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P l a s m i d - d e t e r m i n e d  m e r c u r i c  and o rganomerc tw ia l  r e s i s t a n c e  
in m i c r o o r g a n i s m s  has  been  s t u d i e d  by  s e v e r a l  w o r k e r s  
(Summers  and S i l v e r  1972; S cho t t e l  e t  as 1974; L o m o v s k a y a  
e t  a~. 1986; Nakamura  e t  a~+.+ 1986).  Mercury  r e d u c t a s e ,  c a t a -  
l y s i n g  the  r e d u c t i o n  of Hg to Hg ~ d e p e n d s  on s u l f h y d r y l  
compounds  (Summers  and Sugarman 1974).  O r g a n o m e r c u r i a l  l y a s e  
t h a t  c a t a l y s e s  the  s p l i t t i n g  of C-Hg l i n k a g e s  a l so  needs  t h i o l  
compounds  fo r  i t s  a c t i v i t y  (Scho t t e l  1978) .  I t i s  r e p o r t e d  t h a t  
t h i o l  s p e c i f i c i t i e s  of H g - r e d u c t a s e  and o r g a n o m e r c u r i a l  l y a s e  
f rom a p a r t i c u l a r  b a c t e r i a l  s p e c i e s  a r e  d i f f e r e n t  ( I z a k i  r as 
1974; Scho t t e l  1978) .  

Until  r e c e n t l y ,  no s t u d y  has  been  r e p o r t e d  on t h i o l  s p e c i f i c i t y  
of t h e s e  enzymes  f rom v a r i o u s  s o u r c e s .  In the  p r e s e n t  s t u d y ,  
we r e p o r t  en e n z y m a t i c  v o l a t i l i s a t i o n  of HgC12 b y  fou r t een  Hg- 
- r e s i s t a n t  b a c t e r i a l  s t r a i n s  (Kf.ebsiefia, Streptococcus, Min 
coccus, As Baci~us, Proteu/~, P~anococcus, Shige~~a, 
Acinetobac~er, Sa~mone~~a, Pseudomonu/~, Eschericlria, Ci~robacter 
and Paracoccus). We a l so  r e p o r t  on t ha t  of p h e n y l  m e r c u r i c  
a c e t a t e  (PMA) and t h i m e r s o l  by  two b r o a d - s p e c t r u m  H g - r e s i s t a n t  
b a c t e r i a l  s p e c i e s  (Baci~f.us and Af~caf.igenes) (Summers  and S i i v e r  
1978).  T h e r e  a re  no p u b l i s h e d  r e p o r t s  on H g - r e s i s t a n c e  in 
P~anococcus sp. and PoEacoccus sp. We have also studied 
thiol specificity of Hg-Feductases and organomercurial lyases 
isolated from the above bacterial species. Hg-reductase is 
known te have FAD-moiety [Schottel 1978), which stimulates 
enzyme activity wheFeas FMN and riboflavin are ineffective 
in this regard (Izaki er OE~. 1974). The effect of flavins, 
namely FAD, FMN and riboflavin, on Hg-reductase and organo- 
mercurial lyase activity is also reported hePe. 

MAT•RIALS AND METHODS 

Ai1 c h e m i c a l s  and r e a g e n t s  used  in t h i s  s t u d y  were  of a n a l y t i c a l  
g r a d e  (E. Merck ,  U.K. ).  HgC12, o r g a n o m e r c u r i a l s  and NADPH 
( t e t r a  sodium s a i t )  were  p u r c h a s e d  f rom $igma Chemica l  Go. ,  
U .S .A. 

