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ABSTRACT

We propose the use of Desulfovibrio desidfuricans N D 132 as a model species for 
understanding the mechanism of microbial Hg methylation. Strain ND132 is an anaerobic 
dissimilatory sulfate-reducing bacterium (DSRB), isolated from estuarine mid- 
Chesapeake Bay sediments. It was chosen for study because of its exceptionally high 
rates of Hg methylation in culture and its metabolic similarity to the lost strain D. 
desulfuricans LS, the only organism for which methylation pathways have been partially 
defined. Strain ND132 is an incomplete oxidizer of short-chain fatty acids. It is capable 
of respiratory growth using fumarate as an electron acceptor, supporting growth without 
sulfide production. We used enriched stable Hg isotopes to show that ND 132 
simultaneously produces and degrades methylmercury (MeHg) during growth but does 
not produce elemental Hg. MeHg produced by cells is mainly excreted, and no MeHg is 
produced in spent medium. Mass balances for Hg and MeHg during the growth of 
cultures, including the distribution between filterable and particulate phases, illustrate 
how medium chemistry and growth phase dramatically affect Hg solubility and 
availability for methylation. The available information on Hg methylation among strains 
in the genus Desulfovibrio is summarized, and we present methylation rates for several 
previously untested species. About 50% of Desulfovibrio strains tested to date have the 
ability to produce MeHg. Importantly, the ability to produce MeHg is constitutive and 
does not confer Hg resistance. A 16S rRNA-based alignment of the genus Desulfovibrio 
allows the very preliminary assessment that there may be some evolutionary basis for the 
ability to produce MeHg within this genus.
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ABSTRACT

Desulfovibrio desulfuricans strain ND 132 is an anaerobic sulfate-reducing bacterium 
(SRB) capable of producing methylmercury (MeHg), a potent human neurotoxin. The 
mechanism of methylation by this and other organisms is unknown. We present the 3.8- 
Mb genome sequence to provide further insight into microbial mercury methylation.
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ABSTRACT

Methylmercury is a potent neurotoxin produced in natural environments from inorganic 
mercury by anaerobic bacteria. However, until now the genes and proteins involved have 
remained unidentified. Here, we report a two-gene cluster, hgcA and hgcB, required for 
mercury methylation by Desulfovibrio desulfuricans ND132 and Geobacter 
sulfurreducens PCA. In either bacterium, deletion of hgcA, hgcB, or both genes abolishes 
mercury methylation. The genes encode a putative corrinoid protein, HgcA, and a 2[4Fe- 
4S] ferredoxin, HgcB, consistent with roles as a methyl carrier and an electron donor 
required for corrinoid cofactor reduction, respectively. Among bacteria and archaea with 
sequenced genomes, gene orthologs are present in confirmed methylators but absent in 
nonmethylators, suggesting a common mercury methylation pathway in all methylating 
bacteria and archaea sequenced to date.
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Abstract (245 w ord s -  250 w o rd s  max)

M eth y lm erc u ry  is a p o t e n t  neu ro toxin  p ro d u c ed  by microorgan isms .  However ,  t h e  b iochemical

m e c h a n i s m  by which an a e ro b ic  m icroorgani sms  co n v e r t  inorganic merc u ry  t o  m e th y lm e rc u ry

w a s  u n k n o w n  until recent ly,  w h e n  it was  s h o w n  t h a t  a tw o - g e n e  clus ter ,  consist ing  of  hgcA and

hgcB, e n c o d e s  t h e  p ro te ins  re sponsible .  hgcA e n c o d e s  a corrinoid p ro te in  wi th a strictly

co n se rv ed  cys te ine  p ro p o s e d  to  be  a ligand for  t h e  cobal t  in t h e  corrinoid cofactor .  hgcB

e n c o d e s  a fer redoxin-l ike prote in  t h o u g h t  t o  be  an e l ec t ro n  d o n o r  to  HgcA. W h e n  e i t h e r  of

t h e s e  g e n e s  w as  d e l e t e d  in t h e  m et hy la t ing  b ac te r iu m  Desulfovibrio desulfuricans ND132,

m ercu ry  me thy la t ion  w a s  e l iminated .  Addi tional  m u ta t io n  s t r a t eg ie s  w e r e  used t o  d e t e r m i n e

a m in o  acid re s idues  o r  regions  in HgcA and  HgcB essent ia l  for  t h e  m erc u ry  m et hy la t ion  react ion

and  to  t e s t  pred ic t ions  of  func t ion der ived f r om  s t ruc tu ra l  model ing.  M u ta t io n s  of  t h e

co n se rv ed  cys te ine-93,  t h e  p ro p o s e d  ligand for  t h e  corrinoid  cobalt ,  co m p le te ly  ob l i te ra ted

m ethy la t ion  capaci ty.  O t h e r  n e a rb y  co n se rv ed  a m in o  acids, w h e n  m u t a t e d ,  had differing

effec ts  on m et hy la t ion  capaci ty  bu t  s h o w e d  t h a t  t h e  s t ru c tu re  of  t h e  ' cap  helix'  region

har bo r ing cys te ine-93 is m o re  i m p o r t a n t  t h a n  t h e  che m is t ry  conve yed  by t h e  par t icular  am ino

acid res idues .  In t h e  fer redoxin-l ike pro te in  HgcB, vicinal cy s te ines  a t  t h e  C- terminus  ar e  highly

conse rv ed .  Only o n e  of  t w o  cys te ines  w a s  fo und  to  be neces sa ry  for  meth y la t ion,  bu t  e i t h e r

will suffice. This s t u d y  s u p p o r t s  t h e  previously p redic ted  i m p o r t an ce  of  cys te ine-93 for

m e thy la t ion  and  a d d s  n e w  in fo rmat ion  a b o u t  t h e  en zymes ,  reveal ing key re s idue s  of  HgcA and

HgcB t h a t  faci li tate met hy la t ion  of  m e rc u ry  t h ro u g h  catalysis or  s t ructura l  m a in t en a n c e .
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Introduction

M eth y lm erc u ry  (MeHg),  a neuro to x in  p r e s e n t  in t h e  en v i r o n m e n t ,  r e p r e s e n t s  a 

significant risk t o  h u m a n  hea l th  in m an y  regions  of t h e  wor ld  (1). Currently  only  an a e ro b ic  

m ic ro bes  ar e  know n to  p ro d u c e  MeHg biotically (2), p r e d o m in a n t ly  in s e d i m e n t s  of  aqu a t ic  

en v i ro n m e n ts .  Sources  of  t h e  merc u ry  (Hg(ll)) s u b s t r a t e  f r om  which MeHg is der ived are  

n u m e r o u s  and  include natu ra l  as  well as  an th ro p o g e n ic  sou rc es  (3, 4). In 2013,  recognizing 

t h a t  Hg and,  th e r e f o r e ,  MeHg in t h e  global e n v i r o n m e n t  re ma in  a growing p rob lem ,  count r i e s  

f rom  across  t h e  g lobe m e t  t o  sign t h e  M in am a ta  Conven t ion  to  limit a n t h ro p o g e n ic  merc u ry  

emiss ions .

