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Methylation of Tin by Estuarine Microorganisms 

Abstract. Mixed inoculums of microorganisms from Chesapeake Bay sediments 
transformed inorganic tin (SnC14 . 5H20) to organotin compounds. Dimethyltin and 
trimethyltin species were identijied as products by gas chromatography-mass 
spectrometry. Methylated tin species were not observed in sterile controls or in 
poisoned controls. Thus, estuarine microorganisms have the potential for transform- 
ing tin to toxic organotins and for mobilizing tin in the ecosystem. 

Tin was one of the first metals used by 
man; implements made of tin alloy date 
as far back as 3000 B.C. (I). Today, 
inorganic tin is used as a protective coat- 
ing for steel and in solders, bearing met- 
als, and other alloys. Organotin com- 
pounds are used as stabilizers for polyvi- 
nyl chloride plastics. They are also in- 
corporated into biocidal preparations 
such as insecticides, herbicides, fungi- 
cides, and antifouling paints (2). Most of 
these compounds will eventually enter 
the environment where they can be 
leached from consumer products by 
chemical and biological (mainly micro- 
biological) processes. Organotins are 
toxic to eukaryotes (3) and prokaryotes 
(4) ,  but few studies have been done on 
the environmental distribution and trans- 
port of tin (5-7). A biological cycle for tin 
has been proposed (8) and discussed (9).  
The biotic and abiotic formation of 
(CH3)4Sn from (CH3)3SnOH in material 
taken from anaerobic sediments has 
been demonstrated recently (lo),  and 
methylstannanes have been found in 
Chesapeake Bay (11). The purpose of 
this investigation was to assess the po- 
tential of sediment microorganisms in 
Chesapeake Bay to biotransform inor- 
ganic tin to organotin compounds. 

Sediment samples were taken in the 
summer of 1979 at nine sites in the 
northern and central Chesapeake Bay. 
The tin content of sediments at these 
sites varies with the amount of human 
activity at the site (6).  

Two systems, flask cultures and Hun- 
gate tubes, were used to determine if 
the microbial flora could transform tin 
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into volatile organometallic derivatives: 
1) A 250-1111, screw-capped Erlenmey- 
er flask received 10 ml of solid nutrient 
medium (12) supplemented with 0.75 mg 
of tin as SnC14 . 5H20. A sterile 10-ml 
beaker was placed in the center of the 
medium before it solidified. One millili- 
ter of an 8 percent (weight to volume) 
solution of citric acid in 10 percent HCl 
was added to the beaker to trap volatile 
tin compounds. Each flask was then in- 
oculated with 1.0 ml of a 1 : 10 (weight to 
volume) suspension of sediment in an 
estuarine salt solution (10.0 g of NaC1, 
2.8 g of MgS04, and 0.3 g of KC1 per liter 
of distilled water). The flask was closed 
and incubated for 14 days at 25" 2 2°C. 
Material in the beaker was then sampled 
and analyzed for tin by atomic absorp- 
tion spectrophotometry (AAS). 

2) Each Hungate tube (13), containing 
5.0 ml of liquid nutrient medium (12) 
with 0.375 mg of tin as SnC14 . 5H20 was 
inoculated with 0.5 ml of a 1: 10 (weight 
to volume) suspension of sediment in 
estuarine salts and incubated for 14 days 
at 25" 2 2°C. The culture was then cen- 
trifuged to remove debris, and the super- 
natant medium was extracted with a di- 
chloromethane-chloroform mixture (9 : 1, 
volume to volume). The organic phase 
was evaporated to dryness, and the resi- 
due was resuspended in methyl isobutyl 
ketone and analyzed by AAS. 

Sterile controls containing SnC14 . 
5H20 gave negative results, and sterile 
controls in which (CH3)2SnC12 (75 mg 
of tin per liter) was substituted for 
SnC14 . 5H20 yielded tin in the center 
well of flasks or the organic phase ex- 

tracted from tube cultures. Thus, the two 
methods can be used to detect an or- 
ganotin compound without interference 
by inorganic tin. For eight of nine sedi- 
ment samples, the experimental flasks 
and tubes contained organotin com- 
pounds. For the ninth sample, taken 
from the Patuxent River, the culture did 
not produce evidence of volatile organo- 
tins. No organotin was detected in tubes 
or flasks containing the metabolic poison 
sodium azide. Therefore, the transfor- 
mation of inorganic tin to organotin was 
the result of biological activity. 

