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ABSTRACT

QOxidation of the vinyl halide carcinogen and hepatotoxin vi-
nylidene chioride (VDC) by microsomal cytochrome P-450 yields
2,2-dichloroacataidehyde, 2-chioroacstyl chioride, 2-chioroacetic
acid, and 1,1-dichioroethylene oxide. The roles of these metab-
olites in covalent modification of proteins and reduced glutathione
(GSH) were examined. 2-Chloroacetyl chionide reacted with
model thiols at Jeast 10°-fold faster than did 1,1-dichioroethylene
oxide and at least 10°-fold faster than did 2,2-dichioroacetaide-
hyde or 2-chloroacetic ackl. Microsomal covalent binding of
{**CJVDC was inhibited by GSH but not by lysine, suggesting
that protein thiols, rather than amino groups, are major targets.
Liver microsomes catalyzed the formation of three GSH:VDC
metabolite conjugates, identified as S<{22-dichioro-1-hy-
droxy)ethyigiutathione, 24S-glutathionyijacetate, and S<2-giuta-
thionyllacetyigiutathione, a novel conjugate containing both sta-
ble (thicether) and labile (thivester) linkages. The latter two
conjugates also were formed in isolated rat hepatocytes and
measurable amounts of 24(S-glutathionyllacetate were released
imo the incubation medium, Both 2-{S-ghutathionyl)acetate and
$-(2-ghutathionylacetylghutathione were formed with [PS]GSH
added to the hepatic medium, indicating that reactive VDC
metaboiites are capable of crossing the piasma membrane to
react with extraceliuiar targets. Unlabeled S-(2-glutathionyi}
acetyiglutathione underwent carbonyl substitution with added
[*S)GSH, suggesting that this conjugate may participate in
modification of protein thiols. This conjugate also underwent
hydrolysis with a half-ife of approximatety 3 hr. GSH:VDC me-
tabolite conjugates may serve as accessible models for labile
covalent adducts formed between VODC metabolites and protain
thiols.

INTRODUCTION

Viny! halide monomers filve afforded investigators an oppor-
mwtostudyﬂnwm:tprmdmgmbmcﬁvaﬁm
using relatively simple . Early studies demonstrated
that vinyi chioride is oodgified to oxide by micro-
somal cytochrome P-480 (1, 2, 8), and it was inferred that
concomitant production of 2-chloroacetaidehyde was the result
of epoxide rearrangement (8, 11). These and other observations
contributed ta the widely held assumption that epoxides are the
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principal products of microsomal viny! halide oxidation, when
as such, occupied a position of central importance in covaien
modification of cetiular macromolectiles and production of more
stable metabolites (3). Recent mechanistic studies in this labo.
ratory have challenged this view, Epoxides are not obligaie
intermediates in vinyl haiide biotransformation but are ‘ormeq.
togather with carbonyl products (halcacetaidatydes and - oacy
halodes)vupaﬂﬁorhgolammmyﬁchmd (17,
20).

Selactivity of individus)’ mmmn “Gtion
with particular celular’ ' Stghec> with
vinyl chioride indicated] that" Oxﬂobpnrnauy

raspmmfummdmhmmmvmuwmz
d\broacemdehydebmmwbwomﬂﬂmm
crosomal oxidation of VOC" yiies VDC oxide, 2-ciiK

chioride, 2-chioroacetic acld, and. 2.2:xSchjoroacetaldehyce
mwnmmmmauwdmwbs
variable reactivity of % Py

Altsmative targets um ‘
mechanismmaym

carcinogenic or toxic lesions.
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Severalreportshavomstodmmm At

protective influence in VDC intoxication and serve todst.  cafe

VDC metabolites (13, 16, 27), Accordingly, depietion of - Jaix

GSH by starvation or pretreatment with diethyimaieate er  nciy.
VDC hepatotoxicity in rats (13, 27). Aniamle agini: . tereo’

[“CIVDC excrete radiciabel int the uring as N-acetyicarboxyme-
thylcysteine, thioglycoliic acid, acid, and unident-
fied suifur-containing metabolites (16, 18). The importance of
zeliular GSH as & detoxicating nucisophiie:-for VOO metabolites
mmmmmmmmmsw
covalent modification. This suggestion has babn verified for othes
compounds which interact with GSH in a simitar manner (22, 3
32).

Because urinary adducts reflect significant renal as M &
hepatic biotransformetion; their utiity as i of intra: s
metabolite disposition ks lmiteiL n VDC meta: Hhtes
were compared on the bssis of relative reactivities towvards
suifhydryl compounds, reftive contributions’ to protein covalert
mmvnm,mmwmesummmepaw

*The abbrevistions used sre: YOC, WM(HW
vocmn-aummnmmm 68510 "“ﬂ
mwamw .
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VOC ADDUCTS

q"“' ad microsomal systems. The formation of extracellular

“Gs"wnpgates was used as an index of the ability of VDC
: -aholites 0 CTOSS hepatocyte membranes. The data indicate
' amutiple VOC metabolites participate in covalent modification