(h t tp : / /w w w .m e r c u rv c o n v e n t io n .o rg /N e w s /G lo b a lT re a tv o n M e r c u r v P o l lu t i o n G e t sB o o s t f ro m / t a  

b id /3 5 2 4 /D efa u l t . a s p x ) This in ternat iona l  a t t e n t i o n  conf i rms  t h a t  Hg and  MeHg in t h e  

e n v i r o n m e n t  r e p r e s e n t  an  urgent ,  p ro m i n e n t  h u m a n  hea l th  p ro b lem  t h a t  m u s t  be  ad d re s s ed .

On ce MeHg has  b e e n  p ro d u c e d  by s e d i m e n t  microorgani sms ,  it a c c u m u l a t e s  in t h e  

aqua t i c  food chain,  b e com ing  c o n c e n t r a t e d  in t o p  p r e d a t o r s  (5). MeHg ex p o s u r e  t o  h u m a n s  

resul ts  f rom ea t i ng  t h e  t o p  p r e d a t o r s  of  mar i ne  food we bs ,  such as  shark,  a lbaco re  tu n a ,  and 

eel  t h a t  a r e  widely  c o n s u m e d  by pe o p le  of  all de m o g ra p h ic s .  Once in t h e  body,  MeHg passes  

t h ro u g h  t h e  intes tina l  ep i thel ium,  usual ly com plexed  wi th thiol g ro u p s  in p ro te ins  (6). 

Eventually MeHg bui ldup in h u m a n s  can lead to  n e u r o p a t h i e s  in t h e  adul t  an d  d e v e lo p m e n ta l  

d i so rd er s  in chi ldren ex p o se d  in utero  (3).

Anaerob ic  6 -p r o te o b ac te r i a  a r e  t h o u g h t  t o  be  t h e  m a jo r  co n t r ib u to r s  t o  MeHg fo und  in

t h e  e n v i r o n m e n t  (7-9), a l though  t h e  po ten t i a l  con tr ibut ion  of m e t h a n o g e n s  has  recen t ly  b ee n

di scovered (9, 10). In 2013,  Parks e t  al. (11) s h o w e d  t h a t  t h e  p ro te i ns  e n c o d e d  by t h e  g en e s
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hgcA a n d  hgcB a r e  essent ia l  for  t h e  conve rs ion of  Hg(ll) t o  M eH g+. The Parks e t  al. s tu d y  w a s  

s t im u la te d  by t h e  descr ip t ion of  Bartha and  col leagues  (12-14) of  a 40-kD corrinoid prote in  

impl ica ted in m et hyl a t ion of Hg(ll) in prote in  ex t ra c t s  of  Desulfovibrio desulfuricans LS, a s train 

t h a t  w a s  s u b s e q u e n t l y  lost. Hg(ll) me thy la t ion  w as  t h o u g h t  t o  involve t h e  reduct ive  acetyl-CoA 

p a t h w a y  and  p e r h a p s  t h e  corrinoid  pro te in  t h e re in  (13 ,15 ) .  With this  info rmat ion  as a s tar t ing  

point ,  a long wi th  t h e  g e n o m e  s e q u e n c e s  of  a small  n u m b e r  of  bac ter ia  known to  m e th y la te  

Hg(ll), t h e  a m in o  acid s e q u e n c e  of  t h e  corrinoid  iron sul fur pro te in  (CFeSP) f r o m  t h e  reduct ive  

acetyl-CoA p a t h w a y  o f  Carboxydothermus hydrogenoformans  Z-2901 ( 1 6 ,1 7 )  w a s  used to  

s ea rch  t h e  p ro te i ns  p redic ted  f rom  t h e  g e n o m e s  of  know n Hg(ll) m et hyl a t or s .  By co m par ing  

s e q u e n c e s  of Hg(ll) me thy la t ing  and  n o n -m ethy la t ing  bacter ia ,  t h e s e  r e s e a rc h e r s  ident if ied a 

g e n e  conse rv ed  in all m et hy la t o rs ,  a b s e n t  in n o n -m ethy la to rs ,  t h a t  a p p e a r e d  t o  e n c o d e  a 

corrinoid  p rote in  of  t h e  a p p r o x im a te  size of  t h a t  r e p o r t e d  by Choi and  Bar tha  in 1993.  This 

g e n e  w a s  su b s e q u e n t ly  s h o w n  by m uta t io na l  s tud ie s  in Desulfovibrio desulfuricans ND132 

(ND132) and Geobacter sulfurreducens PCA to  be essen t ia l  for  Hg(ll) me thy la t ion  and  was  

d e s ig n a te d  hgcA (11).

Im m ed ia te ly  d o w n s t r e a m  (14 bp) f r om  hgcA in t h e  ND132 g e n o m e  t h e r e  is a p redic ted  

g e n e  en co d in g  a fer redoxin-l ike prote in  t h a t  w a s  also s h o w n  t o  be  essen t ia l  for  Hg(ll) 

me thy la t ion  (11). Th erefo re ,  this  g e n e  w as  n a m e d  hgcB. It w as  hypo thes ized t h a t  t h e  tw o  

gene s ,  essent ia l  for  m et hyl a t ion and occurr ing in close proximity in t h e  g e n o m e ,  p ro duce  

p ro te ins  t h a t  likely w o rk  t o g e t h e r  in t h e  Hg(ll) met hy la t ion  react ion.
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Both hgcA and  hgcB h o m o l o g u e s  have since b e e n  ident if ied in o t h e r  o rg an ism s  of 

d iverse  origins and en v i ro n m e n ts .  All m ic ro be s  assayed  t h u s  far  t h a t  have hgcA an d  hgcB 

m e th y la t e  Hg(ll). All m ic robes  as sayed  t h a t  lack h o m o lo g u e s  of  hgcA and hgcB have  b ee n  

s h o w n  to  be  unab le  to  m e th y la t e  Hg(ll)(18).

