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ECOLOGICAL IMPLICATIONS OF METAL METABOLISM BY MICROORGANTISMS

Arne Jerneldv and Ann-Louilse Martin

"Metals are devious and will bind
to just about -every available site
under different conditions"

(quotation from Eichhorn)

INTRODUCTION s -
Interaction between organisms and chemicals in their environment
i's generally seen from the point of view of the organisms. The
purpose with this papér is to look at the contact betdéen a group
of elements (ﬁetals and metalloids) and a group of ofgénisﬁs |
(mlcroorganlsms) from the point of view of the elements. The

_ question asked is: How do microorganisms effect metals and metalln

oids?

This revigw.does thus intentionally not include the vast :
literature dealing with effects of metals and metalloids on
organisms unless the papers also contain information on the fate
of the elements in connexion with the contact.

In writing the review the authors concentrated on certain pro-
cesses and certain elements, arbitarily judged to be of special
interest, with the view of discussing them agalnst a general back;
ground of microbial metabolism of metals, rather than trying to

give a complete summary of the field.




This approach could not hide the fact, however, that the avail-
able knowledge in the field in general 1is strikingly limited and
scattered. This is so much the case that it was not felt meaning-

ful to point out where gaps'in knowledge exist.

The 1imited available information on microbial metabolism of
metals further gave rise to the question whether or not to iﬁ-
clude examples of transformation reactions demonstrated in higher
organisms. In some cases this has been done with the only justi-
fication in the general argument that metabolic processes present
jn higher organisms as a rule also.can be carried out by some

microorganisms.-

The quotatlon from Elchhorn used as a motto may be discurageing

to any scholar 1n the fleld

The binding of metals to different organic ligands may in-

deed seem- quite capricious. This can be understood from the many-
fold of possibilities that exsist with complex and chelate forma-
tion. These formations are dependent on €.§g. pH, the concentration
of the metal ion in the actual solution, and of the valence of the
ion. Also, the accessability of suitable'ligands in the organic
compound may differ depending on pH, pka of the ligand and on
structure of the compound. However, some generalizations caﬁ be
made, and this paper will try to give information concerning four

major types of transformations, found in the biological system.

The first type will include complex and chelate formation of metal

jons with organic ligands, the binding to sulphur, nitrogen and -

oxygen: -



The next ‘issue to be discussed is shifts of valences of the metal
as a result of the metal being involved in the metabolism of orga-

nisms.

The third type of metal interaction which is dealt with is the
substituting of one metal for another. This can be found when non-
essential metals are replacing essential ones, e.g. in metal-con-
taining enzymes. The last part of the paper will be a survey of

the knowledge of alkylated metals in biological systems.

Microbial degradation of organo-metal compounds will be illustrate
with discussion of the decomposition of methyl mercury. ;

Finally an attempt is made to give the criteria for .prediction

of microbial conversions of ecological significance.

THEORIES OF BINDING AND STERICAL FORMATIONS OF ORGANOMETALS
Ligands of low polarisability, high electronegativity, large
electric -charge and small size with inacéessible empty orbitals

of high energy such as e.g. carboxylic groups, hydroxylic, phos-
phate and aminogroups (oxygen and nitrogen), preferentially com-
plex small, highly electropositive metal-ions with a large posi-
tive charge ar oxidation stage and of low polarisability with few
outer electrons, not easily excited with ionic and electrostatic
bonds. Examples of such metals are:

Mg?*, ca®, M2, a13*, sc3*, 6a*, m®*, 1a®", cr®*, co®t, re*

’
o n4+), S

Ti , (Z
Association with oxygen rather than with nitrogen has been shown
2+ 3+

’

n4+, A55+, Cr6+.

_ for Mn™ , Fe and Cr3+. (65)



Ligands of high polarizability, low electronegativity, small
negative charge and large size with accessible, low lying empty
orbitals such as sulphydrylgroups preferentially form covalent-

and -type bonds with large metai—ions, characterized by low electro-
positivity and high polarizability, small positive charge and low
oxidation number, with several, easily excited outer electrons.