Send c o r r e s p o n d e n c e / P e p P i n t  r e q u e s t s  to Dr,  Amaiendu MandaI 
at  the  a b o v e  a d d r e s s .  
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Ail the  H g - r e s i s t a n t  b a c t e r i a l  s t r a i n s  used  in t h i s  s t u d y  were 
i s o l a t e d  from d i f f e r e n t  water  sou rce s  and i d e n t i f i e d  in out  
l a b o r a t o r y .  C e l l - f r e e  e x t r a c t s  of t h e s e  o rgan isms  were  p r e p a r e d  
fo l lowing the  p r o c e d u r e  of Summers and S i l v e r  (1972).  Hg- 
- i n d u c e d  ce l l s  were d i s r u p t e d  m e c h a n i c a l l y  wi th  s e a - s a n d  at 
4~ D i s rup t ed  ce l l s  were s u s p e n d e d  in co ld  50 mM sodium 
p h o s p h a t e  b u f f e t  (pli 7 .35)  and cen t r i fuged  ai 15,000 x g for  
30 min at -4~  Most of the  H g - r e d u c t a s e  and o rganomercu r i a l  
l y a s e  a c t i v i t i e s  were  p r e c i p i t a t e d  wi th  0-50% (NH~) z SO~ at 
4~ and d i s s o l v e d  in a minimum volume of same co ld  buffet" 
conta ining 0.25 mM Na2-EDTA. Samples were then d i a l y s e d  
o v e r n i g h t  aga ins t  the  same b u f f e t  at 4~ The d i a l y s a t e s  were 
used for  the a s s a y  of H g - r e d u c t a s e  and o rganomercu r i a l  l y a s e .  
H g - r e d u c t a s e  a c t i v i t y  was de te rmined  by  measur ing Hg +2 - d e p e n -  
dent  NADPH o x i d a t i o n  s p e c t r o p h o t o m e t t , i c a l l y  at 340 nm. The 
r e a c t i o n  mix tu re  con ta ined  5 mM Na2-EDTA, 2 mM MgCI2, 1 mM 
th io l  compound,  30 IIM HgCI 2 and 0.50 mM NADPH. Sui tab le  
volumes be tween 10-100 IJL ce l l - f t , ee  e x t r a c t s  were used to 
fol low the  r e a c t i o n  k i n e t i c s  un i fo rmly  and,  f i n a l l y ,  the  volume 
was made upto  i mL by  50 mM sodium p h o s p h a t e  bu f f e t  (pli 
7 .35 ) .  Te de t e rmine  the  a c t i v i t y  of o rganomercu r i a l  l y a s e ,  
a s u i t a b l e  volume of c e l l - f r e e  e x t r a c t  was f i r s t  i ncuba ted  for  
5 min wi th  30 ~M PMA or t h i m e r s o l  and o t h e r  i n g r e d i e n t s  in 
the  a s s a y  m i x t u r e ,  e x c e p t  fo r  HgC12 and NADPH. The o x i d a t i o n  
r e a c t i o n  was s t a r t e d  by  adding  0.5 mM NADPH. To moni tor  
the  e f fec t s  of t h io l  compounds en H g - r e d u c t a s e s  and o rgano-  
mercu r i a l  l y a s e s ,  N a - t h i o g l y c o l l a t e  (Na-TG),  B -mercap toe thano l  
( B -ME),  c y s t e i n e ,  g lu ta th ione  (GSH) and d i t h i o t h r e i t o l  (DTT] 
were used s e p a r a t e l y .  To s t u d y  the  e f fec t  of f l a v i n s ,  2 UM 
of FAD, FMN or r i b o f l a v i n  was used .  The e f fec t  of N - e t h y l -  
male imide  (NEM), a s u l f h y d r y l  b lock ing  agent was s t ud i ed  
by  adding  t h i s  subs t ance  in the  a s s a y  mix ture  at d i f � 9  
concen t r a t ions  (0.5 mM - 4 mM). One unit  of H g - r e d u c t a s e  
a c t i v i t y  was def ined  as the  amount of enzyme tha t  o x i d i s e d  
1 ~mole of NADPH per  minute in the  p r e s e n c e  of HgC12 and 
one uni t  of o rganom ercu r i a l  l y a s e  a c t i v i t y  was def ined  as the  
amount of enzyme tha t  o x i d i s e d  1 nmole of NADPH per  min 
in p r e s e n c e  of o r g a n o m e r c u r i a l s .  P ro t e in  was de te rmined  by  
the  method of Lowry  et ct~. (1951).  

Table  1 shows the  e f f ec t s  of -SH compounds (Na-TG, g-ME, 
c y s t e i n e ,  GSH and DTT) on H g - r e d u c t a s e s  from d i f f e r e n t  b a c t e r i a l  
s p e c i e s .  Ten b a c t e r i a l  s t r a i n s  out of four teen  t e s t  o r s an i sms  
showed maximum s t imula t ion  of Hg- r educ t a se  a c t i v i t y  wi th  GSH 
and four  of wh ich  e x h i b i t e d  maximum enhancement  wi th  GSH 
as well  as wi th  one or two o t h e r  th io l  compounds .  H g - r e d u c t a s e  
from four  o rgan i sms  only  wet,e a c t i v a t e d  most by  compounds 
o t h e r  than GSH ind ica t ing  tha t  GSH is the  most e f f e c t i v e  -SH 
compound to i n c r e a s e  the  l eve l  of H g - r e d u c t a s e  in t h e s e  
b a c t e r i a l  s y s t e m s .  