Al though initial w ork  has  ident if ied g e n e s  essent ia l  for  Hg(ll) methy la t ion,  p ro o f  is 

lacking t h a t  t h e  b ioinformat ics  and  mod el ing  predic t ions  of  t h e  critical re s idue s  involved in t h e  

m e thy la t ion  react ion a r e  correc t .  The s t ru c tu re  of  CFeSP, a t w o  subun i t  co m p le x  of CfsA and 

CfsB, f r om  C. hydrogenoformans  (CFeSPch) t h a t  w a s  used for  ident if icat ion of  HgcA, w a s  initially 

d e t e r m i n e d  by Svet li tchnaia et .al .  (17). The large s ubun i t  o f  CFeSPch, CfsA conta in ing t h e  

corrinoid  cofactor ,  has  several  f e a t u r e s  no t  s ha red  wi th HgcA. CfsA has  t h r e e  dom ains ,  an  N- 

t erm inal  d o m a in  binding a single [4Fe-4S] ce n te r ,  a ((3a)8- barrel  in a middle d o m ain ,  and  a C- 

t erm inal  d o m a in  t h a t  binds  t h e  corrinoid 5,6- d im et hylbenz im idazo lyl cobam ide in a "base-off"  

conf igura t ion.  The smal ler ,  single d o m a in  s ubun i t  of  CFeSPch, CfsB, folds as  a ((3a)8- barrel  and 

in t eracts  with t h e  u p p e r  face ( the  face  t h a t  receives  and  d o n a t e s  t h e  methyl  group)  o f  t h e  

corrinoid  co fac to r  while t h e  C-terminal  d o m a in  of  t h e  CfsA prov ides  t h e  a-hel ix in terac t ing  on 

t h e  lower  face,  t h e  so called 'cap-helix' .

The hom ology  d e t e c t e d  b e t w e e n  CfsA and HgcA occurs  only wi th t h e  C-terminal  d o m a in  

of CfsA and t h e  N-terminal  region of  HgcA. This HgcA d o m a in  is p red ic ted  t o  bind t h e  corrinoid 

in a 'base-off '  s t a t e  and has  a cap-hel ix  in t h e  ap p r o p r i a t e  pos it ion to  in terac t  wi th t h e  

corrinoid.  HgcA has  a s ec ond  d o m a in  conta in ing pr ed ic ted  t r a n s m e m b r a n e  regions  a t  its C- 

t e r m i n u s  t h a t  has  no hom ology  to  any  f e a t u r e s  of  CFeSPch- The in teract ion of CfsA and CfsB
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subun i t s  of  CFeSPch on e i th e r  side o f  t h e  corrinoid has  b e e n  p ro p o s e d  to  stabil ize t h e  Co(l) s t a t e  

of  t h e  cofactor .  For catalytic func t ion of  CFeSPch, t h e  Cob( l )amide co fac to r  receives  a methyl  

g r o u p  as  a ca rb oca t i on  f r om  m e th y l t e t r a h y d r o f o l a t e  via a m e th y l t r a n s fe ra s e  (MeTr) to  p ro d u ce  

methylcob( l l l )amide.  Similar catalytic f e a t u r e s  have b e e n  sugges ted  for  HgcA (Zhou e t  al.

2014).  However ,  s u b s e q u e n t  t r a n s f e r  of  t h e  methyl  g ro u p  f r om  HgcA to  Hg(ll) as  a ca rb an ion  

wou ld  formally  oxidize t h e  cobal t  of  t h e  co fac to r  t o  Co (III) . For co n t in u ed  ca talytic function,  

t h e  Co (III) corr inoid  would  n ee d  to  be r e d u ce d  by t w o  e lec t ro n s  t o  Co(l) corrinoid,  a react ion 

ap p a re n t l y  no t  m e d i a t e d  by reduct ive  ac t iva tor s  of  corrinoid e n z y m e s  (RACE prote ins)(19,  20) 

b u t  possibly m e d i a t e d  by t h e  fer redoxin- l ike HgcB.

As s t a t ed ,  HgcA con ta ins  an  a p p a r e n t l y  soluble  d o m a in  p ro p o s e d  to  include t h e  site of  

t h e  m et hyl a t ion reac t ion  an d  a t r a n s m e m b r a n e  d o m a in  of  cur ren t ly  u n k n o w n  funct ion.  Of 

possibly critical i m p o r t an ce  for  t h e  m et hyl a t ion  of t h e  p r e s u m e d  posit ively ch a rg ed  mercur ic  

ion is t h e  cys te ine  (Cys93) in t h e  lower  axial posi t ion of  t h e  cap-hel ix of  HgcA, co r re sp o n d in g  to  

t h e  t h r e o n i n e  (Thr374) in t h e  CFeSPch used for  model ing.  This Cys93 in HgcA is unique  a m o n g  

corrinoid  prote ins ,  as  t h e  va s t  major i ty  of  CFeSPs have an a m in o  acid res idue  o t h e r  t h a n  

cys te ine  a t  this  pos it ion  facil itat ing d i s p l ace m e n t  of  t h e  d imeth y lb enzi m idazo le  ligand f rom 

cobal t  (21, 22). This cys te ine  is highly co n se rv ed  a m o n g  all HgcA p ro te in s  ident if ied in Hg(ll) 

m e th y la to r s  ( l l ) (F ig . l ) .  The hypo thes ized t r an s f e r  of a methyl  c a rb an ion  to  Hg(ll) f rom 

m e thy lcoba lam in  (Zhou et .al .  2014) m ay  be faci li tated by a Cys93 cys te ine  t h i o la te  coord ina t ion 

t o  t h e  Co(lll) (23).
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In addi t ion  to  t h e  tw o  moti fs  for  FeS c e n t e r s  in HgcB, this  fer redoxin-l ike p ro te i n  has  

t w o  highly co n se rv ed  vicinal cys te ines  a t  t h e  e x t r e m e  C-terminus  t h a t  could serve  an y of 

severa l  d i f fe ren t  roles,  such as  t h e  redu ct ion  o f  HgcA, t h e  del ivery of Hg(ll) t o  HgcA, t h e  

m a i n t e n a n c e  of s t ru c tu re  o r  al low p ro te in -p ro te in  in terac t ions ,  or  have no specific b iochemical 

funct ion.  Th ere  is a n o t h e r  co n se rv ed  single cys te ine  (Cys73) in HgcB, also no t  par t  of  e i t h e r  FeS 

cen te r ,  t h a t  could possibly be involved in redo x ch emis t ry  o r  even  Hg(ll) binding.  O ur  initial 

m u t a n t  analysis of  t h e s e  re s idues  prov ides  ev iden ce  t h a t  several  of  t h e s e  cys te ines  a re  critical 

for  m ercu ry  methyla t ion.  Also ex p e c t ed  t o  be neces sa ry  for  t h e  m et hy la t ion  p rocess  are  

p ro te ins  for  t rans fer r ing  a methyl  g ro u p  to  HgcA and  for  co fac to r  loading into HgcA. However ,  

g e n e s  wi th t h o s e  func t ions  a r e  a p p a r e n t ly  no t  un ique  to  t h e  g e n o m e s  of  met hy la t ing  microbes .