Such metals are: _
2+ 2+ 2+

cu’, Ag', aut, T1Y, Hg', pa?t, ca®’, pt®", Hg®, cHgHg', pet,
Te4+ and M°.
Ast, Hg?t, cal*, ault: 3%, pp?*, Bi%Y, co®*, Agh, sb>, VP ave

all examples of metal-ions that will strongly attack the -SH groups
of essential enzymes. A rough order of affinity can bé obtained
from the solubility product constant of metal sulfides.

2+ A 2+
n

AN >Cd*tsz

pk,: Hg”*>Cu”*>pb

(Selenium ions oxidaze -SH groups rather than complex them. The

same can be assumed for cupric ion: 4.RS- +2Cu2+—*2RSCu + R-SS-R)

2+ 2+ .2+ 2% 2+ 2+

Fe® , Co” , N1 , Cu” , In 2+ 2 i 3¢ 3+

, Pb“, Sn” , Sb™ , Bi” , As and

others are of intermediate character. (68) -

Under favorable conditions, the disulphide bonds of protein would
be expected to react with Ag+ oTr Hg2+ in a manner analogous to
simple disulfides, e.g. cystine. However, in fhe'native staté from
pH 4 to 9, the disulfide bonds of many proteins appear to be
rather resistant to chemical reaction. At concentrations of mer-
curic chloride in the order of 10-3M, no reaction of the disulfide

bonds of serum albumin was observed.' (16)



Complexes formed may be linear, square planar, tetrahedral or
octahedral with the coordination numbers 2, 4 or 0. The coordina-
tion number of 5 is not common, but may be found 1in cobalt com-

plexes of biological molécules.

Most of the complex forming and metal binding theories mentioned
above, are based on studies of reactions of metal ions with simple

organic molecules or model compounds.

In the living organlsm, ‘however, the metal ion will encounter

large molecules, such as e.g. protelns , with ihtricété‘formatipné.

where the 11gands are not free to move and clustex around the metal
ion. Possible sites for binding may be buried inside a macromole-
cule and thus be 1nacce551b1e. Hence, a proteln having very many
ligand groups, may have only one or "two metal ions attached tolfheﬁ,

nd occa51ona11y a metal ion may be held by only one group.

A protein also contains positive and negative charges, e.g. —NH3+
-S~ and -COZ—, that can act attracting’as well as repulsing on the
approaching metal ion, even though they are not directly involved

jn its eventual bonding.

From this background of organpmetallic chemistry would follow that
the major metabolic products will come out of the primary affiﬁity—'
of the metal ion. On the other hand the combination of Pb2+

with a single sulfhydryigroup might be overlooked in the presence

of 100 carboxyl groups.



Examples of Metal-Complex Formations with Oxygen and Nitrogen

2+ .2+ ., 2+ 2+

, Ni" , ZIn" , Co Cd .

The metal ians Cu , Cd” , Fe and M02+
have been shown to form chelate complexes with the carbonylic
oxygen and the nitrogen of the ajacent ring in guanosin and the

riboflavin moity of FAD. (56)

+ . :
Other workers. found Ag to complex in a similar way, as shown for

guanosine. (59)

The free base adenine was shown to react with cu?? (],7),Ni+2 and
C02+. In this case, however, the imidiazol aminogroup appears to

be involved in_ chelate formation. (41) "1 |

7ink and lead bind to phosphate groups, which may lead to the clca-

fage.of fhe phosphate bridges of ﬁolynucleotides.

In the RNA double helix the binding of metals to the nitrogene
bases of the nucleotides will disrupt the hydrogéne bonds which

are holding the structure together. (18)

The phosphorus containing lipid phase of some marine organisms
have been found to complex inorganic\cat—ions such as iron, zinc
and cobalt. Also selenium was found in the same fraction. As the
selenium could not be extracted until both polar.and non—polér
solvents were used, it seems to be associated with phospholipids,

though nothing else is known about the structure.



Results from feeding marine fish with different arsenic com-

pounds show that practicaily all arsenic in the organism appeared
in an organic form. These arseno-organicals were found to be

water soluble as well-as_lipid soluble. Hence, also 1in this case
‘the 1lipid soluble compounds have much in common with phosbholipids,
being polar, but not attacking the cellmembranes in the manner that
phospholipids do. The water soluble phase consists of the glue-
water, which is a collagen-containing éxtract. This phase 1is ndtj
very well characterized apart from being alcéiic and having a
molecular weight higher fhan aminoacids, but lower thén proteins, .

in which no compounds of this kind were shown.