(ATERIALS AND METHODS

chemicals. [U-“CIVDC was synthesized from 1,1.2-trichloro{U-"“C)
arm (Amersham, Arlington Hesghts. IL: 10 mCi/mmod). The labeled
g material was dituted with uniabeled 1,1,2-trichloroathane to a
spacific actvmty of approximately 0.2 mCi/mmiol and treated with
" ymticyclo(5.4.0Jurdec-7-ene for 1 min at 60°. A stream of nitrogen
' ,.Mthm:ghtherrixm to sweep VDC into a tube immarsed n
»dy xisopropyl alcohol bath. The (U-'“CIVDC thus collected was cf
. Aradiochemcal purity as assessed by gas chromatography (Tenax.
1), PASiMetronine (1170 Cijmmol) and [¥S]GSH (69 Ci/mmol) were
von New England Nuclear (Boston, MA).
vDG and thiophenol wera purchased from Aldnch (Milwaukea, Wi
| 00 was distiled before use. Chicroacetyl chloride was from Eastman
" fochester, NY) and was also distlied before use. GSH, 24S-cyster
, and glutathione-S-transferase were purchased from Sigma
3t Louis, MO). This commercial giutathione-S-transferase preparathion
1eomposed largely of isozyme B and lesser amounts of other isozymes.
e ver dlcohal denydrogenase was purchased from Boehringer-
wanhaim (ingianapolis. IN). Fetal calt serum was from Grand Istand
saogical Co. (Grand Island. NY),
de and VOC oxide were synthesized as descnbed
i iwwhere (17). Al other chermcals were of the ighest punty commer-

Hepatocyte and Microsomal incubations, Rat liver and human iver
~Iosomes were prepared as described previously (9, 36). Rat hepa-
“cyms were preparedt Dy colfagenase perfusion (29), and viablity was
tsmsed by trypan biue exciusion. Fischer's medium, suppiemented
=0 15% fetal calf serum but deficient in sulfur amino acxis. was e
| ~edum used for all expenments with nepatocytes.

Hepatocytes (2 to 3 x 10* celis in a volume of 1 mi) were incubated
«sstied 15-mi glass scintilation vials containing Fischer's medium. VOC
YW added to the suspension from a 1 m stock solution n acetone 0 a
=d encentration of 5 mm. [¥S]GSH was added to ¢ell Suspenscns
=304 M stock solution prepared immediately bafore use. Mepato-
s were incubated for 3 hr in Fischer s medium supplemented with
Timu (*Simethiomng at a specific activity of 2 Cifmmol to label suifur
B, The celis were then washed twice and resuspended in iresh
. ™dum containing 0.5 mm uniabeled methionine. The specic actvity of

™ hepatocailiar [¥SIGSH produced was 89 mCifmmol and was deter-
e from fractions collected from HPLC analyses (23). After incubaton
#AY0C for 60 min at 37°, the cells wers rapidly separated from the
"wdiim by centrifugation at 1000 X g for 30 sec, and the medium was
Weved for analysis of GSH adducts. The pellet was resuspended in 1
HH10% HC10, and recentnfuged. The resulting supematant contained

acaluiar GSH and GSH:VDC metabolite conjugates and was analyzed  gate C was hydrolyzed with 8 N HCI at 110° for 24 hr. The hydrolysate

was reanalyzed for 2(S-cysteinyhacetate by ion-exchange HPLC.

incubations contained 100 mM potassium phosphate. pH
NADPH generating system consisting of 0.35 IU glucose-6- RESULTS
oy ase per mi, 10 mm glucose 6-phosphate, and 0.5

MADP Gs’.*and microsamal protein at a final concentration of 5t0 10 geaction of VDC Metabolites with Thiols. Thiols reacted with

was added from a 40 mm aqueous stock solubon: this ior VDC metabolites at measurable . 4
Ak was prepared immediately before use. VOC was added froma | 1o . at me rates in aqueous an
™ SOMtion in BCETONS or Methanol, INCubatons wers ferminateq  ONAAUEOUS solutions (Table 1). In aqueous buffer at pH 8, GSH
i at 37° by addition of 2nSO, to a final concentration of 1%  Teacted with 2.2-dich_loroagetaidehydg and 2-chioroacetate at
£ HCI0, to a final concentration of 3.5% (w/v) and centrifuged at  moderate rates. Despite rapid hydrolysis, 2-chloroacetyt chioride
P for § min. The supernatants were then neutralized with KHCO;

of GSH conjugates, 2-chioroacetic acid or 2,2-dichloroacetaldehyde. The rate of re-
Depletion of GSH during aqueous incubations with VDC

CANCER RESEARCH VOL. 45 JANUARY 1985

matabolites was monitored using 5.5 -cithiobis-2.2’ -dinitrobenzoic acid
{28). YOC metabolites were added directiy to solutions contaming 0.5
mm GSH in 200 mm potassium phosphate, pH 8.0, at 37°, with an imtial
metabolite concentration of 50 mwm. Aliquots were then removed at
vanous tmes for assay of residuat thiol content. 2-Chloroacetic acid was
added as its sodium sait to mininwze pH changes. Less than 5% of the
GSH was oxigized to GSSG dunng these ncubations. Depletion of
thiophenol in CHClL by VOC metabolites was monitored using 5,5'-
ditobis-2, 2-dinitrobenzoic acid in aqueous acetone. Thirty umol of each
VDC metabolite were added to 30 wmai thiophenol in 6 mi CHCl, at 25°,
Twenty-ul aliquots were then transferred to tubes containing 1 mi of
acetone plus 200 4l of 10 mm 5,5 -ditiobis-2,2° dinitrabenzoic acd in
85% acetone: 15% H;0. Twenty 4} of methylamina were added, and the
absorbance was immediately recorded varsus a blank at 490 nm. Sec-
ond-order rate constants for the reaction of thiophenol with VOC metab-
olites were determined from plots of reciprocal absorbance versus time,