W e  ch o s e  t h e  know n m e th y la to r  ND132 (ND132) (24) t o  e x a m in e  t h e  cons e rv ed  

re s id ues  and a p p a r e n t  s t ructu ra l  pred ic t ions  for  HgcA an d  HgcB since ND132 has  b e e n  s how n  

t o  be  genetical ly  access ib le and  a de le t ion  m u t a n t  lacking hcgAB has  b e e n  g e n e r a t e d  (11). 

Resul ts  f r o m  m u t a t io n s  in key regions  of  HgcA and HgcB t h a t  af fec t  Hg(ll) met hy la t ion  ar e  

r e p o r t e d  and discussed.

As ye t  t h e r e  is no crystal s t ru c tu re  of  HgcA. The hypothes ized  corrinoid  b inding d o m a in  

s t ru c tu re  is f rom  a t h r e a d in g  e x p e r i m e n t  ba sed on t h e  crystal s t ru c tu re  of  C. hydrogenoformans 

Z-2901 CFeSP wi th t h e  p rote in  s e q u e n c e  d e d u c e d  f r o m  t h e  hgcA g e n e  o f  ND132 (11). Whi le w e  

can s t a t e  definit ively t h a t  t h e  m u t a t io n s  w e  have  in t roduced have a l t er ed  t h e  func t ions  of  Hg(ll) 

methy la t ion ,  f u tu re  s tud ie s  will be  n e e d e d  to  d e t e r m i n e  w h e t h e r  t h e s e  m u ta t io n s  a l t er  t h e  

catalytic capac i ty  only, o r  also co m p r o m i s e  t h e  s t ru c tu re  of t h e  protein .
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M aterials and M ethods

Reagents and Chemicals

All chemica ls  used w e r e  analyt ical  g ra d e  an d  f rom  e i th e r  Sigma (St. Louis, MO) o r  Fisher 

Scientific (Pit tsburgh,  PA) unless  o th e rw is e  s t a t ed .

Bacteria, culture media, g row th  conditions and antib iotics

All bac ter ia  and  plasmids  used in this  w or k a r e  listed in s u p p le m e n ta l  Tables  S I  and S2. Media 

compo s i t ions ,  cell g ro w th ,  m ercu ry  ex p o s u r e  for  me thy la t ion  assays  and DNA m an ipu la t ions  for 

m u t a g e n e s i s  w e r e  p e r fo rm ed  as  previously des c r ibed  (11). For s t a n d a r d  cul tur ing o r  for  

m e thy la t ion  assays  o u r  basal  sal ts  m e d iu m  with 0.1% (wt /vol) y e a s t  ex t ra c t  (MOY salts;  Zane e t  

al., 2010) co n ta in e d  60 mM lac ta te  and 40 mM sulfa te  (MOYLS4) o r  40 mM pyruvate  and 40 

mM f u m a r a t e  (MOYPF) as ca rb o n  and e l ec t ro n  sources ,  respect ively.  ND132 and Desulfovibrio  

vulgaris Hi ldenboroug h (ATCC 29579)  (DvH) w e r e  a lways cu l tu red  anaerobical ly .  Escherichia 

coli w a s  g ro w n  aerobically  for  cloning p u r p o s e s  (25) o r  anaerob ica l ly  for  Hg(ll) e x p o s u re  

ex p e r im en t s .  Ant ibiotic re s is tance  g e n e s  em p lo y ed  for  se lec t ion w e r e  t h e  following: kanamycin  

(KnR, npt), spec t i no m yc in  (SpR, aadA) an d  ampicillin (ApR, bla). For se lec t ion in E. coli all 

ant ib io tics  w e r e  used a t  a c o n c en t r a t i o n  of 100 pg/ml;  w h e rea s ,  ND132 w as  d e t e r m i n e d  to  be 

sens it ive  to  Kn, Sp and Ap a t  400  pg /ml ,  200 pg/ml,  100 pg/ml ,  respect ively.  KnR and  SpR DvH 

w e r e  se lec ted  wi th 400  pg G418 (a kanamyc in  analog) and  200 pg spec t i nom yci n/ m l .

Site-directed m utation  construction

11



All p r im ers  utilized and c o n s t ru c te d  for  th is  s tu d y  a r e  listed in s u p p le m e n ta l  Table S3. For si te- 

d i r ec ted  m u ta t io n s  in hgcA and  hgcB, all p lasmids  w e r e  co n s t ru c te d  t o  e n s u r e  t h a t  co rrec t  

read ing  f r am e  w a s  co nse rv ed  w h e n  in teg ra te d  into t h e  ND132 c h r o m o s o m e .  Plasmid 

p M 0 4 6 6 1  (Fig. 2; Table SI) w a s  used as  a t e m p l a t e  for  all hgcA and hgcB m u ta t io ns .  This 

plasmid,  a suicide (non-repl icat ing)  p lasmid in ND132,  includes,  5 ' -3' ,  a 731-bp DNA region 

u p s t r e a m  of  t h e  p red ic ted  GTG s ta r t  c o d o n  of  hgcA, hgcA and  hgcB , a g e n e  confe rr ing SpR, and 