To identify the volatile tin compounds 
produced, we used larger volumes of 
culture. Flask cultures containing 500 ml 
of liquid medium (12) and 37.5 mg of tin 
as SnC14 . 5H20 were inoculated with 
0.1 g of sediment and incubated for 14 
days. We analyzed the culture medium 
for organotin compounds by using a 
modified hydride reduction technique (5, 
7). The medium was centrifuged, and 100 
ml of supernatant medium was added to 
a gas scrubbing bottle. Using Tygon tub- 
ing, we attache6 a 0.2-m stainless steel 
chromatographic column (outside diame- 
ter, 6 mm; capacity, 2 ml) packed with 
Tenax GC (Supelco Inc., Supelco Park, 
Pennsylvania) to the bottle. The column 
was cooled to -40°C with liquid nitro- 
gen. The spent medium was adjusted to 
pH 6.2 with 2M tris-HC1, and the solu- 
tion was purged with N2 for 2 minutes. 
Two milliliters of 1 percent (weight to 
volume) NaBH4 was then added quickly, 
and N2 was bubbled slowly through the 
solution. The bottle was immersed in a 
water bath at 90°C for 5 minutes. The 
column was then removed and allowed 
to warm slowly to approximately 0°C. A 
syringe was attached to the column with 
Tygon tubing, and the column was eluted 
with 10 ml of cold (4°C) heptane. The 
heptane solution was then stored at 
- 10°C until it was analyzed. A gas chro- 
matograph equipped with an electron- 
capture detector was used to separate 
and measure the organometallic species. 

All three authentic methyltin hydrides 
[CH3SnH3, (CH3)2SnH2, and (CH313SnHI 
and (CH3)4Sn were resolved (Fig. 1). 
The extract from cultures inoculated with 
sediment contained two peaks which co- 
chromatographed with (CH3)2SnH2 and 
(CH3)3SnH standards, respectively. A 
minor peak was also obtained that had a 
retention similar to that of CH3SnH3, but 
it was not detected in all replicate experi- 
ments. Sterile controls and cultures that 
received sodium azide yielded no metal 
hydride peaks. Thus, the organotins pro- 
duced were the result of biological activ- 
ity. 
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These results suggest that sediment Table 1. Retention times and mass intensity ratios of methyltin compounds and sediment 
unknowns obtained by gas chromatography-mass spectrometry; mie, mass-to-charge ratio. 

Reten- 
Compound tion Ratios of peak intensity at miet of 

(isotovic weight of timet 
molecular ion)* (min- 123.9 137.9 151.9 165.9 179.9 164.9 

utes) 

Standards 
(CH&.SnH2 (151.9) 1.1 0.974 1.000 0.219 0.018 0.020 0.181 
(CH3),SnH (165.9) 1.9 0.864 1.000 1.210 0.038 <0.010 1.177 
(CH3)4Sn (179.9) 3.0 0.903 1.000 0.655 0.771 0.106 18.319 

Unknowns 
Peak 1 1.1 0.819 1.000 0.250 0.011 <0.010 0.225 
Peak 2 1.9 0.935 1.000 1.529 0.035 <0.010 1.585 

*Isotopic weights were calculated based on the most abundant isotopic mass of tin, 119, found in 
environmental samples (15). Weparated on a 10-m OV-101 glass capillary column (0.30 mm inside 
diameter) held at 0°C with a helium flow of 2.0 ml per minute; splitless injection. Mass spectrometer 
conditions were as follows: electron ionization selected ion chromatograms were obtained with an ionization 
voltage, 70 eV; source temperature, 150°C; electron multiplier voltage, 2200 V. $Six masses were 
monitored by mass spectrometry: 123.9, SnH,+; 137.9, CH3SnH3+. 151.9, (CH3)$3nH2+; 165.9, 
(CH3)3SnH+; 179.9, (CH3)&+; and 164.9, (CH3),Sn+ The area of each'peak was compared to that of 
CH3SnH3. 

In order to confirm the identity of 
peaks obtained by gas chromatography, 
we analyzed heptane extracts on a Hew- 
lett-Packard 5992 gas chromatograph- 
mass spectrometer, using selected ion 
monitoring. The retention times and 
mass intensity ratios of the peaks ob- 
tained are presented in Table 1. The 
extracts from cultures inoculated with 
sediment contained two peaks that had 
the same retention times as authentic 
(CH3)2SnH2 and (CH3)3SnH, respec- 
tively. Selected ion mass chromata- 
grams were monitored for ll9SnH+, 
(CH3)31 19Sn+ , and the molecular ions 
characteristic of the three methyl Il9Sn 
hydrides and tetramethyl '19Sn. We then 
calculated the mass intensity ratio of 
each peak by dividing the area of each 
peak in the mass chromatogram by the 
area of the corresponding peak for the 
CH3SnH3' mass chromatogram. The 
two peaks from the extract of cultures 
inoculated with sediment closely 
matched the individual mass intensity 
ratios, and all characteristic ions ob- 
served in the mass chromatograms of the 