Covalent binding of [*C]VDC radiotabel to microsomal proteing was

assayed by the method of Wallin of a/. (35). Incubations contained 3 mg
microsomal protein (from untreated rats) per mi and 10 mm [“CIVDC
(0.03 «Ci) and were for 30 min at 37°. Proteins ware precipitated on 2.4~
cm glass fiber filters (Fisher G6). Following 3 washes each with ethanol,
methanol, and acetone, the filters were counted using ACS scintiiation
cocktal (Amearsham).

Separation and Characterization of Glutathions Conjugates of
VDC. Giutathione and cysteine conjugates were analyzed using ion-
exchange HPLC as described by Reed 8t al. (23). Aminopropyl siica was
prepared from 5 um Sphernsorb silica (Raininn, Wobum, MA), and 0.5~ x
30-cm columng were sharry packed as described previously (24). Super- .
natants from ZnS0,- or HCiQ.~quenched microsomal incubations wers
neutralized with KHCO, and treated with ethanolic FONB for 30 to 60
min before injection. Elution Solvent A contained 80% methanol and
20°% H;0 (v/v), and Sotvent B contaned 3 m sodium acetate, pH 4.5, in
64° methanol, The column was loaded isocratically at 95% Solvent A
for 10 min. Conjugates were aluted dunng a 30-min linear gradient from
5 to 99% Solvent B at a flow rate of 1 mifmin. Fractions (0.5 mi) were
callected and counted using ACS scintiliation cocktall, while eiution of
DNP denvatives was monitored at 36¢ nm. For preparative and some
analyncal chromatography, ammonium acetate was substituted for so-

dium acetate n Solvent B,

Effiuent fractions containing 3 GSH conjugates (Conjugates A, B. and
C) were collected, and several collections were pooled. Methanol was
removed from the pooled fractions i vacua, and the fractions were then
lyophilized. The residue corresponding to Conjugate A was treated with i
2N HCt for 12 hr 3t 25°. The soiution was then extracted with 3 porbons
of ethar; the extracts wers concentrated under a stream of nitrogen and
then analyzed for 2,2-dichloroacetakiehyde by gas chromatograpity (17).

A portion of the residue corresponding to conjugate B was dissolved n
N HCI and heated at 110° for 30 min, A second portion was dissolved in
& w HC! and heated under mirogen at 1107 for 30 hr, Both samples were
then neutralized with KHCO, and gently gassed with oxygen ovemight
to oxidize liberated thiols to disulfides. The mixtures were then analyzed
by ion-exchange HPLL as described above. Residue contairing Conju-

DT R Y]

-y o

reacted with GSH at least 4 orders of magnitude faster than did

action of GSH with 2-chloroacetyl chioride was calculated using

187




VDG ADDUCTS

s : mmmnnmm
wmmmﬂ-mmwm Psaudo-irst-ordar rate constants for the
GSH reaction were determined from plots of the logarithm of absorbance versus
tne. Second-oroer rate constants for the thiophenol reaction were deternined
from plots of reciprocal absOrHance versus time.

Systam
GSM:200 mm
Thio- potsssham phos-
1 phate,
25" k (w"' pH 8.0, 37%, Kaws
Metabolite mn ) (ron™")
VOC oxide 902 20" =
2-Crioroacetyl chioride >7 % 10* >3.6 % 10*
2.2-Oichioroacetaldehyde <8 0.024 x 0.002
2-Chioroscetic acid <8 0.006 = (.000
. »Mean 2 5.0. from 3 individusl experiments.
-, POt GetrTed.

a hydrolysis rate constant of 4 s~ for the acyl chioride. This
valus was estimated from earfier studies companng the hy-
drolyses of acetyl chioride and 2-chioroacetyl chioride in agueous
acetone (33) and from the reported hydrolysis rate constant for
acetyl chioride in water at 0° (7). The assumptions made were
than the ratios of hydrolysis rate constants of the 2 acyl chiorides
were similar in water and aqueous acetone, and that the hydrol-
ysis rate constant doubled with each 10° increase in tempera-
ture. It also was assumed that the phosphate buffer would not
significantly affect the solvolysis rate. VOC oxide was not studied
in the aqueous system, because it can be produced only as a
ditute solution in chioroform. Addition of the required volume of
epoxide solution thus produced a 2-phase mixture unsuitabie for
the experiment, and attempts to concentrate the epoxide sohu-
tion were unsuccessiul.

