0

X/p

Figure Al. The fraction of irradiated DNA treated with mustard gas
eluted at the 80.1% elution point of irradiated untreated
DNA as a function of x/p. Curve a: 0.199 of the links in
molecules with molecular weight m<3mn result in a
retention beyond the 80.1% elution point; curve b: all
links in molecules with m<3mn result in retention up to or
beyond the 80.1% elation point; curve c: best estimate of
the real curve on the basis of the subdivision of
molecules with m<3mn into four weight categories.
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For a better approximation of this real curve, it has to be
considered which fraction of the molecules with m<3mn that are
crosslinked to fragments of the same category will become larger than
3mn because of this combination. As a first approach, this group of
fragments can be subdivided into the following classes of molecules:

al: with m between 0 and 0.75mn
a2: with m between 0.75mn and l.5mn
a3: with m between 1.5mn and 2 .25mn, and
a4: with m between 2 .25mn and 3mn .

Integration of Eq. 1 of Van der Schans et al. (Al) over these
intervals, with the use of Eq. 3 from that paper, shows that 17.3%
falls into category al, 26.9% into category a2, 21.5% into category
a3 and 14.4% into category a4. As the number of links is proportional
to the amount of DNA, the links will show the same distribution. In
either class, 0.199 of the links will be connected to fragments with
m>3mn (according to the above situation 2).

Combination of a fragment of category al with a fragment of either
category al, a2, or a3 will certainly result in material with m<3mn.
Combination of a fragment of category a2 with a fragment of category
a4 will result in material with m>3vn, whereas m will remain <3mn
when two molecules of class a2 are crosslinked or if a fragment of
categoy a2 is linked to a fragmeit of category al and so on. In the
Table Al the possible combinations are summarized. With the use of
Eq.7 we can calculate the weight fraction of fragments containing a
link in the categories al, a2, a3 and a4, as a function of x/p.

Table Al. Possible combinations of linked fragments with m larger or
smaller than 3m,

Class m>3 mn m<3m n

al: (17.3%) al+al
al+a2

(0.199x) al+a3 (0.657x)

a2: (26.9%) a2+a4 a2+al
(0.344x) a2+a2 (0.442x)

a3: (21.5%) a3+a3 a3+al
a3+a4 (0.559x) (0.173x)

a4: (14.4%) a4+a2
a4+a3
a4+a4 (0.827x)

As the breaks are random, it can be considered a matter of chance
which two links (in different fragments) are connected together. This
implies that only 19.9% of the links in material of class al will
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result in material with m>3m n . Consequently, in the formula used for
the calculation of Xal, x should be replaced by 0.199x in order to
arrive at the fraction that with certainty is no longer eluted before
the 80.1% point. For the calculation of Xa2, x should be replaced by
0.344x; for Xa3, 0.559x and for Xa4 by 0.82 7x.

Calculation of the sum of Xal, Xa2, Xa3 and Xa4 with respectively
0.199x, 0.344x, 0.55 9x and 0.8 27x, for the various values of x/p
between 0 and 2 yields a corrected version of curve a in Figure Al.
In an analogous manner curve b can be corrected upwards by adding Xal
(0.657x), Xa2 (0.4427) and Xa3 (0.173x). In this way the distance
between the two graphs can be narrowed from 14.7% at x/p-0.2 to 3.2%,
whereas at x/p-0.86 the curves even cross each other. The latter has
to be ascribed to an overcorrection of curve b, since it has not been
taken into account that at high x/p values more than two different
fragments can be linked together, resulting in molecules with m>3 mn.
So, the corrected curve a in Figure Al is a fair approximation of the
real curve in the range x/p 0.86-2, whereas for x/p 0-0.86 an average
of the corrected curves of a an b (curve c) is a fair one.

More refined calculations are without meaning, because, as mentioned
above, in this approach the possibility is ignored that more than 2
fragments are linked together when multiple links per fragment are
present, which will lead to inaccuracies in particular at higher
values of x/p.
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APPENV,.

Detection with a diode array detector of adduct peaks from calf-
thymus DNA exposed to 1 mH mustard Zgu

HPLC conditions:
Pump : Waters Associates
Flow (mi/mmn): 1.0
Eluent :0.025 M ammonium bicarbonate in 20% aqueous methanol
Column :Beckman; 250 x 5 mm; ultrasphere ODS; 5 pm
Detector :Waters Associates, Diode Array, 190-350 rn
Sample :calf-thymus DNA, treated with 1 mM mustard gas (45

min, 37 OC), degraded enzymatically into nucleosides,
heat treated (10 min, 100 OC).