The biotransfofmationg.found have been established in ;.ﬁarine.
environment, but not in terrestrial systems. Thus, the transfor-
mation might be = specialized, occurring only in marine environment
and nof. applicable.: as a model for a generaliZed-biosynthesis.

(36, 37, 38, 39,:40)"

Examples of Metals Binding' to -SH Groups

One example of a very specific metabolic pathway including binding
of -SH groups, is the formation of metallothioneine with cadmium,
zinc, copper and mercury. This protein has a high content of cyste-

ine but few aromatic aminoacids.

The bonds with .the metals -are mainly in the form of mercapti-

des.The protein holds 2,9 % Gd and is thus the second highest

metal-containing protein known, ferritine being the first.



In métallothioneine, cd is stored mainly in the kidneys. The
protein is constantly broken down and synthesized de novo.

By these transformations, Very small amounts of Cd are let out

in the organism. Metéllo;hioneine is thus acting as an interacel-

jular isolationsmechanism and as a transporter of Cd. -

Apart from metallothioneine, a metalloprote%n with a consider-
ably higher molecular weight was found in the mammary gland of rat.
Later, this prdteine was found inlcertain organ systems, where it
seems to act as a barrier against Cd-transports. The éctual organ
systems were mammaryglands and placenta along with liver and thé

gastro—intenstinal tract. (49, 45)

Apart from containing Cd and In, metallothioneine is also able to

bind Hg and Cu, though notto the same extent. (50, 69).

CHANGES OF VALENCIES

Metals in biological systems are likely to take part in a number
of reactions of differeﬁt kinds. Reactionsinvolving changes of
valency of a metal are very much dependent on factors as e.g. pH,
charge of the ligands and of the metal as well as the redox-poten-
tial. In the organism these reactions may be classifiéd into two
groups. In the first one the metal is participating iﬁ redox-reac-
tions, gnergetically favourable to the organism. The second kind
of reaction involves an active investment of energy in transferring
the metal from one stage of valence to another. This can he seen

as a route of detoxification for the organism.



The state of valence that a metal-ion has when normally occuring
in an organism, can be assumed to be the Jeast toxic to the orga-
nism. The stability of the valence state of a metal ion is diffe-
rent in aquoussolutions and in organic complexes. This‘may lead

to a change of . valence upon chelate formation. By chelatlon the -

e ) ot cEa

_redoxpotentlal of the metal ion is altered and the af 1n1ty of

the metal-ion for certain ligands may also be changed.

Some examples of energetlcally favourable reactlons are e.g.

Fe and Mn in redox reactions of tho resplratory chaln enzyme
actlvatlon of the Krebs' cycle and glyc01y51s respectlvely, and the
chemosynthe51s of Fe3+ from 1norgan1c Fez by the bacterla spec1es
Ochrobium and Siderocapsa. A bacterla, even more spec1a112ed is

Theobacillus ferro-oxidans, which is able to oxidize ferrous 1ion

to ferric at pH 2 in mixed sulfide ores. (60)

Examples of reactions which are more ambigous in their relations to

the suggested classification are described.

At least fifteen strains of bacteria have been found to oxidize
arsenite in cattle dip solutions to arsenate. Specific enzymatic

activity (arsenite dehydrogenase) was found in purified prepara;
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tions. It was shown that cytochrom-a enhanced arsenite oxidation,
suggesting that the bacteria were obtaining energy from the oxi-
dation. Because the bacteria were grown in the presence of organic
carbon, anerergy. yield from the oxidation could not be established.
(61)

Recently, a possible way of arsenate reduction has been proposed.
In microbial heterétrophic metabolism, arsenate would be able to
act as an electrone acceptor, in the absence of 02 and N0~3.

This reaction, which has not been investigated, would be energéti-
cally more favourabié'compare to sulfate reduction; which doeé

occur in similar environments. (21)

A cultunaof Schlzosaccaromyces, supplled W1th te]lurlte ions w1]]
carry out a reduction of the tellurite- ion which brlngs the metdl
to the elementary stage. The y1e1d or 1oss of energy 1n the reac-

tion is not establlshed (54)

Further stages of reduction of tellurite- and selenite-ions will

be treated in the chapter of methylation and of selenium.