To compare the relative reactivities of VDC oxide and 2-
chioroacety! chioride with thiols in the absence of competing
hydrolysis, the reaction of each metabolite with an equimolar
concentration of thiophenal in chloroform was studied. The acyl
chioride reacted with thiophenol at least 800-fold faster than did
the epoxide, while neither 2,2-dichioroacetaldehyde nor 2-chio-
roacetic acid depleted the thiol at a measurable rate in this
system (Tabie 1). The siow reaction of 2-chioroacetic acid refative
to 2-chioroacstyl chioride suggests that acylation, rather than
alkylation, is the major reaction between 2-chioroacetyl chioride
and the thiol. The rate constants presentad describe bimolecular

i concentrations of VOC metabolites

NilVe rates of GSH conjugation signifi-
canﬂymexcessofMWGSHomdaﬁon

Covalent Binding of [“C]VDC Radiolabel in Microsomes.
Rat and human liver microsomes catalyzed covalent binding of
[**C]VDC radiolabel to microsomal proteins (Table 2). No radio-
activity was bound when NADPH was omitted from the incuba-
tion mixtures. Inclusion of S mm GSH in the incubation mixtures
inhibited roughly half of the binding, but 5 mwm lysine inhibited the
binding only slightly. These results suggest that protein thiois,
rather than protein amino groups, are major targets for covalent
modification by VDC metabolites. Inhibition of covalent binding
by GSH was not increased when giutathione-S-transferase (0.3
mg/mi) was added to the incubations (data not shown). Covalent
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Tabie 2

Microsomal covalent binding of ['‘CIvDC

Caompiete incubation Mixtures contained 100 mu potasswum phoaphate o 7 -

3 mg rat or human fver mcrosomal proten per mi, 0.35 RKJ yesst ghiogsaes

phosphate dehydrogenase per v, 10 mm gucoss G-phosphate, 0.5 ms. app-

l\d‘mmuf"ClVDC(OOSuG) Rat liver microsomes were from untreate .

ma("cwmfmummmummwua o .
described in ‘Matenals and Methods.”

ntmlbmmdlwao %oty
ays2m

22? 1.0
2% -
12=1 55
9= a1

System

Complete
—NADPH
+5 mm GSM
+Alconol dehrydrogenase (0.5 mo/mix
0.5 ma NADH
+Alcohot gehydrogenase (0.5 mg/mi)
(Dealad):0.5 mav NADH
+0.5 mm NADM
+5 mm tysine
Human fver 31
Human liver 80

'Munzso from 3 incividual experiments.
® Rasuits of duplicate exparinents,

2323 108

28:3 127
18x1 32
1,107
20, 22°

Counts pol muba
- 1
¥ L
’ LT Y

-0

A i - 1
| = !
. o S AR YL
. R N W SR SV
™ » " » " LN
Th, gtk e -
Chart 1. ion-exchangs HPLE of GSHTMCIVDC metatyite “wre
liver microsomes (10 mg protein per miYincubatad with {*CIVOC st -

were derivatized with FDNB a3 cescribad id “Matarials and Methods,” # var

memmmmwuwaw
identites of the 3 initiel peaks in 2 are UNkNowWN,

binding of [“CIVDC M.mm&ﬁumm mice
somes supplemented with 0.3 mg alcohol dehydrogenase per ™
plus 0.5 mm NADH. Substitutien of haat-denaturad deliydroge
ase retuned binding to control levels, while addition of 0.5 ™
NADH alone increasad binding by 25%. Microsomes prepwe
from 2 human fiver samples catalyzed covalent binding at leve
comparabie to rat microsomes. '

Production of GSH:VOC Metabollte Conjugates ir Mice
somes. Rat liver microsomes supplementsd with C H ¢
[“CIVDC produced 3 GSH conjugates which were ana zed >
N-DNP derivatives using ion-exchange HPLC. NADPH and G5
were required for formation of all 3 conjugates. Representai”
chromatograms of both rat and human liver micrasomal prodc™
are shown in Charts 1 and 2. Three GSH:VDC metabolite ¢
jugates were designated A, B, and C, in order of elution. CofF
gateA(23nnn)waspresentmhngherlevolsnm2W
sampies than in the rat samples, while the relative amounts
Conjugates B (36 min) and € (39 min) wers simitar i voth

SL 065760
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Cwt? lonexchange HPLC of GSH:(["'CIVDC metabohte conjugates from
o e micrasomes (10 mg protesn per mi) incubated with [“CIVDC and GSH.
| @wie were derivatizad wrth FONB as described in “Matenais and Methods.”
<upwes of mcubation products from Samples 80 (7) and 31 (2) from human liver
N

o Table 3
Formation of GSH:VDC metabolite conjugates by isolated hepatocytas -
Welsind F2 hepatocytes wers incubated at a concentration of 2 to 3 x 10° celly/
+a Flachar's medium containing 5 mm VOC. After 1 br of incubation, cells were
Dy separated from the medium by centrifugation, and GSH:VDC metaboite
crwaet 1 coll and e were analyzed separately as described in “Materials
i Methoos,”

nmol conjugate/10® calls/60 min
) Medium: Madim:

Gonugase Colis" Mecium® 5mm GSH® 10 mw GSH?

