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SUMMARY: Experiments with mice shew that tho pre-carcinogen vinyl chloride is
metabolically converted to a short-lived ailyiating intermadiate which introduces
the Z-oxoethyl group onto nucleaphilic sitel in DHA and proteins. The absolute
and relative amounts of alkylated products sopport the hipothesis that the main
reactive metabolite is chloroethylene oxidav,

INTRODUCTION
The degree of alkylation of specific taino acids in He® or erythrocytes may

be used as-a measure of the in vive dose boh of electrcphilic agents and of
compounds which are metabolically conver:rl o clectrophilic agents (1). The
present study on vinyl chloride ig the basis of work in progress at the Hallenberg
Laboratory on a) factors modifying the forirtien in vivo of clectrophilic inter-
mediates from vinyl chloride and b) the cevoiopment of a gas-chromatograghic
method to alkylated amino acids in Hb frow En occupaticnally exposed to vinyl

chloride.
s,
Exposure of a model nuclenphile, 3,4 -dichlorobenzencthiol to vinyl chloride

in a microsomal system in vitro yields an slkylated product, identified as 3,A-di-
chlorophenylmercaptoacetaldehyde (2). This ceuld result from chloroethylenc oxide
or chlorcacetaldehyde as reactive metaboliues of vinyl chloride, In their react-
jons with nuélc0ph11es. both thwesa compsuwinds yreld alkylated products containing
the 2-oxoethyl group.

Reduction of the 2-oxoethyl groups with zodium borohydride gives the possi-
bility of determining the degroe of allylation of macromolecules from the amounts

of $-{2-hydroxycthyl)cysteine and (N-1-ond -3-)hydroxycthylhistidine or N-7-

*Abbreviations: Hb, glebin precipitate of haeronlobing HOCtCys, S-(2-hydroxy-
ethyl)cysteine; HOEtHis, (H-1-and H-3-}hydvosyethylhistidine; HOEtGue, N-7-
~hydroxyethylquznine. N
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-hydrosyi Stylnuanine in hydrolysates from proteins and nucleic acids, respectively.
The crezent investigation comprises quantitative measurement of these alkyiated
preducts n b, tesics proteins and liver DIlA after exposurc of mice to MC-labeﬂed
vinyl cnlgrida,

Tne “a0% that viayl chioride binds covalently to proteins and RNA in the
presenca of fartified microsomal preparations has been dencastrated earlier (3).
Ho charyc.ze’zstion of the mode of binding to macromolecules in vivo has been
published,

MATERTALT g DETRODS '

fni=nls. "l mice from three strains, C“A 3ALE and ATL, vere used. The mice
; the ¢ld (average weight 20 g). They were f d on a standard pellet
u' withaut restriction.
- QCI chloride, specific activity 0.48 uCi/rmot, radio-
-1ty 91, was purchased from tiew England Huclear, Boston, Mass. The
2inyi ch..':nc vas ¢issolved in m-xylene to edtawn 0.1 mCi/nl «ylene. Chloro-
gtnslere ntoda and chlarnacetaldehyde were presaced as descrited ecarlier (4).
Hydrowyniw'o steine vas synthesized according to Zilkha and Rappoport (5) and

Lhe twe e b gdeouy etnylhxrt1a|an vere synthesized by reacting ethylene
Gaige Qtylu|5r1d1nﬁ mathyl aster in metanol-HC1, folloued by hydrolysis
af tee Lo L (5, tivicoxyethylguanine was synthesized from guanosing and
othylans  in e acid (7, 8).
TRID.US AT THY 15 to vinyl chlovide. Ten Lo tuelve mice at o tinre were
oapusie .v"lwq YTyl chloride 1a an 11 1 all-glass system. The vinyl chloride
2% nisi tioa fren the solvent at DYC into an evacuated 150 ml vassel and was
than tr. 27w g 20 tho treatment chamber by flushing with ave (600 ml).
T+ in tha caxsber was cirqulated by a propeller and the expired €Oy

w2s abLTo ot 30 an Arcarite layer. The pressure was kept constant by passing a
glea st o0 Oy Lhrouech a CAp1I]arv inlet, Tho ateosphere was analyzod foy
'Coat ot eeds by teing 2 m) samoles by o Gas syringe and rapidly injecting
the g5 .- ;h a \ﬂ'll rombrane on the cover of a scintillation flask, pre-
fFillaed . % Mol of scintillation liquid (5 g PPO and 0.05 g POPQP/] to]uCHC)