SUBSTITUTION

The displacement or substitution of one metal ion for another may
occur in metal complexes, also in the living organism. This dis-
placement is dependent on the strength of the individual ligand
complexes, generally following the extended Irving-William series:
Ca2+ <Mg2+<Mn2+<Fe2+<Coz+<<Zn2+<<NiZ+<Cu2+ (which is independent

of ligand type) and also on the concentrations of ligands and

metal ions present in the system.
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It is also dependent on the relative strength of the complexes
involved. The effect of this may be illustrated by the followihg
example. According to the Irving-Williams series cupric ions

should replace ferrous.ions in ligand complexes- However, this

will not happen when the ferrous ion is complexed by an aromatic
nitrogentype 1igand, where the ferrous ion is abnormally stabilized,
resulting in a very small difference in stability constants for
this type of complexes whith cupric and ferrous ions; compared to

those of almost any other complex possible in the systém. (67) .

For 'Mn, a specific metabolic pathway through the orgéﬁism have-
been suggested where substitution with other cat-ions is not

possible. (13)

Non-essential cat-ions suBstituting for essenfial cat-ions in
biological systems, e.g. in metalloenzymes, have been shown.

Zinc occuring in carbonic anhydrase will be replaced by administered
cupric ions, with the consequent loss of activity for the enzyme. (67
In . carboxypeptidases, Cd inhibits peptidase 2nd enhances esterase
activity by displacing Zn from its nitrogen- sulfur ligands. (48)
Large doses (0,25 % in diet) of pure Zn-salts retarded growth of
rats and caused hypocromic anemia, probably resulting from displace-

ment of Cu and Fe. (62)

It is possible that Te may act as a metabolic antagonist to Se. (g3
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Ni has the ability to displace Be from alkaline phosphatase and

reactivate the enzyme. (52)

The feeding of tungstate (W6+) ion in large quantities has caused
displacement of molubdate in the body of experimental animals. (15)

24

Mg2+ can be replaced by Mn“" in the DNA scheme, with the reactions

jétill preceeding though giving a different range of products. (68)

IThe dlsplacement er.substltutlon of one metal ion for another may
]_or may not have 2 net effect on the subst:tutlng metal, e, g penta~
ﬁ va1ent arsenate (AsO ") may dlsplace phosphate 1on 1n the glycu |
lysis. The reactlon proceed in the usual ‘way but w1thout the gene-
ratlng of hlgh energy phosphate~type bonds,‘51nce the arsenate is
1mmed1ate1y spllt off. Thlsmsubstltutnon has no net effect on the
arsenate ion. Evidence for arsenic compounds not beeing incorpo-

. rated in different protein fractions have been given, supporting

‘the theory given above. (35)

BIOMETHYLATION OF INORGANIC METAL IONS

A comprehensive revue of the knowledge concerning biologicai
methylation up to 1945 has been made, presenting different theo-
retical pathways, either to synthesize accessible methylgroups or
to make use of methylgroups already formed. The revue also presents
the finding of biomethylated cat-ions like arsenic, selenium and
tellurium. Inorganic compounds of As and Se were shown to be methy-
lated within Scropulariopsis brevicaulis, and Te-componunds were

predicted to follow the same metabolic pathway in the organism.
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Some Penicillum-strains were also shown to methylate selenite-
and telluritions, appearing together in bread cultures. At the

time, there was no evidence of bacterial methylation. (10)

More recently it was shown that methanobacteria were able to
reduce and methylate arsenate to dimethylarsine under anaerobic
conditions. (42) The.methyl donor was found to be methylcobalamin.
The biological methylation of mercury, discussed in more detail

below, may be carried out by bacteria as well as fungi.

Many attempts have been made to postulate and predict the metals
and metalloids in addition to those where biological formation of
alkyl compounds have already been demonstrated, that may be sub-

jact to such.a metabolism.

1) The metals Hg, Sn, Pd, Pt,.Au and TL and the metalloids-As,
Se, Te and S have been postulated to accept methyl groups from
methylcobalamine in biological systems. Those underlined have

to date been demonstrated to be biologically methylated.