The e f f ec t s  of d i f f e r e n t  concen t r a t ions  of th io l  compounds on 
the s p e c i f i c  a c t i v i t y  of H g - r e d u c t a s e  i s o l a t e d  from foui" tes t  
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RESULTS AND DISCUSSION 

Table  i .  Effec t  of va r i ous  -SH compounds on s p e c i f i c  a c t i v i t y  
of H g - r e d u c t a s e s  i s o l a t e d  from d i f f e r e n t  H g - r e s i s t a n t  b a c t e r i a  

Bacterial strain Without any With -SH compounds in the 
-SH eompound assay mixture 
in the assay 

Na-TG B-ME Cys GSH DTT 
mixture 

Klebsiella pneumoniae (KR 2) 0.054 0.063 

Streptococcus faecalis (MR I) 0.040 0.055 

Micrococcus roseus (MR 3) 0.010 0.016 

Alcaligenes faecalis (DR I) 0.044 0.065 

Bacillus pasteurii (DR 2) 0.136 0.197 

Proteus mirabilis (GR 3) 0.011 0.011 

Planor citreus (GR 5) 0.044 0.048 

Shigella dysenteriae (AR I) 0.032 0.040 

Acinetobacter sp, (AR 2) 0.027 0.043 

Salmonella sp. (ACR I) 0.015 0.031 

Pseudomones aureofaciens (ACR 3) 0.021 0.030 

0.017 0.028 

0.031 0.043 

0.029 0.046 

Escher ich ia  coli (ACR 2) 

C i t robac te r  sp. (ACR 5) 

Paracoccus sp. (ACR 6) 

0.070 0.072 0.083 0.058 

0.055 0.067 0.071 0.055 

0.016 0.014 0.016 0.016 

0.089 0.048 0~ 0,048 

0.180 0.136 0.214 0.146 

0.023 0.031 0.031 0.017 

0.045 0.056 0.067 0.054 

0.050 0.063 0.060 0.058 

0.053 0.076 0.086 0.036 

0.015 0.031 0.017 0.021 

0.029 0.023 0.030 0.030 

0.019 0.026 0.025 0.019 

0.047 0.055 0.059 0.043 

0.037 0.034 0.046 0.037 

Abbrev ia t ions  used Na-TG : N a - t h i o g l y c o l l a t e ;  B-ME : B-mercaptoethanol ;  
Cys : Cyste ine;  GSH : G lu ta th ione ;  DTT : D i t h i o t h r e i t o l .  

organisms, namely Ag.caiigenes ~aecaY.2s (DR i), BaoEs pasteu~2i 
(DRu), Shigegea d~senteJKae (AR l) and Escher~chia cog2 (ACR2), 
a re  shown in F igure  1. For  each  compound b a c t e r i a l  s t r a i n  
s p e c i f i c  to i t  or  the b a c t e r i a l  s t r a i n s  showing the  maximum 
s t imula t ion  of i t s  H g - r e d u c t a s e  a c t i v i t y  wi th  the  p a r t i c u l a r  
compound was s e l e c t e d .  The h i g h e s t  s p e c i f i c  a c t i v i t y  of Hg- 
- r e d u c t a s e  from B. p~tzu/tii (DR 2) was noted wi th  1.5 mM 
GSH. The a c t i v i t y  g r a d u a l l y  d e c r e a s e d  wi th  inc reas ing  concen-  
t r a t i o n .  However ,  the  a c t i v i t y  was hot s u p p r e s s e d  s i g n i f i c a n t l y  
when 60 ~M HsCI z was a d d e d  to the  a s s a y  mix tu re  conta in ing 
3 mM GSH (da ta  hot shown) .  A c t  i v i t y  of H g - r e d u c t a s e  of 
A. ~~ecaLLs (DR z ) i n c r e a s e d  wi th  i n c r e a s i n  8 concen t r a t i on  of 
B-ME unt i l  the  concen t ra t ion  r e a c h e d  2 mM, but the  a c t i v i t y  
was n e i t h e r  enhanced nor  i n h i b i t e d  wi th  f u r t h e r  i n c r e a s e  in 
the  concen t ra t ion  of t h i o l s .  Both c y s t e i n e  and Na-TG had  
maximum s t i m u l a t o r y  e f fec t  at  i mM concen t ra t ion  on H g - r e d u c -  
tase  of S. dysenteriae (AR l ) and E. co~/ (ACR2) r e s p e c t i v e l y  
and the  s t i m u l a t o r y  e f fec t  was g r a d u a l l y  i n h i b i t e d  wi th  
inc reas ing  concen t ra t ions  of t h e s e  t h i o l s .  
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CONC. OF THIOL COMPDS (mM) 
E f �8  of d i f f e r e n t  uoncen t ra t i on  

of t h � 9  compounds  on the  s p e c i f i c  a c t i v i t y  
of H g - r e d u c t a s e  i s o l a t e d  f rom A. f a e c a l i s  
( D R 1 ) ,  B. p a s t e u r i i  (DRz), S.  d y s e n t e r i a e  
(ARI)  and E. c0 i i  (ACR 2) 

