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Abstract. The inactivating effects of three epoxides 
and two dihaloethanes on the proteinase inhibitory 
activities of oq-proteinase inhibitor, as well as those 
of the plasma itself, were investigated. All of the 
three epoxides (styrene oxide, ethylene oxide and 
propylene oxide), individually, inactivated the elas- 
tase inhibitory or trypsin inhibitory activity of pro- 
teinase inhibitor, and that of whole plasma. Styrene 
oxide is the most effective inactivator of either pu- 
rified c~l-proteinase inhibitor or plasma, followed by 
ethylene oxide and propylene oxide in a decreasing 
order of potency. The dihaloethanes, 1,2-dichlo- 
roethane and 1,2-dibromoethane, also inactivated 
the proteinase inhibitory activities of ~-proteinase 
inhibitor with the former being somewhat more ef- 
fective than the latter. Concomitant modification of 
the amino group was also observed with these 
chemicals. 

Occupational exposure to chemicals results in 
various diseases (Parmeggiani 1983; Kirsch-Votders 
1984). Although attempts have been made to re- 
duce the chemical exposure in a working environ- 
ment, it has not been completely eliminated. Med- 
ical surveillance by physical health and haemato- 
logical examinations are used to monitor the 
working population who are exposed to chemicals. 
However, by the time the toxic manifestations are 
detected by these means, extensive damage may 
have already occurred, and thus be too late for re- 
versal or prevention. Biological monitoring of 
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chemical exposure preferably addresses this 
problem for the occupationally exposed population. 
Procedures should be developed which can eventu- 
ally be used for biological monitoring of occupa- 
tionally exposed populations by analyzing changes 
in plasma proteins. 

There are several advantages in using plasma 
proteins as a marker of chemical exposure.  
Namely, (a) plasma proteins will come in contact 
with chemicals and/or their metabolites as soon as 
they enter the circulation irrespective of the route 
of administration; (b) plasma proteins serve as car- 
riers for the transport of hydrophobic compounds; 
(c) plasma can be easily obtained from exposed in.- 
dividuals. 

A few preliminary studies have recently ap- 
peared in this direction. Marshall and Vesterberg 
(1983) have analyzed serum protein patterns by 
two-dimensional gel electrophoresis after exposing 
rats to trichloromethylene, dimethylformamide, 
and carbon tetrachloride, and found that a polypep- 
tide (MW 45,000, pI 4.3) increased in concentration 
and was tentatively identified as aFacid glycopro- 
rein. This is not surprising, since oq-acid glycopro- 
tein belongs to a family of acute phase proteins and 
the concentrations of these proteins increase in re- 
sponse to inflammation or stress (Piafsky 1980). 
Hemminki (1986) observed covalent binding of 
styrene oxide to human serum proteins and hae- 
moglobin and attributed the binding to the cysteine 
after identifying the cysteine adducts of styrene 
from protein hydrolysates. Earlier studies from this 
laboratory have shown that oq-PI is inactivated by 
the aldehydes found in cigarette smoke (Gan and 
Ansari 1986, 1987). We have extended these studies 
to include chemicals which are extensively used in 
the industry (Reisch 1987). In the present commu- 
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n i c a t i o n ,  w e  r e p o r t  in vitro, t h e  r e d u c t i o n  o f  p r o -  

t e i n a s e  i n h i b i t o r y  a c t i v i t y  o f  a l - p r o t e i n a s e  i n h i b i t o r  

( a i - P I )  a n d  u n f r a c t i o n a t e d  p l a s m a  b y  e p o x i d e s  a n d  

1 , 2 - d i h a l o e t h a n e s .  T h e  i n a c t i v a t i o n  o c c u r s  c o n -  

c o m i t a n t  to  t h e  m o d i f i c a t i o n  o r  d i s a p p e a r a n c e  o f  

f r e e  a m i n o  g r o u p s  in t h e  p r o t e i n s .  

dium phosphate buffer, pH 7.2 also containing 0.005 M CaC12 
was added, and the rate of change of absorbance at 410 nm was 
monitored as described for elastase. 