2) Methyl-B12 will not transfer methylgroups to Cd, Pb and Zn.
The alkylated forms of Cd and Zn are highly unstable in aquous

systems. (1, 72)

Methylation of Selenium

Already from the studies in the first part of the century a meca-

nism for biological methylation of selenium by fungi was proposed

' -+ o . N
H,Se0, + H' + seo(om)o” s CH,SeOH 120R1Z2Lion * red,

. + .
~~~ CH red d
CH,Se (0)07 =3+ (CHg),Se0, == (CH,),Se0 red, (CHy) ,Se.

Biosynthesis of volatile dimethylselenide is a major metabolic

pathway for detoxifying selenite in e.g. rat.



This, process occures directly in the animal tissue and, thus, is
not the result of an intestinal microflora in the animal. (24)
Further studies showed a specific requirement for glutathion for

the formation of dimethylselenid.

This compound is known to be excreted by respiration, but it is
also able to convert into trimethylselenonium ions in the organism

and, in that form, it will be excreted in the urine. (9, 46, 47)

Dimethylselenide, therefore, is to be considered as an intermediary

metabolite, excreted by respiration only when the rate. of its forma-

w -

‘tion exceeds the rate of its further methylation.

In addition to dimethylselenide, thé highly toxic dimethyldiselenide
has been identifyed in the air ekpired by rats given a higher dose

of selenite ion. (63) | “ ' o )

This compound is also synthesized by toxic plants, as shown for

some Astralgus species (19, 12)

The less toxic compounds, which, though, have a very limited margin
between toxic and non-toxic doses, have a reversible interconver-
sion, where the dimethylselenide is lipid soluble and the trimethyl-

selenonium is watersoluble.

Methylation of Telluxium

Tellurium was found to methylate in the presence of different
Penicillumstrains. The volatile metabolite was identifyed as

dimethyltelluride. (5)
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The mechanism for methylating tellurium was proposed to follow
the same metabolic pathway as for selenium and arsenic. Later
investigations of the biological cycle for these elements prin-

cipally follow the same theories. o, 11, 72)

Methylation of Mercury

Very little new information on biological formation of methyl-
metal-compounds was generated between the mid-fourties and the

mid-sixties when the studies of due environmental behaviour of

mercury started in Sweden. After the demonstration that mer-

cury in fish predominantly was present in the form of methyl-
mercury (66) is was shown that unidentified microorganisms in
natural organic lake sediment could methylate mercury (z7.

The net-result of the process could be mono- or dimethylmercury
and the rate of biological methylation of mercury_w§5~found t6 be
well correlated with general microbiological activity in the

sediment (28).

The mechanlsm of methylatlon has 1ater been the Subject:for
many studies, but it is st111 not fully understood alihbugh<

several hypobheses have been suggested

Non-enzymatic methylation of mercury by cell-free extract was
shown of a methanorganic bacterium, with methyl cobalamine .

(CH B 2) as donor of methyl groups in the presence of ATP and

-
a mild reductant. (70)
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Later a more complete picture of the mechanisms involved in the

Figure 1 methylation of mercury under both aerobic and anaerobic conditions

and 2. was -proposed by the same authors. (71)

- During 1974 it was: found by different workers that mercury was
methylated in a neutrél water solution by a purely abiotic reaction
(32, 4 ). The methyl donor was.methyl cobalamine and the
reaction was very fast and almost quantitative both under aerobic

and anaerobic conditions.

However, in several experiments ithas been shown that microbial
activity is a prerequisite for the synthesis of methyl mercury
under nétural conditions, unless other methyl metal compounds
(e.g. tetramethyl lead or methyl tin species (26)) are added

( 3, 29).

In addition, bacteria isolated from mucuous material oh the
}surface of flSh (30), and bacteria belonglng to the genus

Pseudomonas 1solated from soil (33), have been shown to be able

to methylate mercury under aerobic conditions.

Methylation in vivo was studied in aerobic cultures of Neurospora

crassa (%4). Mercury tolerant mutants were very effectivly methy-~
lating when an excess of cysteine or homocysteine~was present in
the substrate. From a series of experiment;_it was Suggested that
-the methylation might be an "incorrect" synthesis of methionine
(which is normally formed through methylation of homocysteine).