T ol aaporiment the Os concantratisoe in in chamber was measured as
follews: [ <oy strean of C0p was Ted thrount | omd of water in a plastic cell
{ropt -t 1Y with g C1ark—%yne oxyoon electrode connected with a recorder. Air
samoles we, randdly injected inta the COp stream. The 0 Jevel was constant
over o .. tyi 9f 11 heurs with 10 mice in the chanber.

¢ aivas the lavout of Lhe caperiments with regard to the number of .
andeals o aend, diation of exposure, Joses exprested in ppm-h and time from
and g o, e Lo Lill1ng. Table [ also qives the half-1ife to the radio-
acriwst. v rnoaie nd the total radinactivity in Hb.
Tzolatics v ¥, obher Lissue proteins and ONA. Aftor anesthetizing the animals
ERTTTL e, o TR el Tected Tand susperded in 0.9, HaCl solution con-
tainicn 4 e, Yhe erythrocytes were qgently spun doun and thoroughly washed
with 5.0 Lait, The colls were lyzed with water and cell membrancs and debris
mre el at 2.ne0 g for 10 min. The supernatant was dialyzed over night

Teris

asarnst 7 phoophobe buffer pllo 7 oand was then brought to ph 4 by addition of
acetiz v L Trer 3 oa khe pHowas caubiously brought to plt 6 and half of the
ERRATE o Augid with o sodium horohydride (50 my/10 mi). The glebin was pre-

cizitet oo e adbition of 10 volus2s of 10 HC1 in acetone (9) and was then
casied e wely uth HCV-aceteone, 51 aqueous TCA, ethanol and ethyl ether.
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Table 1. Details of the layout of the erperiments A, B and C.

Expt.

Mumber
of mice
and

strain

Duration
of cxpc~
sure

(h)

Dose

(ppimeh) of act. in

Half-1ife

the aar

(n

Time fron
end of ex-
posure Lo
kitling
(h)

Tot.
in Hbh
{dpn/

act.

mg)

11 coa

4 CBA
4 BALB
4 ATI

3 CBA
7 BALB

10
10%)

2.33%)

12
12

5

16
38
14

7.7

14.2
14.0
15.6

Ejj&c-labe1led vinyl chloride was addod 2t intervals to maint2in 2 sufficently
high vinyl chlorde concentration in the treatment chamzer (in e«pt. B cvery
2 h, in expt. C every 40 min).

and testes were separated by the
phenol m-cresol E-hydroxyquinoline methed (15}, The Oif was precapitated from
the aqueous phase by 2 volupes of 2-cthosvothznel, dissolved 1n 0.1 M phesphate
buffer pH 7, reduced with scdium borohydrids and veprocipitated with Ze0thoay-
ethanol,
Hydrolysis and ion-exchanne_chromatonraphy of proteins and phAL Samples of
Y00 = 300 1y 0F procein were nyargiyzca with 6 4 kol suprapur (3omgs0.1 m1) in
evacuated tuhcs at 1209C for 15 h. After evaporetion to dryness the proauct was
dissolved 10 2 - 5 ml of 0.1 N HCY and 1ncubhated at 379C for 1 h to hydrolyie
2-chlorocthylcysteine which forms frem parl of the hydroxyethyleysteine auring
protein hydrolysis. Hydroxyethylcysteine an? th2 two hydroxyethylhistidines unre
added as carriors. The amino acids were iian scparated on a Dowex SC0U-34 column
(80 x 1 cm) which was eluted with 400 mi of 1 N HCY1 followed by 2 i HCl. The
cffluent was collected in 4.5 - 5 m) fractions. Hydroxyzthylcysteine cluted after
170 m1 1 H HC1, and the hydroxyolhylhistidines after 160 &) anu 190 wl 2 3 HCY, .
respectively. To achieve a better separation of the histidine products, the
corrvesponding fractions wrre re-chrumategrapned on an Aainex A-5 column
(0.9 x 20 ). The column we cluted with 160 ml 0.12 it citrate buffer pH 5.26,
followed by 0.12 M buffer pd 5.30. The tuo hydroxyethylhistidines eluted after
43 and 53 ml, respectively, of the last-rentioned buffer. The presence of amino
acids was detccted by thin layer chroratonraphy (1).