T a b l e  2 shows  the  e f f e c t  of NEM on the  s p e c i f i c  a c t i v i t y  of 
H g - r e d u c t a s e  of B. p ~ t e u ~ i  (DRu). The  � 9  e f f e c t  
was not s i g n i f i c a n t  a t  0 .5  mM c o n c e n t r a t i o n ,  but  was r e m a r k a b l y  
enhanced  a t  s u c c e s s i v e l y  h i 8 h e r  c o n c e n t r a t i o n  i n d i c a t i n g  t h a t  
t he  -SH compounds  may be  n e e d e d  to k e e p  some e s s e n t i a l  p r o t e i n  
-bound  -SH group  in the  r e d u c e d  s t a t e  (Brown r a[ .  1983; 
Fox and Walsh 1983).  A r e q u i r e m e n t  of l a r g e  mola r  e x c e s s  
of -SH compounds  i n d i c a t e s  t h a t  t he  t rue  s u b s t r a t e  fo r  Hg- 
- r e d u c t a s e  i s  not  Hg +z but  i t s  t h i o i  or  d i t h i o l  a d d u c t s  (Summers  
and Silver 1978). 

T a b l e  2. E f f ec t  of N - e t h y l m a l e i m i d e  on s p e c i f i c  a c t i v � 8  of 
H g - r e d u c t a s e  f rom B. pasteur~i (DR2) 

D i f f œ  c o n c e n t r a t i o n s  
of NEM used  

S p e c i f i c  a c t i v i t y  Relation 
i n h i b i t i o n  

0 0.214 0 

0 ,5  mM 0.209 2.7% 

2 mM 0.088 58.8% 

4 mM 0.022 89.0% 
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T a b l e  3. S y n e P g i s t i c  e f f e c t  of -SH cempounds  and FAD on 
s p e c i � 9  a c t i v i t y  of H g - r e d u c t a s e s  i s o l a t e d  frein d i f f e r e n t  Hg- 
- r e s i s t a n t  b a c t e r i a  

Bacter ia l  s t ra in  Without any With -SH compounds 
~SH compound 

Na-TG 6-ME Cys GSH 
+ 

+ + + + 
FAD 

FAD FAD FAD FAD 

K lebs ie l l a  pneumoniae (KR 2) 

Streptococcus faeca i is  (MR 1) 

Micrococcus roseus (MR 3) 

A1ca[igenes faeca l i s  (DR|) 

8ac i l l us  pas teur i i  (DR 2) 

Proteus m i rab i l i s  (GR 3) 

Planococcus c i t reus (GR 5) 

Sh ige l la  dysente™ (AR 1) 

Acinetobacter sp. (AR 2) 

Salmonella sp. (ACR I) 

Pseudomonas aureofaciens (ACR 3) 

Escherichia c o l i  (ACR 2) 

Ci t robacter  sp. (ACR 5) 

Paracoccus sp. (ACR 6) 

0.058 0.071 0.079 0.079 0.089 

0.050 0.059 0.063 0.071 0.~78 

0.012 0.019 0.018 0.017 0.019 

0.048 0.069 0.094 0.055 0.052 

0.146 0.210 0.197 0.180 0.225 

0.017 0.020 0.033 0.041 0.043 

0.048 0.056 0.054 0.067 0.081 

0.036 0.046 0.057 0.067 0.065 

0.033 0.058 0.061 0.085 0.103 

0.015 0.031 0.019 0.033 0.017 

0.021 0.030 0.032 0.026 0.033 

0.019 0.030 0.024 0.028 0.027 

0.036 0.051 0.053 0.059 0.069 

0.034 0.049 0.046 0.039 0.052 

Abbreviat ions used - Na-TG : N a - t h i o g l y c o l l a t e ;  

Cys : Cysteine; GSH : Gtutathione. 
~-ME : B-mercaptoethanol; 