Latef, it was demonstrated that at least five different dcfined
bacterial species and three fungal species in_pure aerobic cul-
tures have the capacity of methylating mercury, when added as

Figure 3 mercuric chloride (64).
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(After Wood, 1971)
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In a recent study it has further been shown that microbial con-
version of inorganic mercury compounds into methyl mercury also can

take place in soil ( 2). The anaerobic organism Clostridium coch-

learium has been observed to have a high capacity for methylation of

mercury in the presence of cysteine and vitamine Blz,in the medium
(73). Thus, the potential for microbial methylation of mercury by
fungi and bacteria has been shown to exist under aerobic as well
as anaerobic conditions. It is, however, difficult to evaluate
the ecological significance of these findings. For instance methyl-
cobalamin is known to be unstable in a natural environment.
It has been found “that the transmethylating activity of methyl
cobalamine in vitro was 1nh1b1ted by cellular protelns and thiol
“groups ( 4) Results glven (70, 71 '32) do not necessarlly 1mp1Y -
hat anaeroblc methylatlon is of ecolog:cal s:nnjflcance. Slnce
mercury is hardly present in nature under anaeroblc'ennd1t10ns
without the 51mu1taneous presence of hydrogen sulf1de> mercurlcf?*
sulfide 1is 11ke1y to be formed Under these conditions mercury |

will be effectlvely prevented from belng methy]ated

"~ Probably "due to fthe ex1stence of mercurlc sulflde, no. formatlon j.
of methyl mercurv-dn anaeroblc mud has been found in certaln -
experiments. (51) 1t is true that 6 the sulPide "will
be oxidized to sulfate, if aerobic eonditions should be re-
established, but: this oxidation'is probahly slow. Accordingly, it
was found that the methylation rate was 100-1000 times slower in
aerobic sediments with mercuric sulfide as mercury donor as com-
pared with mercuric chloride (20). In an experiment with fish, that
wae allowed to accumulate mercury from sediments it was found that

mercuric sulfide was very slowly mobilized as compared with mer-

curic chloride (25).
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Another complicating factor in transferring laboratory results

to .the ecosystem level is.the existence of a de-methylating capa-
city that was first described in 1969 (23).

Most experiments on rates of methylation have been performed in
such a way that they do not allow for a discrimination between
 the two competing processes, methylation and demethylation.
Accordingly, it is possible that most of the experimental results
that have been 1nterpreted as measures of gross methylatlon rates
in fact have been net methylatlon ratesf The klnetlcs of the |
response of such a competitive system in relation to external
stimuli, such as temperature, is of course more compllcated
thereby maklno any data 1nte1pretat10n more uncertaln than if K

only methylatlon is presupposed to occur.

In recent experiments, an experlmental design enabled the in-
vestlgatlon of methylation reaction separated from the de- methyla-
tion one ( 6 ). The methylation was studied with regard to the
effects of 1) redox potential 2) inorganic mercury concentration

3) temperature 4) microbial activity and 5) sulfide concentration.

A kinetic model was proposed, which describes the rate of methy-
lation as a function of some variables. Verification of the model
and experimental estimation of system specific model coefficients
were accomplished using laboratory scale mixed culture microbial
reactors. The reactors were operated under anaerobic as well as
aerobic conditions at microbial specific growth rates of 1/6, 1/12
and 1/24 per day. Methylation rates were determined at 10°C,

20°c and 30°C.
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The kinetic studies showed: 1) Monomethyl—mercﬁry is the pre-
déminant product of methylafion of mercury (near neutral pH)

2) The rate of methylation 1is higher in aerobic systems than in
anaerobic systems for a given inorganic mercury concentration and
microbial growth rate. 3) Higher microbial growth produce higher
metﬁylation rates under aerobic as well as anaerobic conditions.
4) Methylatlon rates could be hampered by the addltlon of sulflde
to some anaerobic systems. 5) Temperature affects methylatlon
"rates in accordagééuﬁlth‘ZQ; éffeczgwahﬁ£ﬁe metabollctféte of the-

,:, .4..\»,‘ . . W

methylatlng organlsm

- From the ear1y~expefimenté with Scfopulariogéjs brevicaulis the