Enzyme Inhibitory Assays 

Materials and Methods 

Pancreatic elastase, trypsin, human plasma cq-proteinase inhib- 
itor, N-succinyl-(Ala)3-P-nitroanilide, a-N-benzoyl-DL-arginine- 
p-nitroanilide HC1 (BAPNA), 2,4,6-trinitrobenzenesulfonic acid 
(TNBS) were purchased from Sigma Chemical Co, St. Louis, 
MO; styrene oxide (97%), propylene oxide (99%), 1,2-dibro- 
moethane (99%) and 1,2-dichloroethane (99%) were purchased 
from Aldrich Chemical Co, Inc, Milwaukee,'WI. Ethylene oxide 
(98%) was purchased from Matheson Co, LaPorte, TX. Human 
plasma was obtained from John Sealy Hospital Blood Bank, The 
University of Texas Medical Branch, Galveston, Texas. 

Incubation o f  Plasma and al-Proteinase Inhibitor 
with Epoxides and Dihaloethanes 

Styrene oxide and propylene oxide solutions were prepared in 
ethanol (1:1, v/v). 1,2-dibromoethane and 1,2-dichloroethane 
were prepared in dimethylsulfoxide (1:1, v/v). Ethylene oxide 
gas was bubbled into a known weight of ethanol and the differ- 
ence in weight before and after bubbling was the amount of the 
reagent dissolved in ethanol. Aliquots were added to plasma or 
ax-PI solution to the desired concentrations. The reaction mix- 
ture was incubated with vigorous shaking at 37~ for 2 hr. Two 
types of controls were also incubated at 37~ for 2 hr, one con- 
taining plasma or a~-PI in 0.1 M phosphate buffer, pH 7.2 and 
the other which contained the highest concentration of the par- 
ticular chemical (in 0.1 M phosphate, pH 7.2) utilized in a given 
series of experiments. Appropriate aliquots were removed from 
the incubation mixtures for elastase and trypsin inhibitory 
assays and for amino group determination, using the TNBS re- 
agent (Habeeb 1966) which specifically reacts with primary 
amino groups. 

The reaction mixture for the elastase inhibitory assay consisted 
of samples containing native or chemically treated plasma 10 Ixl, 
a native or modified cq-PI preparation (60 Ixg, stock solution, 1 
mg ml in 0.1 M sodium phosphate buffer, pH 7.2), 10 Ixg of elas- 
tase, and sufficient 0.1 M sodium phosphate, pH 7.2 to bring the 
volume to 0.2 ml. The mixture was incubated at room tempera- 
ture for 15 min followed by the addition of 2.9 ml of the sodium 
phosphate buffer and 0.1 ml of succinyl-(Ala)3-p-nitroanilide 
substrate. The elastase (residual) activity was measured as de- 
scribed above. 

The conditions for the trypsin inhibitory assays are the same 
as those for elastase, except for the substitution of appropriate 
amount of the enzyme (251xg), inhibitor (60rxg), plasma (251xl), 
and substrate (3.0 ml of 0.5mM BAPNA). 

Quantitation of  Free Amino Groups with 
2,4,6-Trinitrobenzenesulfonic Acid 

The quantitation of free amino groups with 2,4,6-trinitroben- 
zenesulfonic acid (TNBS) was performed by the method of Ha- 
beeb (1966). One ml of 0.1% TNBS in water and 1 ml of 4% 
NaHCO 3, pH 8.5 were added to a 1 ml aliquot of an cq-PI, (1 
mg/ml) solution in 4% NaHCO3. The reaction was allowed to 
take place at 40~ for 2 hr. One ml of 10% sodium dodecyl sul- 
fate (SDS) followed by 0.5 ml of 1 N HCI was added to each 
sample and the absorbance was read at 335 nm against a blank 
containing water instead of protein solution and treated as 
above. Glycine-HCl ranging from 0 to 0.40 ~mole per assay was 
utilized as standard. The decrease in the absorbance values be- 
tween the control and the experimental incubations was utilized 
to calculate the number of modified amino groups. 