7 62-b p  DNA region d o w n s t r e a m  of  hgcB TAG s top  c o d o n  fol lowed by an  A pR g e n e  and  a pUC 

origin of  replicat ion.  Th ree  PCR ampl icon s  w e re  g e n e r a t e d  f rom  p M 0 4 6 6 1  t o  ampl i fy t h e  

p lasmid in t h r e e  s e p a r a t e  p ieces  (green  pr imers  and red p r im ers  in Fig. 2). Point  m u t a t io n s  in 

hgcA or  hgcB w e r e  in t ro duce d  via PCR with p r im ers  de s igned to  ch a n g e  t h e  am in o  acid c o d o n s  

des i re d  (red pr im er s  Fig. 2). With t h e  t h r e e  p ieces  r e a s s e m b le d  in E.coli by SLIC (26), t h e  n ew  

plasmid con ta in e d  t h e  des i red  point  m u ta t io n  t h a t  w as  con f i rmed by s eq u e n c in g  bot h  s t r an d s  

con ta in ing  t h e  in t ro duce d  mutat ion( s)  and t h e  h o m o lo g o u s  flanking regions.  Select ion in E.coli 

w a s  wi th SpRand  ApR. W h e n  this suicide p lasmid w a s  in t ro duce d  into JWN1001,  t h e  ND132 

hgcAB de le t ion  s train conta in ing KnR in place of  t h e  t w o  gen es ,  se lec t ion for SpR acquisi t ion  

a l lowed t h e  ident if icat ion of  d o u b le  h o m o lo g o u s  re co m b in a t io n  e v e n t s  w h e r e  t h e  KnR c a s s e t t e  

of  JW N100 1 w as  replaced wi th t h e  m u t a t e d  hgcA or  hgcB and t h e  SpR marker .  The re su l t an t  

ND132 r e c o m b in a n t  cells w e r e  s c r e e n e d  for  SpR and Aps.

HgcA truncations

For t h e  C-terminal  t r u n ca t io n  of  HgcA, o n ce  again  p M 0 4 6 6 1  w a s  used as  t h e  t e m p l a t e .

Pr imers  w e re  des igned  to  e i t h e r  d e l e t e  t h e  C-terminal  d o m a in  of HgcA a f t e r  am in o  acid 166
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(Fig. 3A) o r  t o  m u t a t e  GAA of  G l u l 8 7  to  t h e  n o n - s e n se  m u ta t io n  TAA STOP-187 (Fig. 3B).

M u t a n t  c ons t ru c ts  w e r e  verif ied by s eq u e n c in g  on bo th  s t rands .

ND132 electroporations

Elec t ro porat ions  and  se lec t ion of  r e c o m b i n a n t  ND132 colonies  w e r e  p e r f o r m ed  as  previously 

desc r ibed (11).

Heterologous expression o f  hgcA and  hgcB in DvH and  E. coli.

To d e t e r m i n e  w h e t h e r  hgcA and hgcB provide t h e  only g e n e  func t ions  requ ired  for  Hg(ll) 

methy la t ion ,  t h e  t w o  g e n e s  w e r e  in t ro duce d  into t h e  n o n - m ethy la t ing  s t ra ins  DvH and E. coli 

Silver cells. The p a r e n t  s t ra ins  and  th e i r  der ivat ives,  DvH(pMO4602) and E. coli 

Silver(pMO4602),  ha rbor ing  t h e  s tab le  plasmid pM O 4 6 0 2  he te ro logously  express ing ND132 

hgcA a n d  hgcB w e r e  t e s t e d  for  the i r  capac i ty  t o  m e th y la t e  Hg(ll). H e te ro logous  express ion  of 

hgcA an d  hgcB w a s  verif ied by RT-PCR as  previously des c r ibed  (11). DvH and  E.coli der ivat ives  

con ta in ing  hgcA an d  hgcB g e n e s  w e r e  g ro w n  anaerobica l ly  t o  an OD600 of  ~0.7 a t  34°C in 

MOYLS4 (DvH) o r  MOYPF s u p p l e m e n t e d  wi th g lucose  (1 mM final co n c en t ra t io n )  (E.coli), 

respect ively.  Cells w e r e  t h e n  pel l e ted  and r e s u s p e n d e d  in l m l  TRI-reagent  (Gibco BRL, Life 

Technologies ,  Grand Island, NY) and s to red  a t  -80°C until RNA isolat ion and  RT-PCR analysis.

Alignm ent o f HgcA and HgcB fro m  ND132 and  D. alkaliphilus

S e q u e n c e  a l ignm en ts  w e r e  p e r f o r m ed  by T-Coffee (27) and color c o n v e r t e d  for  publ ica t ion with 

BoxShade (h t t p : / / w w w .c h . e m b n e t . o r g / s o f t w a r e / B O X _ f o r m . h tm l ).

Determ ination o f  the Hg-m ethylation po ten tia l by measurement o f MeHg.
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All ex p o s u re s  o f  bac ter ia  t o  m ercu ry  w e r e  p e r fo rm e d  in a c h a m b e r  (Coy Laborato ry  Products ,  

Grass Lake, Ml) conta in ing a N2:H2 (95:5) ana e ro b ic  a t m o s p h e r e  and  less t h a n  0.5% 0 2 (vol/vol). 

Dele tion m u t a n t s  for  ND132 w e r e  sub -cul tu red  into f resh  m e d i u m  as  ab o v e  (1% vol /vol) and 

g ro w n  until t h e  OD6oo r e ach e d  ~0.5.  These  cu l tu re s  w e r e  t h e n  di luted  t o  an OD6oo ~0 .200 in 

f resh  m ed iu m .  The Hg(ll) e x p o s u r e  w a s  p e r fo rm ed  in tr ipl icate in 2-ml mic rocent r i fuge  t u b e s  

con ta in ing  4 00  pi of  cul tu re  t o  which HgCI2 w a s  a d d e d  (10 ng/ml  final concen t ra t ion ) .  These  

t u b e s  w e r e  incuba te d  in t h e  dar k  for  2 h a t  34°C. The cells w e r e  t h e n  im med ia te ly  acidified 

wi th H N 0 3 (3 N final co n c en t ra t io n )  and d iges ted  a t  r o o m  t e m p e r a t u r e  for  24 h be fo re  analysis.  

Wild- type  ND132 w as  used as  a posit ive m erc u ry  me thy la t ion  control .  N on -m ethy la t ing  

cont rol s  w e re :  heat-ki lled ND132; viable AhgcAB m u t a n t  s train,  JWN10 01  (11); and  steri le 

m e d i u m  as an  abiot ic control .  M u t a n t s  w e r e  also t e s t e d  as  heat-ki lled cul tures.  None  of t h e  

n o n - m ethy la t ing  controls,  JW N100 1 or  abiotic m e d iu m  s h o w e d  m e th y lm e rcu r y  p roduc t ion 

levels ab o v e  e i t h e r  ND132 h e a t  killed control  o r  t h e  d e t e c t io n  limits (see below).