Figure BI shows the HPLC chromatogram of the sample des.zribed above.
Of the six main components the UJV spectra are shown w' ich agree with
the spectra of commercially available markers and the synthesized and
characterized adduct markers (dC: 2'-deoxycytidine; daC: 2'-deoxy-
methylcytidine; do: 2'-deoxyguanosine; T: thymidine; dA: 2'-deoxy-
adenosine; N7-G-HD: N7-(2' -hydroxyethylthioethyl)-guanine. Figure B2
shows an enlargement of the HPLC chromatogram from 8-25 min, which
reveals tbe presence of, N3- (2' -hydroxyethylthioethyl) -adenine (N3-A-
HD) and di-(2-guanin-7'-yl-ethyl) sulfide (N7-G-HD-G). The UV spectra
of these two adducts are shown in Figure B3.
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Figure Bi. HPLC-chromatograi and UV spectra of calf-thymus DNA after
treatment with 1 mM mustard gas for 45 min at 37 'C, and
enzymatic degradation into niucleosides. The absorbance at
285 rn was recorded with a diode array detector (Waters
Associates; 190-350 rn). dC: 2'-deoxycytidine; disC: 2'-
deoxy-methylcytidine; dG: 2'- deoxyguanosine; T:
thymidine; dA: 2'-deoxyadenosine; N7-G-HD: N7-(2'-hydroxy-
ethylthioethyl )-guanine.
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Figure B2. Enlargement of the HPLC chromatogram shown in Figure BI
for retention times in between 8 and 25 min. N3-A-HD: N3-
(2'-hydroxyethylthioethyl)-adenine; N7-O-HD-G: di-(2-
guanin- 7'-yl -ethyl) sulfide.
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Figure B3. UV. spectra of N3-(21-hydroxyethylthioethy)-adelie (N3-A-
HD) and i(-unn7ylehlsufd N-RDG
recorded with a diode array detector (Waters Associates;
190-350 nr). Both compounds were detected in calf -thymus
DNA after treatment with 1 .14 mustard gas for 45 min at
37 0C and enzymatic degradation into nucleosides.



-243-

ijE4C)

Detection of adduct peaks in fragmented calf thymus DNA treated with
1 mH mustard as by means of thermospray-LC-IS

LC-Rarameters:
Column type :Lichrosorb RP-18 (AR270)
Particle size (Mum): 7
Length (cm) 25
Diameter (mm) 5
Eluent gradient:

eluent A: 50 mM ammonium acetate
eluent B: 50 mM ammoniumn acetate: methanol (6/4)
In 20 min linear gradient from 100% A to 100% B

Flow (ml/niin) :1.5
PH :7
Sample :calf-thymnus DNA, treated with 1mM mustard gas,

enzymatically degraded into nucleosides, heat
treated (10 min, 100 0C)

Thrm4&~ -MS parameters:-
Tip temperature "ON 260-250
Source temperature (IC): 230
Discharge (on/off) :off
Mode (pos/neg ions) pos0
Repeller (volt) :150
Multiplier (volt) :500
Ion energy (volt) :-10
Scan conditions :m/z- 100-450 in 1 sec.

Figure Cl shows the mass chromatograms at single ion monitoring of
the molecular ions (MH+) of the various peaks (dC: 2'-deoxycytidine;
dmC: 2'-deoxy-methylcytidine; dG: 2'-deoxyguanosine; T: thymidine;
dA: 2'-deoxyadenosine; N7-G-HD: N7-(2'-hydroxyethylthioethyl)-
guanine; N3-A-HD: N3-(2' -hydroxyethylthioethyl)-adenine; N7-G-HD-G:
di-(2-guanin-7'-yl-ethyl) sulfide; TDG: thiodiglycol). Figure C2
shows the complete mass spectra of the various peaks.
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Figure Cl. Mass chromnatogram (therinospray MS) of calf-thymsus DNA
after treatment with 1 mM mustard gas for 45 min at 37 OC,
and enzymatic degradation into nucleosides. dC: ?'-
deoxycytidine; dmC: 2'-deoxy-methylcytidine; dG: 2'-
deoxyguanosine; T: thymidine; dA: 2'-deoxyadenosine; N7-G-
HD: N7-(2'-hydroxyethylthioethyl)-guanine; N3-A-HD: N3-
(2'-hydroxyethylthioethyl)-adenine; N7-G-HD-G: di-(2-
guanin-7' -yl-ethyl) sulfide; TDG: thiodiglycol.
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Figure C2. Thermospray mass spectra of calf-thymus DNA after
treatment with I mM mustard gas for 45 min at 37 'C, and
enzymatic degradation into nucleosides. dC: 2'-
deoxycytidine: dmC: 2'-deoxy-methylcytidine; dO: 2'-
deoxyguanosine; T: thymidine; dA: 2'-deoxyadenosine: N7-G-
HD: N7-(2'-hydroxyethylthioethyl)-guanine; N3-A-HD: N3-
(2'-hydroxyethylthioethyl)-adenine; N7-G-HD-G: di-(2-
guanin-7'-y-thy1) sulfide; TDG: thiodiglycol.