A <0.4° <0.4° <0.47 <0.4*

8 4808 <0.3° 08’ a9

c 125 £ 3.06 15=1.1° 117 a7

‘Hapatocytes were prewcubated with [*5]mettioning to iabel hepatocyte GSH

& dmcnind in “Matenals and Mathoda,”

| . uneowied hepatocytes were ncubdted it medium containing 5 of 10 mm
f 488 (2.5 mCi/mma).
Yo (£ 5.) of 3 ndivdual experiments.
,V&uhunawgiesxpemw.
Wean of duplicate expenments.

! #duman samples. Microsomes from Human Liver 80, which
Funced greater levels of covalent protein binding than micro-
e from Human Liver 31 (Table 2), also produced more of
SR GSH conjugate than microsomes from Human Liver 31,
Sth the total amount of conjugates formed and the relative
#partions of individual conjugates were similar in several in-
Mations. with rat liver microsomes and were unaffected by the
uidon of 0.3 mg of purified glutathione-S-transterase per mi to
Wrcbetion mixtures.

Muduction of GSH:VDC Metabolite Conjugates in Isolated
MoMocytes. (solated rat hepatocytes preincubated with
Syrattionine to lavel cellular GSH (24) produced [*SIGSH at
activity sufficiently high (89 mCi/mmoi) to permit de-
%t of GSH:VDC metabolite conjugates both within the cells
:‘::N surrounding medium. Detectable levels of Conjugates
’ Ny C, but not of Conjugate A, were found in %S-preiabeled
; "ﬂ'ahls 3). Conjugate C, the major intracefiular conjugate,
Y ’W’d at levels approximately 3-fold higher than Conjugate
; C also was found n the incubation medium at
! Woumatety 10% of intracellular levels, but Conjugates A and

'Wﬁ:

e L ]

n o

vDC ADDUCTS

B were not present in measurable amounts, The presence of
measurable levels of a GSH:VDC metabolite conjugate in the
hepatocyte incubation medium indicates that conjugates may be
released from the hepatocyte. Altematively, the extracellular
conjugates may be formed outside the cells by VDC metaboites
which cross cell membranes to react with extraceliular GSH. in
order to determine if one or both of these processes occur,
uniabeled rat hepatocytes were incubated with 5 mm VDC in
medium containing 10 mm [*®S]GSH. Cells incubated in this
manner accumulated 0.25 nmol [*S{GSH per 10° celis dunng
the incubations, a level which corresponds to approximately
0.5% of the total cellular GSH content and which may represent
GSH leakage into a small fraction of nonviable cells. Thus. labeled
conjugates would be formed only by VDC metabolites which:
cross the plasma membrane to react with extraceliular GSH. The
major conjugate formed extracellularty was Conjugate C (Table
3), although lesser amounts of Conjugate B were also detected.
Conjugate A was not formed outside the cells at detectable
levels. Conjugate B was formed in the medium at approximately
10% of Conjugate C leveis, but the amount of each conjugate
formed increased with increasing medium GSH contemt (Table
3).

Chemical Characterization of GSH:VDC Metabolite Conju-
gates, Chemical characterization of GSH:VDC metabolite con-
jugates was based on chromatographic properties and chemical
degradation of the conjugates. All 3 conjugates required deriva-
tization with FDNB to elute as shown in Chart 1.

Conjugate A, which was produced in microsomal preparations
but not in isolated hepatocytes, disappeared from FONB-treated
samples after standing 48 hr at pH 8. Conjugate A was collected
from ion-exchange HPLC and subjected to hydrolysis with 2 n
HC! at 257 for 12 hr. Gas chromatography (electron capture) (17)
of ether extracts of the hydrolysate indicated that 2,2-dichlo-
roacetaldehyde was released during hydrolysis. Further. addition
of 22.dichioroacetaidehyde to neutral aqueous solutions of
GSH, followed by S-carboxymethylation of unreacted GSH with
iodoacetate and treatment with FDNB, produced (in addition to
the expected GSH and GSSG derivatives) a product with a
retention time identical to Conjugate A. Both GSH and N-acetyl-
cysteine reacted at a similar rate with 2,2-dichioroacetaidehyde,
suggesting that a thiocherniacetal rather than a Schitf tase was
the reaction product. 'H nuclear magnetic resonance of the N-
acetyicysteine adduct in DO was also consistent with this
interpretation (5.33 5, multiplet, 1H [CLCH—]; 4.42 5, triplet, 1H
[—CHNHCOCH,)CO-H]; 3.32 §, muiltiplet, 1H [—CH(OH)S—);
3.12 5, doublet, 2H [—~8CH—] 2.03 3§, singlet, 3H
[—NHCOCH)).

Conjugate C coeluted with authentic N-DNP:2{S-gluta-
thionyl)acetate. Acid hydrotysis of Conjugate C, prepared using
microsomes, GSH, and ["“C]VDC, followed by analysis of the
hydrolysate by HPLC, indicated that Conjugate C was cleaved
to 24{S-cysteinyl){'*CJacetate (Chart 3). The carboxymethylated
thiol is an expected VDC metabolite and may be formed by
conjugation of GSH with VDG oxide, 2-chioroacetyl chioride, or
2-chioroacetate. This conjugate was stable for at least 48 hr at
pH 8.