M eth y lm erc u ry  p roduc t ion  w a s  d e t e r m in e d  by Ethylat ion Purge and  Trap Gas 

C h r o m a to g r a p h y  Atomic  F luorescence  S p e c t ro m e t r y  (EPT-GC-AFS) according to  EPA m e t h o d  

1630  {nepis.eoa.aov/Exe/ZvPURL.cai?Dockev=P100IKBQ.TXT). All m an ipu la t ions  w e r e  

p e r f o r m e d  a t  r o o m  t e m p e r a t u r e  in a f u m e  hood.  An a l iquot  (80 pi) of  t h e  acidified sam p le  was  

a d d e d  to  40  ml so d iu m  a c e t a t e  buffer  (1 M acet ic  acid, 1 M so d iu m  a c e t a t e ,  pH 3.9). Hg species  

w e r e  t h e n  e th y la t e d  wi th 50 pi so d ium  t e t r a e t h y l b o r a t e  (1% wt/vol)  an d ex t r a c t ed  f r om  th e  

solut ion into an  a u t o m a t e d  purge  and t r a p  sy s t em  fol lowed by gas  c h r o m a to g r a p h ic  s ep a ra t i o n  

and  quant i f ica t ion by AFS wi th a MERX Hg spec ia t ion  GC and  Pyrolysis M odu le  co up led  to  a 

Mode l  III Cold Vapo r  Atomic Fluorescence  S p e c t r o p h o t o m e t e r .  Data w e r e  in teg ra te d  wi th
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M er cu ry  Guru 4 .1 s o f tw a re  and pea ks  w e r e  quan t i f ied  by co m p ar i so n  wi th a MeHg s t a n d a r d  

curve.  M er cu ry  chlor ide  (HgCI2) an d  m e th y lm e rcu r y  chlor ide (CH3HgCI) w e r e  used for  Hg- 

m e thy la t ion  assays  and  ex terna l  ca librat ion,  respect ively,  and w e r e  all g r e a t e r  t h a n  95% pure .  

The ex p e r im en ta l  d e t e c t io n  limits d e t e r m i n e d  wi th analyt ical  blanks  (n=15) for  each  

exp e r im en ta l  ba t ch  w e re  < 0 .52±0.1  pg/ml .  All e q u i p m e n t ,  r eagen ts ,  s t a n d a r d s  and  so f tw a re  

for  MeHg d e t e c t io n  w e r e  f r om  Brooks Rand Labs, Seatt le,  WA.

Antibody developm ent and western b lo t analysis

A rabb i t  polyclonal an t ib o d y  to  a m in o  acids 18-29 of  HgcA (ep i tope  YLRRDDRVGDLR) was  

d e v e lo p e d  and affinity purified by A naspec  (F remont ,  CA). W e s t e r n  analysis,  including SDS- 

PAGE, pro te in  t r a n s f e r  t o  m e m b r a n e ,  and  im m u n o b lo t t in g  gene ra l ly  fo l lowed t h e  p r o c e d u r e s  of  

Shapiro  e t  al.; Towbin e t  al.; and Bur ne t t  (28-30) wi th deta i l s  and modifica t ions  des c r ibed  as 

follows.  ND132 cu l tu re s  g ro w n  in 200 ml MOYPF a t  on OD6ooof 0.5 w e r e  ce nt r i fuged a t  4 0 0 0  x 

g for  12 min a t  4°C. The cell pel let  w as  r e s u s p e n d e d ,  w a sh e d ,  and ce nt r i fuged again in 50 ml of 

cold 50 mM p o tas s ium  p h o s p h a t e  (KPi) buffer  (pH 7.2) wi th 10 mM di th io thre i to l  (DTT). The 

cell pel let  w a s  t h e n  r e s u s p e n d e d  in 10 ml of  50 mM cold KPi buffer  wi th 10 mM DTT, 1 mM 

pheny lmethy lsu l fony l  f luoride (PMSF), and 100 pi bacterial  p r o t e a s e  inhibitor  cocktail  (Sigma,

St. Louis, MO). The cell su sp en s io n  w a s  pas sed  th ro u g h  a French pre ss  twice  a t  19000  psi. The 

lysate w a s  t h e n  ce n tr i fuged a t  40 0 0  x g for  12 min and  t h e  s u p e r n a t a n t  w as  r eco ve red .  This 

s u p e r n a t a n t  w a s  t h e n  s pun  a t  17000  x g for  15 min a t  4°C and t h e  resul t ing  s u p e r n a t a n t  was  

saved for  pro te in  analysis.  Protein  c o n c e n t r a t i o n s  w e r e  d e t e r m i n e d  by t h e  Bradford m e t h o d  

(31) wi th BSA as a s t a n d a rd .  Precas t  12% (wt /vol)  TGX gels (Bio-Rad, Hercules,  CA) w e r e  used
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to  s e p a r a t e  cellular prote ins .  Protein  ex t ra c t s  w e r e  loaded  o n t o  t h e  gels a t  30 pg p e r  lane in 

d e n a tu r in g  Laemmli loading buffer(32) .  Gels w e r e  run for  90 min a t  100 V a t  r o o m  t e m p e r a t u r e  

(RT) in Tris-Glycine SDS buffer  consis t ing of  25 mM Tris pH 8.3, 0.2 M glycine, and  3.5 mM SDS 

on t h e  Mini-PROTEAN s y s t em  (Bio-Rad). Protein  t r an s f e r  t o  PVDF m e m b r a n e  (Millipore, 

Billerica, MA) w a s  p e r fo rm ed  over n igh t  a t  150 mA in 4°C in t r a n s f e r  buffer  conta in ing 25 mM 

Tris pH 8 . 3 , 1 9 2  mM glycine, and 20% (vol/vol) m e th a n o l .  Af ter  t rans fe r ,  m e m b r a n e s  w e r e  

w a s h e d  briefly wi th Tr is -buffered saline (20 mM Tris and  150 mM NaCI, pH 7.5) wi th 0.2% 

(vol/vol) T w e en  20 (TBST). M e m b r a n e s  w e r e  t h e n  blocked for  1 h in TBST+ 5% (vol/vol) goa t  

s e r u m  (MP Biomedicals,  Santa  Ana, CA) a t  RT. After  blocking, m e m b r a n e s  w e r e  in cu bat ed  wi th 

pr imary  rabbi t  anti-HgcA a t  a di lution of  1 :5000 in TBST+5% (vol/vol) g o a t  s e r u m  for  1 h a t  RT. 