following mecanlsm for methylatlon of arsenic was proposed

e,

Aé(OH)3¥;H * (HO) AsO CHz% ey, AJO(OH)Z SH* o+ cH ASO(OH)O" red,

3
>CHAs (OH) 0™ CHT (CH,) ,ASOOH lonization + 7od. (CHy),AsO" Eﬂs+

+ (CH,) ;AsO zed, (cH,) ,As

Recent investigations of biological alkylation of arsenic have
shown various microorganisms capéblét of this synthesis. Fungi
from industrial and agriculturd.As-antaining sludge were isolated
and taxonomically described, after having carried out the bio-

transformation (14).

‘An examination of fresh water, seawater, eggshells and rocksamples

have been made. Chemical analysis were made for Ass+, A53+, methyl-

arsonic acid and dimethylarsinic acid. The methylated compounds



Figure 4

20

were found in most biological samples, but not ‘in limestone. (8 )
The finding of methyl-arsene compounds in aerobic parts of the
environment is slightly surprising as alkyl-arsenes are unstable
in the presence of water and oxygene and are oxidized to arsenious

acid.

The explanatlon must be that the rate of blologlcal formation of

~methyl-arsene compounds is hlgh enough compared to the subsequent .

ox1dat10n to arsenious ac1d to allow for detectable concentratlons

of the intermediate form to bu11d up

Arsenious acid, however, may in turn again be an intermediate in

‘the formation of hethyi—aréene Compounds

a) -
CHZO + HAsO(OHZ) + HO.CH ASH[O)OH EE§¢ CH3A50[0“)2 d»CH As(OH)Z
4CH3A5H(0)0H CHy9 mo-cH As(CH3)00H+(CH ) ,AsO" OH)TePetlTlon

+ (CHg) ;ASO Ted, ed, (CH,) 4As

a) arsenious acid
b) cacodylic acid

Transalkylation

In a series of experiments with a strain of Pseudomonas,biological
formation of methyl tin compounds were shown. (43)

Methyl tin compounds in a-later experiment - co-occurred with
methylmercury in a pattern that lead the authors to suggest that
the formation of methylmercury might not be a direct biological
methylation but rather a transalkylation from biologically formed

methyl tiﬁ compounds. (26)
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In experiments regarding the ability of sewage fungl to methylate
different selenium compounds, Penicillumstrains were isolated
from the sewage. When adding tellurium compounds (TeCl,, HZTeOS’

and H Te06), they were found te methylate as well, but only in

6
the presence of selenium. The yield of dimethyltellurid was pro-
portional to the input of inorganic selenium, so that no methylated
tellurlum compound was found until the input quotlent of selenium

to tellurlum was. about 10:1. ThlS indicates a pos>1b]e trans— e

alkylation instead of a dlrect biological alkylatlon of tellurlum

(22)

- s, é o Liigiady - N i i - IO K | ot R = AT
Ve Bl LN 1 =avi - ) ¢ J [t Jia i . 3

DEGRADATIOV OF METAL ORGANIC COMPOUNDS

The blOlOglCﬂ.sUﬂnlmy of metal ozganlc compounds vary‘W1de1y
Some of them rapidly degradate in non enzymatic processes or
through the action of non- specific enzymes Others are highly
persistent and are degraded - only through specific and slow
biochémical processes. Short-chain alkyl mercury compounds belong

to the latter group.

Decomposition of organic and inorganic mercury compounds through
bacterial activity resulting in the formation of elemental mercury

has been reported by several investigators.
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A mercury resistant strain of Pseudomonas has been found to
be capable of reductive decomposition of mercurials to metallic

mercury.

The decomposition was shown to be catalysed by thé enzyme systems,
a NAD(P)H generating system and the metallic mercury releasing
enzyme (MMR-Enz) together with a specific cytochrome-c. The
MMR-Enz was found to contain FAD as a prosthetlc group. The
enzyme was shown to be induced in the presence of mercurlals such
as e.g. phenyl-mercuric acetats and mercuric chloride, whereas

the cyt-c and the NAD(P)H generatlng system were constltutlve.

A pathway for the electron flow has been proposed and compa}ed'
with that of the respiratory chain: Electrons froﬁ reduced NAD(P),
generated by glucose de-hydrogenase, are transferred to cyt-c via
the MMR-Enz. with the mercurial becoming the terminal acceptor

of eletrons in its reduction to metallic mercury. Mercury thﬁs
would be a terminal acceptor of electrons like oxygen in a réspira-
tory chain. (.57, 58.)

However, it is not known whether the reduction of the mercuric ion
results in a gain or loss of energy for the organism.

Anaerobic sediments treated with ionic mercury release elemental

mercury (.7 ).

Four strains of bacteria capable of converting the methyl mercury