Conjugate B, the major adduct formed in microsomal incuba-
tions, was only moderately stable at pH 8 and had disappeared
completely from derivatized sampies within 48 hr. Virtually all of
the radicactivity initially appearing as Conjugate B eluted as

CANCER RESEARCH VOL. 45 JANUARY 1985
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Chart 3. \on-emhmHPLCulz-(s-cysmMH“C}loetahremwbyaﬁd
hycrotysis of “C-Conjugate C. “C-Conjugate C was produced useg microsomas,
GSHm(“C]VOCmMmmeHPLCMMM
mmmsmmmm'wmmaummmm

hydrolysis (6 & HCY, 110°, 24 hr), and the products wers analyzed using n-
axchange HPLC. Arrows 1, 2, 3, and 4 mark the retention tmes of N{2,4-

dinitrophenyl) derivatives of cystne, 2{(S-Cysteinyllacetats, 2-(S-glutathio-
nyflacetate, and ghatathione disulfide, respactively.

Conjugate C [N-ONP:2-(S-glutathionyllacetate] in samples
treated with FDNB and left standing at pH 8 for 48 hr (Chart 1).
Lyophilized samples of Conjugate B cotlected from ion-exchange
HPLC were subjected to acid hydrolysis and oxidative work-up
to convert liberated thiols to disulfides. Treatment of Conjugate
B with N HCI at 110° for 1 hr produced 2-(S-giutathionyljacetate
and GSSG in a 2:1 molar ratio. Hydrolysis of a second sample
in 6 n HC! at 110° for 24 hr cleaved Conjugate B to 2-(S-
glutathionyljacetate, cystine, and glutamate. Glycine was not
retained on the ioneaxchange HPLC column used for these
analyses. These results suggest that Conjugate B containg 2
GSH molecules bridged by a stable (thioether) linkage and a
labile (thicester) linkage. Such a bisglutathionyl conjugate would
be expected to undergo both transesterification and hydrolysis
reactions. To determine if Conjugate B would transacylate ex-
ogenous thiols, uniabaled Conjugate B was generated in micro-
somes incubated with VDC and uniabeled GSH. After precipita-
tion of microsomal protein and neutralization to pH 7.5 with
KHCO.:KOH, [*S}GSH was added, and the mixture was allowed
to stand 15 min. The mixture was then derivatized with FDNB
and analyzed by HPLG, Although some radiolabeled Conjugate
C was detected, most of the radiolabel appearing in this region
of the chromatogram’ eiuted as Conjugate B (Chart 4). The
appearance of radiolabel in Conjugate C may be attributed to S-
carboxymethyiation of [*S}GSH by chioroacetate present in the
neutralized supernatant. The presence of radiolabel in Conjugate
B indicates that the [*S]GSH substituted for unlabeled GSH in
the thioester. Further, when unlabeled GSH was omitted from
the original microsomal incubation, [*S]GSH radiolabel did not
elute as Conjugate B. In a separate experiment, *S-abeled
Conjugate B was derivatized with FDNB, the pH was adjusted
10 7.5, and aliquots of the mixture were analyzed periodically by
HPLC. Conjugate B underwent a pseudo-first-order decay with
a haifife of approximately 3 hr (data not shown).
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Chart4. Substitution of [*S]GSH ino uniabsled Conjugate &
jugate B was prepared Dy mcubating rat liver microsormes with VO«
GSH. AHer pracipetation of rmecrosomal proteny and reutrakzar .

temes

[*SIGSH (5 «Ci) was added. After incubabon for 30 min, the - ~re- ... eislon {2
9emaqzod with FONB _and analyzed by won-exchangs HPLC as ot .- ot he ¢
Matenals and Methods.” Arrows mark the retention tmes of Conjugais & iy
oy ctu
oo W

DISCUSSION

Previous investigators assigned a central role 1o VOO oxes | maSchiftt
the formation of covalent adducts with cellular nuclec. hies . ' e uec
16, 25). The data in Table 1 show that 2-chloroacs  hu- - | wmar  of
was considerably more reactive toward thiols th-  .a» - | Sulmiecets,
epoxide or other metabolites. While the epoxide was ~ sn.
in aquecus buffer, it is most likely that it would also  -act +~ m
GSH, These data indicate that both the epoxide and ac.! chtv-» | aeing 5l
may modify thiols despite rapid hydrolysis. 2-Chlorczcetc - aiydes ars
and 2 2-dichioroacetaidehyde are considerably more stazw  ;  Smetel
aqueous solution, and while they react more siowly with ... WgN o
their stability may enhance their overall contribution tc cos :» ;1 M. o8¢
modification of target macromolecules in vivo. i uRprately