Samples of ebout 20 mg DHA were hvdrolyzed in 1 1 HCT for 1 h at 100°¢.
After addition of hydroxyelhyljuanine, the hydrolysales were chromatographed on 2
Dowex 50W-%12 column {13 z V.1 em) w1th 1 1 HCY. The fractions containing
hydroxyethylquanine (eluted after ca. 700 ml) were evaporated to dryncss and
measured for radioactivity.
Radyoactivity determipations were made using an Intertecknique SU 30 liquid
sCinti1Tation dpectramcier. Protern sanples were dissoived vn 1 ml 0.01 # HaOH
and counted after addition of 10 ml of lnstacel (Pachard). Fractions from the
ion-cxchanqe colunns were counted aftor addition of equal amounts or Instagel.
The counting efficiency was determined ysing automatic external standardization.
Reaction kirnties_of concnivable vinvl chloride potabolites. The rate constants
for the vesclicns 6f chlorocthylene o-hde’ chioroacctaldehyde and chloroethanol
with nucleopitiles 0 water wore dotermired oy methods desgribed ear Vier (10, 12),
The data are partly published in another context ((13).

Proteins and nucleic acids from Tivers

.
{
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v of the fon-euchange separation of acidic amino acids frem a

Uy without rreceding ceduction of Hb, experiment A. The po- . fracti

1§ of Rgm: tnown ading acids are indicated 1) serine 2) aspartic acid

seane AY alanine 5) 1CRCys.

The casre feactinns as in 1a but after reduction of the Hb (383 mg)

Part of inn-exchange smparation on Aminex A-5 of basic amino acids conta:

-om a hydrel, i of reduced Hb (383 rg), esperiment A, The positions of

e two dsereric MOUtHiIs, O und 7, are indicated.
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The concint retiun of vinyl chloride in the inhalation chamber decreased ex-

panntially with tise, Froa Table I it is clear that an increased proportion of BALB
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Fig. 2. fon-uxchinge separation of reduced liver [UA, experiment B.

2. 24 g DA from BALD mice, 2b. 8.7 mg DA from CBA mice.
RS

mice in Lhe treatimant led to a faster clearance of viayl chloride from the systen.

The tolal incorporaticn of radipactivity found in Hb from BALE mice is about tuice

as hic, as that of the strains CBA and ATL. These observations are consistent with

the firnding that the rate of uptake of vinyl chloride reflects the rate of mete-

bolic comarsion of “inyl chloride (14, 15).
The elution patterns of chromatographed hydrolysates of Hb and liver NA are

shown in Figs. 1 and 2, vespectively. Fig. la shows part of the chromatogram

©after hydrolysis of o without preceding borohydride reduction, and Fig. 1b

shews the same fractions after such reduction. Cnly in the latter case is a
radisactive peak corrcsponding to hydroxycthylcysteine cbtained. The basic
fractiens, Fia., lec, show the appearance of the two isomaric hydroxyethylhisty-
dire-s 1n the hydrolysale of reouced Hb, The hydrolysate of unreduced raterial
contained no radicactivity in the corresponding fractions. The hydrosyethyl-
guanine recovercd after hydrolysis of reduced DHA presents a pcak which is well
separated from that of guanine (Fig. 2a, b). The labelling of the latter has to

be aseribed to metabolic incorporation of ]4C.

These results show that viny! chloride through metabolic activation gives

¢10.20 sS3y
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Table II. Rate constants for reactions of chloroethylene oxide, chloroacetal-
dehyde, chloroethanol and, for comparison, ethylene oxide (cf. i7) Yitﬁldiffe-
rent nucleophiles in water; kH 0 in h™', other constants in l-mole '+h™ ",

2

Alnylating agent  Nucleophile  k (209C) & (37%) sV
Ch]oroethylene HZO 6.9 52 0.8
oxide aniline 820
2- 3

5,0, 13-10
Chloroacet - H,0 24107° 1.3
aldehyde 2

5,0, 13
2-Chlorocthanol 52032' . 4'10_2
Ethylene oxide H,0 9.1-1073 0.96

dj?he s-value describes the sensitivity of an alkylating agent to changes in the
nucleopnilic strength, n, of a nuclecpnile, The s-value is calculated from the
Swain-Scott equation (cf. e.g. refs. 11 and 17).

rise to an alkylating agent which introduces the 2-nxoethyl group onta nucleo-
philic sites. It may also be concluded that alkylation by chioroethanol is
negligible.