ion to methane and volatile elemental mercury have been isolated

from lake sediment. ( 55)
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Llemental mercuryvapor and benzene were products of phenyl-
mercuric acetate degradation by selected cultures of mercury-

resistant bacteria (44 ).

In a series of experiments incubation of a mixed bacterial popu-
l1ation from river water, after addition of methyl mercury,. led
to an increase in the number of bacteria resistant to methyl

mercury, some of which were capable of decomposing methyl mer-

cury (74).

It has also been suggested, that an equilibrium.may be reached
between the production (addition) of methyl mercury and it's
degradation in mercury polluted environments. Studies by landner

and Larsson demonstiated methyl mercury degradating activity by

bacteria in sediments from the Baltiq‘Sea.(Ell)

In the light of these findings an earlier study of methylation of
mercury in the St. Clair system on the Canada/USA border was re-~
evaluated and the results were demonstrated to support the idea of an
equilibrium between chemically alkylated (from methyl and ethyl

lead) mercury and biological degradation (29).

Adding to these processes the one of transport of methyl mercury
from the sediment the hypothesis can be formulated that in a sedi-
ment, under a constant flow of methyl mercury into or out of the
system, biological formation and degradation of methyl mercury

will result in an equilibrium, with a constant level of methyl
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mercury in the sediment.

If input or output of methyl mercury is varying, a disrupted patterr
will result, where the methyl mercury level in the sediment tend

to reestablish at the equilibrium level after the disturbance.

The curve in Fig. 5 could illustrate such a situation

Figure 5

From this model it is obvious that in a situation where no

methylmercury is added the importance of the demethylating activi-
ty will be dependent on whether or not the relation between methy-
lating actiyity and transport activity out of the system (sediment)

is such that the equilibrium is_apporached.

Figure 6

In a situation of the type represented by Fig. 6 transport out
of the system effectively prevents the methyi mercury concentra-
tion from building up to levels where demethylation becomes
important. In this case fhe”difference between gross- and net-

methylation rates is not very important.

An alternative situation is illustrated in a schematic figure

(Fig. 7).

Figure 7



Figure 5

e

: ¥
CHSHg

in
sediment

< input of CHSHg to the system

—. equilibrium

extraction of CH;Hg
from the system

_-i*
i .
time




CH
in
sediment

3H8

Figdre 6

Theoretical equilibrium
between methylating and
demethylating activity

i}
]

..‘i

time



CHSHg

in
sediment

Figure 7

Theoretical equilibrium
between methylating and
demethylating activity

Y

time



25

This shows that the transport activity of methyl mercury out
of the.system is low and the demethylating activity is im-
portant as regulator of the methylmercury concentration in

the system (sediment).

In this case the difference between gross- and net-methylation
rate 1s very large.

From the schematic figures it can be noted that the concentra-
tion of methyl mercury in the system (sediment) is low when the

amount transported out of it is large and vice versa.

Thus, in the example a negative correlation exists between
methyl mercury concentration in the system (sediment) and the

amount of methylated mercury released from it.

CRITERIA FOR PREDICTION OF MICROBIAL CONVERSION OF ECOLOGICAL

SIGNIFICANCE

Based on general knowledge of chemical properties of metals and
metalloids and scattered experience of biological formation of
organo-metal compounds, some criteria can be given for the changes
in properties of the metabolized metal compared to its original

form which may be of ecological significance.

Changes in properties

1) Tendency for complex formation
2) Relative and absolute water and 1lipid solubility
3) Volatility

4) Valence state



26

It is obvious from the criteria above that conversion leading
to formation of alkyl metal compounds fulfill most of the
criteria for changes of ecological significance, that is, the
threat of the altered metal and(not the action of its original
form on the microorganisms involved. The knowledge of today
indicates that this 'secondary' poisoning will be a vital

environmental problem which should be studied with great concern.
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