The importance of protein thiols as major targets ¢ 0. ~ AN dth
modification by VDC metabolites 18 suggested by tr: ita;- G stic
sented in Table 2. Inhibition of binding by GSHand r v’y "ty ty
would suggest that protein thiols are major targe: ¢ " %bon anc
protein amino groups are minor ones. The pessible 1 ofogi: AR a8
significance of modifying even a small population of amino tary® . P ble
cannot be discounted. The comparative chemical properves - oy thi
thiol and amine nucleophiles may account for the predominancs | Mg vOC
of thiol adducts. Protonation of amines at physiological pH wo« | Sillg: gt
largely restrict the population of available nitrogen nucleopr | Rty
to those lodged in hydrophobic regions of proteins of mem W auide,
branes. These targets may themselves be exposed (0 low  Ton inty
concentrations of VDC metaboiites. The selectivity of ‘'DC™ | ¥ stug
tabolites for thiols over other nucleophiles may refiect ~ ove's + 3%m_in,
preference of VDC metabolites for “soft™ nucleophiles  1re* " 1 17}and lead
the VDC metabolites, 2-chioroacetic acid, 2<chioroacet  =hio” ! oty yy
(a-carbon), and VDC oxide, would most likely akylatevaans- ' M oty
mechanism and would be expected to prefer the softer nuc™  ®styame
philes (thiols) to the somewhat harder amines. ¢ Mwndwoy

The data in Table 2 Support 8 role for 2,2-dichioroacetaloen® 2 e s
in microsomal covalent binding, Approximately 60% of the b¥° yy wik

ing was inhibited by added alcohol dehydrogenase plus NAD" .
indiating that the aldehyde and not the comesponding alcof‘
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*}g,dmmacetaldehyde may afford partial protection
ﬂim damage due to aldehyde prodycuqn: _

ity of VOC metabolites toward thiols is indicated by
ﬂﬂ“ mfluence of GSH on covalent binding but also the
m‘d VDC metaboiites to form 3 different GSl-{ c_:on]ugates.
‘w8 Workers have shown that the hepatotoxicity and co-
it Dinding of VDC are potentiated in vivo when hepatic GSH
it 8 reduced by fasting or diethyimaleate pretreatment (13,
't Other studies have shown that [“C]VDC radiolabel is ex-
”a"m the urine as sulfur-containing metab_olites apparently
aevad from GSH conjugates (16, 18). The urinary metabolites
anégin secondary modifications due to renal biotransformation
sestarohepatic recirculation which may mask the identities of
seintially formed products. The use of microsomes and isolated
mesiccytes to study the formation of GSH conjugates was
sfded. to minimize such secondary modifications. Conjugate
’ & which can be synthesized by adding 2,2-dichloroacetaldehyde
! waiitral aqueous solutions of GSH, exhibits properties ex-
ncied of S-{2,2-dichloro-1-hydroxy)ethyiglutathione, a thiohem-
st of the aldehyde and GSH. The assignment of a thichem-
aatl-structure, rather than a Schiff base (with the o-amino
o of the y-glutamy! residue of GSH) is based on several
aneidarations. Both GSH and N-acetyicysteine (which cannot
i Schiff base) react with 2,2-dichloroacstaldehyde at similar
8 In agueous buffer (data not shown). "H nuclear magnetic
sponance of the N-acetylcysteine conjugate also supported a
whemiacatal structure. Mild acid hydrolysis of Conjugate A
Saased 2.2-dichioroacetaldehyde. While aldehydes do not gen-
wally form stable thichemiacetals, introduction of electron-with-
$ving. a-substituents stabilizes thiohemiacetals formed with
detwdes and thiohemiketals formed with ketones (6).

Conjugate B is identified as S+2-glutathionylacetyiglutathione,
tagutathionyl conjugate formally derived from one molecule
d chioride and 2 of GSH. This conjugate is
Kpropriately labile for a thioester and undergoes carbonyt sub-
=30 with added [*S]GSH at neutral pH (Chart 4). The
{ Tanctenistic reactions of the acyl moiety of Conjugate B are
© Wlartialy the same as those for 2-chloroacetyl chioride, ie.,

Efalion and hydrolysis. However, the conjugate hydrolyzes

ich-mare siowly than the highly reactive acyl chioride and is

by to a greater number of targets for a greater period

#m9. In this case, conjugation serves to prolong the life of a

e VDC metanoite, albeit as a metabolite of somewhat

¥owe:reactivity. While Conjugate B formally derives from 2-

Birmcotyt chioride, attack of GSH on the methylene carbon of

ﬁ%‘%folowedbyacylaﬁonotasecommtryme

Whiig intarmediate, would aiso yield Conjugate B. However,
- Moo ﬂ;‘des of VDC oxidation demonstrated that VDG oxide

&"W- Jeiad n much smaller amounts than 2-chioroacetyl chioride

M'Mbadmme conclusion that the epoxide is only a minor

Theide 1o the production of Conjugate B.

m&nmy of Conjugate C with 2-S-giutathionyllacetate was

7% Immediatety evident. This product is an expected metab-

g!““mld upon renal biotransformation, give rise 10 several

"U%: ported urinary metabolites, including 2-{S-{N-ace-
-aerienyllacetate, thiodiglycollic acid, dithioglycoliic acid,

B L, acid, and possibly N-acetyl-S{2-hydroxy)
i m.ﬁ:“. ® (16, 18). Conjugate C is also the most stable of
LR :,:

VOC ADDUCTS

the 3 conjugates, due most likely to the stable thicether linkage
between the VDC-derived carbon and cysteine sulfur. Conjugate
C may be formed by the direct carboxymethylation of GSH by
2-chloroacetate, or by alkylation of GSH by 2-chioroacetyl chio-
ride or VDC oxide, followed by hydrolysis of the intermediate
product. Conjugate B hydrolysis aiso may provide a significant
source of Conjugate C.