Fig. 1. Gas chromatographic tracing of or- 
ganotin compounds produced in mediums in- 
oculated with sediment. The solid line repre- 
sents the standard organotin mixture: 1, 
CH3SnH3; 2,  (CH3)~SnH2; 3, (CH,),SnH; and 
4, (CH3)4Sn. The dashed line represents the 
extract from cultures inoculated with sedi- 
ment. The 183-cm glass column was packed 
with 0.1 percent Carbowax 1500 on 801100 
mesh Supelcoport. The injection port was 
maintained at 150°C and the column at 70°C. 
The carrier gas (10 percent methane in argon) 
had a flow rate of 30 ml per minute. The 
methods used were not quantitative. We pre- 
pared standards by adding each known com- 
pound to 100 ml of water to yield a solution 
that contained approximately 10 mg of tin 
from each known compound. This solution 
was placed in a gas scrubbing bottle and 
treated in the same manner as the spent 
culture medium. 

appropriate standards were present (Ta- 
ble 1). Confirmation of the presence of 
(CH3)2SnH2 and (CH3)3SnH in the cul- 
ture extracts was based on three criteria: 
(i) the identical retention times of un- 
knowns and authentic standards, (ii) the 
occurrence of all characteristic ions in 
each unknown peak as compared to 
standards, and (iii) similar mass intensity 
ratios of each unknown peak as com- 
pared to standards. 

0 5 10 

Retention time (minutes) 

microflora have the potential to biotrans- 
form tin in sediment. Three other groups 
have reported tin biotransformations. A 
Pseudomonas sp, from Chesapeake Bay 
biomethylated tin, and (CH3)~Sn has 
been identified in the gas space of a 
culture containing inorganic tin (11). 
Microorganisms in Canadian lake sedi- 
ments transformed Sn(I1) and Sn(1V) to 
methyltin (14). Material from anaerobic 
sediments taken from San Francisco Bay 
converted (CH3)3SnOH to (CH3)4Sn 
over a period of 80 days; the conversion 
had both biotic and abiotic components 
(10). 

The present study provides evidence 
of the production of dimethyltin and tri- 
methyltin species from inorganic Sn(1V) 
by sediment microflora. The results are 
consistent with a geocycle of tin as pro- 
posed by Ridley et al. (8) and support the 
hypothesis that tin can be biotrans- 
formed in an estaurine environment. 
However, methylated tin species may 
result from abiotic as well as biotic 
events (10, 11, 14). As far as we know, 
no field studies have been performed to 
determine if these biotransformations 
play a significant role in the natural envi- 
ronment, but organotin compounds have 
been found in estuarine and coastal wa- 
terways (5, 7, 11). Although they may 
come from anthropogenic sources or 
may be the result of chemical and biolog- 
ical transformations, it is clear that estu- 
arine microorganisms have the potential 
for transforming tin to organotins and for 
mobilizing tin in the ecosystem. 
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Inactivation of a Diol Epoxide by Dihydrodiol 

Dehydrogenase but Not bv Two Epoxide Hydrolases 

Abstract. The mutagenicity of r-8,t-9-dihydroxy-t-lO,ll-oxy-8,9,lO,ll-tetrahydro- 
benz[a]anthracene (BA-8,9-dioll0,ll-oxide) toward Salmonella typhimurium TA 100 
is not decreased by the presence of large amounts of highly purified microsomal or 
cytosolic epoxide hydrolase. However, highly purified dihydrodiol dehydrogenase 
inactivates this diol epoxide, which is a major DNA-binding metabolite of benz[a]an- 
thracene. The K-region epoxide, benz[a]anthracene 5,6-oxide (BA 5,6-oxide) is efi- 
ciently inactivated by microsomal epoxide hydrolase, is much less readily inactivated 
by cytosolic epoxide hydrolase, and is not inactivated by dihydrodiol dehydrogenase. 
This inactivation of a diol epoxide by dihydrodiol dehydrogenase points to a new 
significance of this enzyme and a new level of control for diol epoxides. 

Metabolic inactivation is one factor 
determining whether reactive intermedi- 
ates formed from a polycyclic hydrocar- 
bon will modify tissue macromolecules. 
In some cases, such modifications lead 
to mutation or to initiation of tumors. 
For example, K-region epoxides of poly- 
cyclic aromatic hydrocarbons are potent 
mutagens in microorganisms (1, 2) but 
are much less active in mammalian sys- 
tems (3) and appear to contribute little to 
the total DNA binding of metabolically 
produced active intermediates in mam- 
malian cells (4). These observations are 
consistent with the rapid detoxication of 
these epoxides by microsomal epoxide 
hydrolase (5) and by cytosolic glutathi- 
one S-transferases (6, 3, enzymes that 
are present in all the mammalian tissues 
investigated (8). 