Enzyme Assays 

Elastase was assayed by the method of Bieth et al. (1974). Ten 
p~g of elastase (stock solution, 1 mg per ml of 0.05 M sodium 
acetate buffer, pH 4.0) in 10 txl, was mixed with 0.2 ml of 0.1 M 
sodium phosphate buffer, pH 7.2; thereafter, 2.9 ml of the phos- 
phate buffer and 0.1 ml of succinyl-(Ala)3-P-nitroanilide (stock 
solution, 4.5 mg per ml dissolved in dimethylsulfoxide) were 
added. The rate of change in absorbance at 410 nm was moni- 
tored on a Gilford Automatic Spectrophotometer (Model 250) at 
25~ 

Trypsin was determined according to the procedure of Er- 
langer et al. (1961). Twenty five p~g of trypsin (stock solution, 1 
mg per ml of 0.0025 M HCI, pH 3.0) in 25 i~1 was added to 0.2 ml 
of 0.1 M sodium phosphate buffer, pH 7.2. Three ml of 0.5 mM 
~-N-benzoyl-DL-arginine-p-nitroanilide (BAPNA) in 0.1 M so- 

Results 

Inactivation of  the Proteinase Inhibitory Acitivities 
o f  oL1-Proteinase Inhibitor and of  Plasma by 
Ethylene Oxide, Styrene Oxide, and 
Propylene Oxide 

W h e n  a l - P I  w a s  i n c u b a t e d  a t  37~ w i t h  i n c r e a s i n g  
c o n c e n t r a t i o n s  o f  s t y r e n e  o x i d e  f o r  2 hr,  b o t h  e l a s -  
t a s e  i n h i b i t o r y  c a p a c i t y  ( E I C )  a n d  t r y p s i n  inh ib i -  

t o r y  c a p a c i t y  ( T I C )  w e r e  r e d u c e d .  A s  s h o w n  in  
F i g u r e  1A at  100 m M  c o n c e n t r a t i o n s  o f  s t y r e n e  
o x i d e ,  m o r e  t h a n  9 0 %  o f  b o t h  T I C  a n d  E I C  o f  Otl-PI 
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Fig. 1. Inactivation of the proteinase inhibitory activities of 
%-PI or whole plasma when incubated with increasing concen- 
trations of styrene oxide at 37~ for 2 hr. (A) Disappearance of 
the EIC (0- 0 )  and the TIC (O O); number of amino 
groups modified (A A) as measured by TNBS. (B) Loss of 
the EIC ( 0 - - 0 )  and the TIC (�9 O) of whole plasma after 
incubation with varying concentrations of styrene oxide at 37~ 
for 2 hr. Each point in this Figure, and in subsequent ones, is the 
mean of at least three closely agreeing values with different 
preparations (SD < • 5.7) 

were lost. The rate of inactivation of the inhibitory 
activity was faster at the lower concentration of the 
styrene oxide. As can be seen in Figure 1A, as 
many as 4 amino groups in %-PI were modified by 
styrene oxide as determined by the TNBS method. 
Apparently, the reaction of the lysine (e-amino 
groups) residues most likely caused the loss of en- 
zyme inhibitory activities of %-PI. 

Although no amino group analyses were per- 
formed, similar results were obtained when whole 
plasma was incubated with styrene oxide (Figure 
1B). The decrease of the proteinase inhibitory ac- 
tivities in plasma (Figure 1B), however, was more 
gradual than that of purified %-PI (Figure 1A) and 
the EIC was inhibited more than the TIC. 
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Fig. 2. Inactivation of the proteinase inhibitory activities of 
%-PI or plasma when incubated with increasing amounts of eth- 
ylene oxide at 37~ for 2 hr. (A) Disappearance of the EIC 
(@ Q) and of the TIC (�9 O) of %-PI; ( A - - ~ ) ,  number 
of amino groups modified in cq-PI. (B) Loss of the EIC 
(O O) and of the TIC ( O - - O )  of whole plasma (SD 
<-+6.8) 