M e m b r a n e s  w e r e  t h e n  w a s h e d  3 t im e s  for  5 min each  in TBST and s u b s e q u e n t l y  incuba te d  for  1 

h a t  RT wi th s e c o n d a ry  g o a t  an t i - ra bbi t  IgG-HRP (Sigma) c o n juga ted  an t ib o d y  a t  a 1 :3000 

dilution in TBST+5% ( v o l /v o l ) g o a t  s e r u m .  After  s e c o n d a r y  an t ib o d y  incubat ion m e m b r a n e s  

w e r e  w a s h e d  t h r e e  t im e s  for  5 min ea ch  in TBST. C h em i lu m in esc en ce  d e t e c t io n  w as  p e r fo rm ed  

wi th P ierce© ECL w e s t e r n  b lott ing  s u b s t r a t e  (Thermo Scientific, Rockford,  IL) p e r  m a n u f a c t u r e r  

inst ruct ions .  M e m b r a n e s  w e r e  e x p o s e d  to  X-ray film (The rmo  Scientific) for  t h r e e  to  45 s and 

d e v e lo p e d  in an  X-ray film p ro c es so r  (SRX-101A, Kinoca Minolta,  China). D e n a tu red  prote in  

migra t ion posi t ions  w e r e  c o m p a r e d  t o  prote in  s t a n d a r d s  (Bio-Rad) to  verify molecu la r  weight .  

JWN1001,  t h e  hhgcAB s train,  served  as  a negat ive  control  for  HgcA.

Results
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The predic t ion and s u b s e q u e n t  conf i rmat ion of  t h e  e n z y m e s  essent ia l  for  Hg(ll) m e thy la t ion  led 

to  t h e  d e v e l o p m e n t  of  a novel  mode l  for t h e  m e c h a n i s m  of  methyl  t r a n s f e r  by t h e  corrinoid 

HgcA. Al though t h e  n a t u r e  of  t h e  ac tual  Hg(ll) s u b s t r a t e  is no t  known,  it w a s  r e a s o n e d  t h a t  a 

methyl  ca rb an ion  might  m o r e  readi ly in terac t  if t h e  m ercu ry  carried a posi tive cha rge ,  and 

t heo re t ic a l  ca lcula t ions  have s u p p o r t e d  t h e  predic t ion (23). The o b se r v a t io n  of t h e  conse rv ed  

cys te ine  in t h e  cap  helix w a s  s u g g e s t ed  to  provide a lower  axial ligand to  t h e  cobal t  of  t h e  

corrinoid  co fac to r  as a th io la te  to  stabil ize t h e  co b a m id e  dur ing  t h e  t r a n s f e r  o f  t h e  methyl  

ca rbanion .

W e  first t e s t e d  t h e  necess i ty  of  t h e  co nse rv ed  Cys93 and  t h e  cap helix region hy po thes ize d  to  

be integral  t o  t h e  m et hyl a t ion reac t ion  (11, 23). W h e n  w e  m u t a t e d  Cys93 of  t h e  cap helix 

region of  HgcA to  e i t h e r  Thr93,  found  in t h e  c o r re sp o n d in g  posi t ion  in CFeSPch, or  Ala93,  MeHg 

p roduc t ion  w a s  e l imina ted  (Fig. 4, Table 1). W h e n  Cys93 w a s  m u t a t e d  to  His93, co m m o n ly  

found  in o t h e r  corrinoid prote ins ,  MeHg w as  d e t e c t e d ,  how ever ,  a t  only 5% of  t h a t  p ro d u c e d  by 

wild ty p e  ND132. W h e n  Trp92, which res ide s  ju s t  proximal  t o  Cys93 (Fig.l),  w as  ch a n g e d  to  

Ala92 w e  s a w  a redu ct ion of  MeHg p ro d u c e d  to  30% of  wi ld- type  levels. W h e n  t h e  a r o m a t ic  

s ide chain  Trp92 w as  replaced  wi th a n o t h e r  a ro m a t ic  side chain,  Phe92,  m et hyl a t ion was  

d e c r e a s e d  to  5-10% of  wild type .  These  results  s h o w  t h e  i m p o r t an c e  of t h e  Cys93 and its 

ne i ghbor ing a m in o  acid, Trp92, in t h e  m et hy la t ion  react ion.

To d e t e r m i n e  t h e  cont r ibu t ion of t h e  cap helix region t o w a r d  Hg(ll) m e thyla t ion ,  we  

sys temat ica l ly  d i s ru p ted  t h e  region th r o u g h  a lanine  scanning.  This ap p r o a c h  has  b e e n  s how n  

t o  provide insights into t h e  influence of  am in o  acid s ide chain che m is t ry  on pro te in  reactivity
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(33). Af ter  sys temat ica l ly  m u ta t in g  individual a m in o  acid re s idues  a r o u n d  t h e  cap helix Cys93 to  

a lanine ,  o t h e r  t h a n  t h e  ad j ac e n t  Trp92, t h e  conf i rmed  s i te -di rec ted  m u t a n t s  w e r e  fo und  no t  to  

ch a n g e  t h e  Hg(ll) met hy la t ion  capac i ty  f r om  t h a t  o f  wild t y p e  ND132 (Fig. 4; Table 1). Residues  

94 and  95 a r e  Ala in wi ld-type HgcA, so t h e s e  w e r e  m u t a t e d  se p a ra t e ly  t o  Ser94 o r  Ser95,  and 

t h e  m u t a n t s  also s h o w e d  no di f f erence  in MeHg produc t ion  f r om  t h a t  o f  wi ld- type.  (Fig. 4;

Table 1) A proven t e c h n i q u e  t o  d i s ru p t  prote in  helical s t ru c tu re  is t o  conve r t  a re s idue  wi thin 

t h e  helix t o  a prol ine (34, 35). S i te-di rec ted  prol ine m u t a t i o n s  des igned  to  d is rup t  t h e  cap helix 

region of  HgcA n e a r  Cys93 w e r e  in t rodu ce d  singly into HgcA. The m u t a t i o n s  Val91Pro,  

Trp92Pro,  Ala94Pro,  Ala95Pro an d  Gly98Pro all led to  d e c r e a s e s  in me thy la t ion  capaci ty  (Fig. 4; 

Table 1). These  results  s u p p o r t e d  t h e  predic t ion of  a helical s t ru c tu re  for  t h e  region w h e r e  

Cys93 is located .  T hese  o b se r v a t io n s  s t r e n g t h e n  t h e  h y p o t h e s e s  t h a t  t h e  helix plays a role in 

pos i t ioning Cys93 for  liganding with t h e  coba l t  in t h e  corrinoid co fac to r  and t h a t  t h e  cap-hel ix 

stabi lizes t h e  Co(l) re dox  s t a t e .  With t h e  excep t ion of  Cys93, ev idence  is also provided t h a t  t h e  

cap  helix a m in o  acid re s idue  ch emis t ry  is less im p o r t a n t  t h a n  m a i n t e n a n c e  of  s t ructur e .