The relative amounts of GSH:VDC metabolite conjugates dif-
fered in microsomal and hepatocyte incubations. The production
of conjugates in the microsomal system is probably limited onty
by the amounts of metabolites generated, their stability, and the
concentration of GSH. In contrast to the microsomal system, the
formation of GSH:VDC metabolite conjugates in isolated hepa-
tocytes is subject to additional factors present in whole cells.
Conjugate C was the major GSH conjugate found in the hepa-
tocytes, and Conjugate B was found at approximately one-fourth
the level of Conjugate G (Table 3). Conjugate A was not found
in the hepatocytes, an indication that 2,2-dichloroacstaldehyde
produced in the cells is so efficiently oxidized or reduced by
cellular dehydrogenases that only negligible amounts are conju~
gated. The relative ratio of Conjugate B to Conjugate C in
hepatocytes is nearly the opposite of that seen in microsomes
(Chart 1; Table 3). The recuced levels of Conjugate B in hepa-
tocytes may be due to reduced availability of 2-chioroacetyt
chioride or VOC oxide. A more attractive alternative explanation
for the inversion of Conjugate B:C ratios in microsomes versus
hepatocytes is a possible contribution of enzymatic hydrolysis of
Conjugate B in the hepatocytes. However, the ability of Conjue
gate B to serve as a substrate for hepatocyte esterases is
entirely speculatory.

Hepatocytes that were incubated with VDC released measur-
able amounts of Conjugate C but not Conjugates A or B into the
medium. The extracefiular conjugate in **S-prelabeied cells may
represent conjugate efflux from the cells or conjugate formed
outside the ceils by VOC metabolites that cross the plasma
membrane to react with labeled GSH released into the madium,
To determine the extent to which the latter process occurred,
unlabeled cells and VDC were incubated in medium containing
[**C]GSH. Because hepatocytes cannot accumulate GSH from
the medium, only extraceliularty formed conjugates contain ra-
diolabel. Labeled Gonjugates B and C were recovered from the
medium (Table 3), demonstrating extraceihular formation of both
conjugates. Formation of extraceliular conjugates increased with
increasing medium GSH content. Cells that were incubated
without added GSH would release approximately 2.5 nmol/tr/
10* cells into the medium (5). Assuming all ghutathione efflux as
GSH, the maximum amount of GSH present outside the celis
during a 1-hr incubation would be 5 to 10 gm. In view of the fact
that the levels of extraceliularly formed conjugates with 5 mm
medium [2S]GSH were approaching the fimits of detection, it is
likely that levels of extracellularly formed conjugates in **S-
prelabeled cells were substantially below detection limits, The
conjugates observed in the medium of the **S-prelabeled cells
therefore represented efflux of Conjugate C from the celis.
Extracefiular formation of Conjugate B demonstrates that 2-
chioroacetyl chloride and VDC oxide are stable enough to mi-
grate a considerable distance through cells and perhaps within
a tissue. This phenomenon has been demonstrated previously
for metabolites of benzo{a)pyrene (30), dimethyinitrosamine (34),
vinyl chioride (10), and trichloroethylene (21). The phenomenon
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of metabolite ceil-to-cell migration has been offered as an expla-
nation for formation of DNA:viny! chioride metabolite adducts in
hepatic nonparenchymal celis, which do not efficiently metabolize
vinyl chioride (10). The covalent modification of macromolecules
within target cells which do not produce VDC metabolites may
be a consequence of metabolite migration.

An integrated scheme for the major oxidative and conjugative
pathways of VDC metabolism is presented in Chart 5. The
pathways presented represent major reactions related to cova-
lent modification of GSH (and protein thiols). Secondary oxidative
and reductive pathways for 2,2-dichloroacetaidehyde have been
omitted as have possible reactions of VDC metabolites with
DNA, which will be a subject of further study in this laboratory.
The data presented here argue that muitiple VDC metabolites
participate in the covalent modification of ceflular proteins and
that protein thiols are major targets. Formation of GSH:VDC
metabolite conjugates offers a mode! for VDC metabolite-protsin
thiol interaction that presents advantages over the isolation of
amino acid adducts via protein hydrolysis. The GSH conjugates
may be isolated and quantitated rapidly, and individual conju-
gates contain characteristic metabolite:thiol inkages. Stability ot
these conjugates may reasonably approximate the stability of
protein thiol:metabolite adducts. Interestingly, Jaeger et al. (14)
observed that hepatic ["“C]VDC covalent binding, measured as
trichloroacetic acid-insoluble radioactivity, decayed with a halt-
life of 2 to 3 hr. This figure closely approximates the haif-iife of
Conjugate B. In contrast, hepatic covalent binding of acetami-
nophen, which apparently forms stable phenyithicether adducts
with protein thiols (32), decays with a half-ife of approximatety
12 hr (15). These data suggest that a significant fraction of the
covalent binding of VDC metabolites consists of labile adducts
which are subsequently lost to hydrolysis or dissociation. The
consequences of formation of such adducts have not been
addressed, but it may be hypothesized that such metastable
adducts play a significant role in the initiation of tumorigenic and
toxic processes.
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