Ethylene oxide is as effective as styrene oxide in 
inactivating the proteinase inhibitory activities of 
%-PI (Figure 2A). Thus, when the inhibitor was in- 
cubated with 100 mM of ethylene oxide at 37~ for 
2 hr, about 80% of both the TIC and EIC of a-PI 
were lost (Figure 2A). However, when inactivating 
the protein inhibitory activities of whole plasma, 
ethylene oxide displayed only about a 25% potency 
as compared to styrene oxide. As shown in Figure 
2B, it requires four times (400 mM) as much eth- 
ylene oxide to inactivate the proteinase inhibitory 
activities of plasma to the same extent as styrene 
oxide (100 mM, Figure 1B). It is of interest to note 
that in order for ethylene oxide to effect maximum 
loss of proteinase inhibitory activities in cq-PI, 
seven lysine residues (Figure 2A) have to be modi- 
fied instead of only 4 in the case of styrene oxide 
(Figure 1A). Moreover, when 4 lysine residues are 
modified by ethylene oxide (Figure 2A) there is an 
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Fig. 3. Inactivation of the proteinase inhibitory activities of 
~-PI or whole plasma during the reaction with increasing con- 
centrations of propylene oxide at 37~ for 2 hr. (A) Disappear- 
ance of the EIC (O Q) and the TIC (O O) of al-PI; 
(ZX A), number of amino groups modified per molecule of 
cq-PI. (B) Loss of the EIC (D O) and of the TIC (O O) of 
whole plasma (SD < _ 3.5) 
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Fig. 4. Inactivation of the proteinase inhibitory activities of 
aa-PI or whole plasma during the reaction with varying amounts 
of 1,2-DCE at 37~ for 2 hr. (A) Disappearance of the EIC 
(0 0) and of the TIC (O O) of %-PI; (~ A), number 
of amino groups modified or cq-PI molecule. (B) Loss of the EIC 
(0 0) and TIC (O O) of whole plasma (SD < +-4.5) 

85% decrease in the EIC and TIC of c~I-PI. At 
higher concentrations (400-500 mM), ethylene 
oxide is effective in inactivating about 90% of the 
proteinase inhibitory capacities of whole plasma 
(Figure 2B) while the same extent of inactivation 
for al-PI is achieved by about 200 mM ethylene 
oxide (Figure 2A). 

Propylene oxide is the least potent of the oxides 
utilized in the present experiments for inactivating 
the proteinase inhibitory activities of oLa-PI o r  
whole plasma. Thus, at 100 mM concentration of 
the reagent, only a 25% and 10% loss of EIC and 
TIC (Figure 3A), respectively, were observed. This 
is not surprising, since none of the lysine residues 
reacted with propylene oxide (Figure 3A), even at 
the much higher concentrations (300 -500 mM) of 
the chemicals. The loss of proteinase inhibitory ac- 
tivities could simply be due to physical denatura- 
tion of the protein at high levels of the chemical. 

With plasma at 500 mM concentration of propylene 
oxide, the corresponding losses are 25% for EIC 
and 50% for TIC (Figure 3B). Moreover, the inacti- 
vation as a function of reagent concentrations is 
more gradual than those found with ethylene oxide 
or styrene oxide. 

Inactivation of the Proteinase Inhibitory Activities 
of  oLfProteinase Inhibitor and of Plasma by 
1,2-Dichloroethane or 1,2-Dibromoethane 

1,2-Dichloroethane (DCE) (Figure 4A) is less effec- 
tive in inactivating aa-PI than any of the epoxides 
used in present studies. Hence, at 500 mM DCE 
approximately 30% of the EIC and 25% of the TIC 
still remain. With the expoxides at 500 raM, (100 
mM for styrene oxide) there was an almost com- 
plete loss of the proteinase inhibitory activities of 
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Fig. 5. !nactivation of the proteinase inhibitory activities of 
a~-PI during incubation with increasing concentrations of 1,2- 
DBE at 37~ for 2 hr. (A) Disappearance of the EIC ( e - - Q )  
and of the TIC (O . �9 of %-PI; (A A), number of amino 
groups modified per molecule of %-P[. (B) Disappearance of the 
whole plasma's EIC ( O ~ 6 )  and TIC ( � 9 1 6 9  (SD < +__ 5) 

%-PI (Figures 1A, 2A, 3A). A maximum of 3 amino 
groups in a~-PI were alkylated by DCE (Figure 4A), 

DCE is as effective in inactivating unfractionated 
or whole plasma (Figure 4B) as propylene oxide 
(Figure 3B). Thus, a 30% and 60% reduction of EIC 
and TIC, respectively, are observed when plasma 
w as  incubated with 500 mM DCE (Figure 4B); in 
comparison, about 20% of the EIC and 50% of the 
TIC of plasma are abolished with propylene oxide 
(Figure 3B). 

The results obtained with 1,2-dibromoethane 
(DBE) with a~-PI (Figure 5A) are different from 
those observed in the corresponding experiments 
with DCE (Figure 4A). Although DBE modified 2 
amino groups in %-PI, it has no effect on EIC, and 
only a 20% reduction of TIC of %-PI (Figure 5A). 
On the other hand, the inactivating effect of DBE 
on the EIC of whole plasma (Figure 5B) is not sig- 
nificantly different than that observed with DCE 

(Figure 4B), bat the TIC was reduced tess than 20% 
by DBE (Figure 5B) as opposed to 60% by DCE 
(Figure 4B). 