The e f f e c t  of FAD on H 8 - r e d u c t a s e  a c t i v i t y  i s  shown in T a b l e  3. 
A d d i t i o n  of FAD c a u s e d  h i g h e r  s t i m u l a t i o n  in  a l m o s t  a i l  c a s e s .  
FAD, in  the  a b s e n c e  of any  -SH compound in t he  a s s a y  m i x t u r e ,  
a l s o  enhanced  the  a c t i v i t y .  The e � 9  of FAD a p p e a r e d  te  
be more p ronounced  when used  t o g e t h e r  w i t h  a -SH compound .  
FMN and r i b o f l a v i n  s h e w e d  n e i t h e r  s t i m u l a t o r y  n e r  i n h i b i t e r y  
e f f e c t  of Hg +2 - d e p e n d e n t  NADPH o x i d a t i o n  ( d a t a  ne t  shown)  
when i t  was s t u d i e d  w i th  0-504 (NH~)2SO ~ p r e c i p i t a t e d  c e l l -  
- f r e e  e x t r a c t s .  H o w e v e r ,  t he  o x i d a t i o n  was s t i m u l a t e d  in  a l l  
c a s e s  when the  c r u d e  e x t r a c t s  [ w i t h o u t  any  (NH , )  ~ s e  4 cut ]  
was p r e i n c u b a t e d  w i t h  2 pM of FMN �9 5 rein p r i e r  te  t h e  
a d d i t i o n  of HgC12. Th i s  may be due te t h e  p r e s e n c e  of a n o t h e r  
enzyme ,  namely  F A D - p y r o p h o s p h o r y l a s e  in  t he  c r u d e  e x t r a c t  +2 
w h i c h  c o n v e r t s  FMN te FAD in t he  p r e s e n c e  of ATP and Mg 
(Methods  in  E n z y m o l o g y ,  Vol .  X-VIII). But i f  FMN i s  a d d e d  
te t he  c r u d e - e x t r a c t  a long w i t h  HgCI2, no enhancement  of Hg +2-  
- r e d u c i n g  a c t i v i t y  occu r s  i n d i c a t i n g  i n h i b i t i o n  of F A D - p y r o -  
p h o s p h o r y l a s e .  Th i s  s t i m u l a t i o n  of H g - r e d u c t a s e  a c t i v i t y  w i t h  
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FMN does  not occur  in the  c e l l - f r e e  e x t r a c t  o b t a i n e d  af t e r  
( N H ~ ) a  SO~ p r e c i p i t a t i o n ,  sugges t ing  the  e l i m i n a t i o n  of FAD- 
- p y r o p h o s p h o r y l a s e  a c t � 8  

Data in T a b l e  4 i n d i c a t e  the  e f f e c t  of -SH compounds  and 
FAD on o r g a n o m e r c u r i a l  l y a s e s  i s o l a t e d  f rom B.pctsteuytii  (DR 2) and 
A~ ~a` (DR 1 ) .  L y a s e s  i s o l a t e d  frein B. pas$r  (DR 2) 
showed  the  h i g h e s t  s p e c i f i c  a c t i v i t y  wi th  GSH w h e r e a s  t h a t  
i s o l a t e d  f rom A. ~ a e c a ~ s  ( D R ~ )  had  h i g h e s t  s p e c i f i c  a c t i v i t y  
w � 8  B-ME. In b o t h  i n s t a n c e s ,  a d d i t i o n  of FAD to t he  a s s a y  
m i x t u r e  enhanced  s p e c i f i c  a c t i v i t y  of t h i s  enzyme .  Next  to 
GSH, c y s t e i n e  was the  most  e f f e c t i v e  s t i m u l a t o r  of the  l y a s e s  
a l t hough  i t  h a d  the  minimal  s t i m u l a t o r y  e f f e c t  on H g - r e d u c t a s e  
frein B.pa~tr  (DR 2) (Tab l e  1 ) .  

The p r e s e n t  s t u d y  i n d i c a t e s  t h a t  b o t h  H g - r e d u c t a s e  and o r g a n e -  
m e r c u r i a l  l y a s e  f rom v a r i o u s  H g - r e s � 8  a q u a t � 8  b a c t e r i a  
r e q u i r e  exogenous  t h � 8  compounds  for  opt imum enzyme  a c t i v i t y .  
Th io l  s p e c i f i c i t y  of H g - r e d u c t a s e  and o r g a n o m e r c u r � 8  l y a s e  
i s o l a t e d  f rom d i f f e r e n t  b a c t e r i a l  s t r a i n s  i s  d i f f e r e n t  fo r  
d i f f e r e n t  t h i o l  compounds ,  i n d i c a t i n g  s y n t h e s i s  of d i s s i m i l a r  
enzymes  b y  d i f f e r e n t  b a c t e r i a .  
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