Much less is known of the enzymic 
inactivation of vicinal diol epoxides, the 
metabolites of polycyclic hydrocarbons 
that seem to be responsible for most of 
the carcinogenic and mutagenic effects 
induced by polycyclic hydrocarbons (3, 
4, 9, 10). Mutagenicity and DNA-binding 
experiments with trans-7,8-dihydro-7,8- 
dihydroxybenzo[a]pyrene indicate that 
some inactivation is caused by the pres- 
ence of glutathione (7, 11, 12) but not by 
microsomal epoxide hydrolase (12-14). 
Consistent with the latter observation is 
the inability of microsomal epoxide hy- 
drolase to inactivate the anti isomer of 
the corresponding "bay-region" diol ep- 
oxide and the very weak effect on the 
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activity of the syn isomer (14). These 
negative findings may result from the 
short half-life of the diol epoxide in an 
aqueous environment, although this may 
not necessarily be the same in a biologi- 
cal membrane. Low stability is not, how- 
ever, ? property of all vicinal diol epox- 
ides. r-8,t-9-Dihydroxy-t-l0,ll-oxy-8, 
9,10,1l-tetrahydrobenz[a]anthracene (BA- 
8,9-diol l0,ll-oxide), which is the anti 
isomer of a non-bay-region diol epoxide, 
has a half-life of many hours (15) and is 
therefore useful for metabolic studies. In 
addition to serving as a model for less 
stable diol epoxides, its own metabolism 

0 1 2 3 4 5  
Test compound 
bgl incubat ion)  

Fig. 1. Dose-dependent mutagenicity, in the 
absence of pure enzymes, of BA 5,6-oxide in 
phosphate-buffered KC1 (e) and of BA-8,9- 
diol l0,ll-oxide in phosphate-buffered KC1 (0, 
0, and A; experiments performed on different 
days) or in glycine buffer with (m) or without 
(A) NADP. Values are means of duplicate 
determinations, which differed by less than 10 
percent. 
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is of interest, since it is mutagenic (16, 
17) and is often the major DNA-binding 
species formed from benz[alanthracene 
in vivo and in vitro (10). Using BA-8,9- 
diol l0,ll-oxide, we show here that a 
diol epoxide can be metabolically inacti- 
vated. Inactivation did not occur with 
either microsomal or cytosolic epoxide 
hydrolase but was obtained with dihy- 
drodiol dehydrogenase. If one assumes 
that the activities of the investigated 
enzymes in vivo are comparable to those 
that are present in our experiments in 
vitro, inactivation of the diol epoxide by 
dihydrodiol dehydrogenase would be 
slower than the rate of inactivation of 
the K-region oxide by microsomal epox- 
ide hydrolase, but might still be suffi- 
ciently rapid to substantially affect diol 
epoxide concentrations in mammalian 
systems 

To study their role in metabolic inacti- 
vation, we purified the three enzymes 
and used bacterial mutagenicity as an 
indication of their effects on the mutage- 
nicity of BA-8,9-diol 10,ll-oxide and, for 
comparison, benz[a]anthracene 5,6-ox- 
ide (BA 5,6-oxide), the K-region epox- 
ide. The synthesis of the epoxides used 
here has been described (18). Microsom- 
a1 epoxide hydrolase was purified from 
rat liver to apparent homogeneity (19). 
This enzyme converts a variety of alkene 
and arene oxides to dihydrodiols (5, 20). 
Cytosolic epoxide hydrolase was puri- 
fied sufficiently (21) from rabbit liver to 
yield a preparation that contained less 
than 20 percent impurities. Although to 
date only a few animal species have been 
investigated, pertinent differences be- 
tween cytosolic and microsomal epoxide 
hydrolase have been observed in all situ- 
ations that have been studied. The cyto- 
solic enzyme differs from the microsom- 
a1 epoxide hydrolase immunologically 
(22) and in substrate specificity in that 
the cytosolic enzyme is relatively inac- 
tive toward K-region arene oxides (23), 
but is efficient in the hydrolysis of other 
epoxides-for example, trisubstituted 
oxiranes (24)-that are not or are only 
poor substrates for the microsomal en- 
zyme (25). Dihydrodiol dehydrogenase 
was purified to apparent homogeneity 
from rat liver cytosol (26). The enzyme 
converts dihydrodiols such as trans-1,2- 
dihydro-l,2-dihydroxybenzene to cate- 
chols using nicotinamide adenine dinu- 
cleotide phosphate (NADP) as a cosub- 
strate. With carcinogenic polycyclic hy- 
drocarbons such as benzo[a]pyrene and 
dimethylbenz[alanthracene it reduces 
the mutagenicity in the Ames test (27). 
However, the mechanisms and metabo- 
lites involved in these effects are un- 
known. 
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