Discussion 

In the present work, we studied individually the ef- 
fects of styrene oxide, propylene oxide, ethylene 
oxide, 1,2-dichloroethane (DCE), and 1,2-dibro- 
moethane (DBE) on the proteinase inhibitory activ- 
ities of %-PI and human plasma in vitro. All the 
chemicals, used individually, inactivated either the 
EIC or TIC of %-PI or whole plasma. 

Styrene oxide is the most potent inactivator of 
the proteinase inhibitory activity of %-PI and 
plasma, followed by ethylene oxide and propy!ene 
oxide in a decreasing order of potency. Among the 
epoxides studies, it is interesting to note that pro- 
pylene oxide does not modify amino groups of 
cq-Pi. The electron-donating property of the methyl 
group will reduce the electrophilicity of the oxirane 
carbon and thus may be preventing the reaction 
with amino groups of %-PI. DCE and DBE are less 
effective than epoxides in inhibiting %-P1. 

Since all these compounds are known alkylating 
agents (Maiorino et  al. 1982; Farmer e ta l ,  1984). 
the functional groups ,of the amino acids in proteins 
they are most likely to modify or react with are: the 
sulfhydryl of cysteine, the e-amino nitrogen of ly- 
sine, the terminal e~-amino nitrogen, the imidazole 
rdtrogen of histidine, and probably the hydroxyls of 
serine and threonine. Derivatives of cysteine and 
histidine have been isolated from hydro[ysates of 
haemoglobin following exposure to ethylene oxide. 
The adducts were identified as S-(2-hydroxyethyl) 
cys te ine  and N-3-(2-hydroxyethyD his t id ine  
(Ehrenberg et al. 1977). 1,2-DBE reacts with the 
sulfhydryl group of cysteine of albumin (Edwards 
el al, 1970). Hemminki (1986) investigated the 
binding of styrene oxide to human haemoglobin and 
serum proteins in vitro. This investigator incubated 
3[H]-styrene oxide with human blood and purified 
haemoglobin and serum proteins for amino acid 
analysis, When the hydrolysates were subjected to 
separation by high performance liquid chromatog- 
raphy, two radioactive peaks were identified as o~- 
styrene oxide-cysteine and [3-styrene oxide--cys- 
teine adducts, 

In plasma %-Pt the only cysteine residue forms 
an intermolecular disulfide linkage (Jeppson el aI. 
1978) apparently with either cysteine or glutathione 
and, therefore, no free sul~ydryl group is available 
for alky~ation. Moreover, preparations of %-PI 
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have a blocked amino terminus, and thus unavail- 
able for alkylation (Horng and Gan 1974; Chan et 
al. 1976). Therefore,  the most likely functional 
group to react with these alkylating reagents are the 
e-amino groups of the lysyl residues. The rate of 
disappearance of the amino groups is proportional 
to the concentration of the chemicals. The alkyla- 
tion of the lysyl residues of %-PI may significantly 
change the conformation of the protein in such a 
manner that it could no longer bind or interact with 
the proteinases. We have demonstrated earlier that 
acetylation of the e-amino groups of the lysine res- 
idues of %-PI results in the complete loss of inhibi- 
tory activity against trypsin and chymotrypsin 
(Busby and Gan 1976) %-PI is the major proteinase 
inhibitor in human plasma (Heimburger et al. 1971) 
and, therefore, it is safe to assume that the loss of 
the proteinase inhibitory activity in plasma is due to 
the modification of %-PI. 

These in vitro results indicate that %-PI activity 
is inhibited in whole plasma at relatively higher 
concentrations of the chemicals. It is unlikely that 
humans will be exposed at such high concentra- 
tions except in the case of accidental acute expo- 
sure. These in vitro studies also do not address the 
effect of metabolites of the chemicals used on the 
inhibitory activity of %-PI, as well as a low dose 
chronic exposure. Therefore, the effect of chem- 
icals on %-PI activity in plasma remains to be evalu- 
ated with animals under in vivo conditions, as well 
as detailed population studies on industrial sites, 
before the efficacy of this method is determined as 
a useful biological marker of chemical exposure. 
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