The degreec of alkylation, [RY]/[Y], of a nucleophilic greup Y in vivo is

proportional the reaction of the alkylating agent

to the rate constant, ky. for
RX with f, to the initial concentration (or the total amount formed) of RX,
[, end to its mean-life, 1/x, in the amrediate envirorment of Y, according
to the equation

A0 - k, - R, - 0]
where 3 1S the rate censtant for the disappearance of RX (1, 8, 17).

The rate constants for the reactions of chlorcacetaldehyde and chloro-
ethylene oxide with amino acids in b and with quanine-i-7 in DA are not known,
but may ba estimated from known rate constants for reactions with simple nucleo-
philes (Table 1) and by comparison with corresponding values for ethylenc oxide
{1, 3, 17}, Estimated valucs of the rate constants for the reaction of histidine
in Hb with chlorocacetaldehyde and chioroethylene oxide at 379 are 3-10_7 and

-1

0.1 1+ig Hb)"]-h , respectively.
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Table 111. Degree of alkylation of cysteine and histidine of hzemoglobin
and guanine-N-7 in liver OHNA. :

Expt. strain HOEtCys The two iso- HOE tGua
(nmole/g Hb)  meric HOLtHys  (nmole/q CliA)
{amole/g Hb)

0.620.4

5
. 1.9 0.8 4.3
3.4 4.2 1.3 2.6

A 0.17 0.2y 0.07
B

Insertion of this rate constant of cgloroaceta1dchyde into eqn [1] shous
that, in order to accouni for the foiund degree of alkylation of Hb, it has to
be assumed that practically all vinyl chloride contained in the alveolar venti-
Yation (B) is converted to chleroacetaidehyde, and that this ccupound hias a meian
retention time (1/A) of several hours. These are very unlikely assumptions. on
the contrary, if vinyl chloride is converted to chloroethylene oxide, the nean-
-life of this compound could b2 estimated to be in the o}der uf scecongds, wiich
seems very reasonable.

Considoring the s-values of Lhe proposed intermediates (Table 11) and the
fact that cysteine and histidine residues differ by about ¢ units in the Suain-
-Scott nucleophilicity scale {cf. 17}, the ratio of cysteine to histidine alkyl-
ation in Hb is expected to be 2 times lower for chloraethylene oxide and about
S times higher for chloroacetaldehyde than for ethylene oxide. The experimants
showed this ratio to be 0.56 (cf Table [I1) compared to 0.75 for ethylenc oxide
{17). This further strengthens the conclusion that chloroethylene oxide is the
main reactive metabolite. The degree of allyletion of guanine-H-7 in DiA is
¢lose to th;t expected on the basis of Mb data, assuming the dose to be cqual
in the liver and the blood {¢f. 1, 8, 17). BALB mice show a higher ratio of Hb
to DA alkylation (Table 111}, and a higher ratio of metabolic incorporation to
alkylation of guaninc in DHA (Fig. 2} than CEA mice. This indicates that there
are strain differences at several levels,

Small amounts of the two hydroxyethylhistidines were found in proteins from

Ty N M TN T Ty S WA 5, 4 ——

v10L20 SBd




Vol. 76, No. 2, 1977 BIQCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

pooled testes (12 and 6 dpm, respectively, in 134 mg of testis proteins from

BALD mice, expts. B and C). Thys the male gonads are exposed to the alkylating

intermediate and a risk of heritable damage, in addition to the cancer risk must

be expacted.
Further studies on the recovery of alkylation products by this method, and

studies on the relative role of alternative pathways, e.g. formation of fmidazo

derivatives with adenosine and cytidine (18), are required for meaningful risk

evaluations.
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