In o r d e r  d e t e r m i n e  if t h e  N-terminal  d o m a in  of HgcA could re ta in  b iochemical  activity in t h e  

a b s e n c e  of  t h e  t r a n s m e m b r a n e  do m ain ,  w e  t r u n c a t e d  t h e  pro te in  wi th t w o  s e p a r a t e  

a p p r o a c h e s .  W e  first r e m o v e d  t h e  coding s e q u e n c e  of t h e  C- terminal  d o m a in  of  HgcA fr om  

a m in o  acid 167 th r o u g h  t h e  en d  of  t h e  pro te in .  The resul t ing  m u t a n t  wi th this  t ru n c a t io n  w as  

u nab le  t o  m e th y la t e  Hg(ll) (Table 1). Throug h pre l iminary  e x p e r i m e n t s  t o  d e t e r m i n e  t h e  

t ransc r ip t iona l  s t ar t  s i tes  (TSS) of hgcA and hgcB (da ta  no t  shown) ,  w e  o b se rv ed  t h a t  t h e  C- 

t erm inal  region of hgcA h a r b o r s  a TSS of  hgcB 144 bp u p s t r e a m  of  t h e  ATG s t a r t  c o d o n  of  hgcB. 

If t h e  pr imary  TSS of  hgcB w e r e  i ndeed  located  in t h e  3 ' - te rmina l  region of  hgcA, HgcB would

18



n o t  be  ex p res sed  w h e n  t h a t  DNA w a s  de l e t e d ,  and its a b s e n c e  would  provide an es t ab l i shed  

r e a s o n  for  t h e  lack of m et hyl a t ion activity. T her efor e ,  w e  e n g in e e r e d  a t rans la t ional  s top  site 

jus t  a f te r  t h e  N-terminal  d o m a in  of HgcA, replacing a m in o  acid 187 (codon GAA) wi th a TAA 

s to p  site,  329 bp u p s t r e a m  of t h e  put a t ive  TSS of  hgcB. This s top  c o d o n  p ro d u c e s  a 186 am ino  

acid N-terminal  HgcA f r a g m e n t  bu t  d o e s  n o t  e l im ina te  t h e  TSS for  t ransc r ip t ion  of  hgcB. W h e n  

th is  m u ta t io n  w a s  successful ly in t ro du ce d ,  m e rc u ry  m et hy la t ion by t h e  m u t a n t  st rain w as  still 

n o t  d e t e c t e d  (Table 1). W e  in t e rp re t ed  t h e s e  results  t o  sugg es t  t h a t  t h e  a p p a r e n t  

t r a n s m e m b r a n e  d o m a in  of HgcA w a s  n e e d e d  for  t h e  m et hyl a t ion function.

Verification of  express ion of  t h e  soluble  d o m a in  o f  HgcA in t h e  c o n te x t  of  t h e  ab o v e  n o n - s e n se  

m u t a n t  was  a t t e m p t e d  by w e s t e r n  blot  analysis with t h e  an t ib o d y  d i r ec ted  again s t  a m in o  acids 

18-29 of  HgcA. W e s te r n  blot  analys is  sh o w e d  a band  c o r re sp o n d in g  to  full length  HgcA at  ~40 

kD in wi ld- type ND132 controls,  but ,  in t h e  m u t a n t  st rain,  t h e r e  w as  no e v idenc e  of  t h e  

t r u n c a t e d  ~20 kD fo rm  of  HgcA (Fig. 5). T he re fo re  t h e  a b s e n c e  o f  merc u ry  me thy la t ion  could 

result  f r om  an a b s e n c e  of  t h e  t r a n s m e m b r a n e  d o m a in  of HgcA or  f r om  rapid tu r n - o v e r  of  this 

t r u n c a t e d  N-terminal  domain.

HgcB, p red ic ted  t o  be  a fer redoxin ,  has  t w o  highly co n se rv ed  vicinal cys te ines  a t  t h e  e x t r e m e  C- 

t e r m i n u s  (11). Vicinal cy s te ines  in pro te i ns  have b e e n  s h o w n  to  have t h e  po ten t i a l  for  binding 

Hg(ll) (36) o r  t o  possibly func t ion as a re dox  swi tch  in p ro te in s  (37, 38). To ex a m in e  t h e  impact  

of  m u ta t io n s  in t h e  conse rv ed  vicinal cys te ines  in HgcB of  ND132, e ach  cys te ine  w as  m u t a t e d  

individually t o  a lanine,  and  t h e n  a do u b le  m u t a n t  w a s  c o n s t ru c te d  in which bo th  w e r e  

co n v e r t ed  t o  a lanines .  W h e n  t h e s e  m u t a n t s  w e r e  t e s t e d  for  t he i r  m erc u ry  methyla t ion
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capaci ty,  t h e  Cys95Ala o r  Cys96Ala m u t a n t s  of  HgcB se p a r a t e ly  s h o w e d  no c h a n g e  in 

m e thy la t ion  levels f rom  wild t y p e  ND132, bu t  m u ta t in g  bo th  in t h e  s a m e  p rote in  led to  

r edu ct ion of  me thy la t ion  to  10% of  wild ty pe  ND132 (Table 1). Apparen t ly  only  o n e  cys te ine  is 

n e e d e d  in t h e  C- terminus  of  HgcB for  full function.  This resul t  also would  indicate  t h a t  binding 

of Hg(ll) by t h e  vicinal cy s te ines  t o g e t h e r  d o e s  not  significantly co n t r ib u te  t o  t h e  m et hyl a t ion 

funct ion.  However ,  a n o t h e r  cys te ine  w a s  p r e s e n t  in HgcB (and co n se rv ed  in m a n y  o f  t h e  HgcB 

pr o te ins  s e q u e n c e d )  t h a t  w a s  n o t  par t  o f  an  FeS ce n te r ,  Cys73, which could u n d e r g o  dithiol 

ox id a t io n / r ed u c t io n  r eac t ions  wi th  e i t h e r  of  t h e  viscinal cys te ines .  W h e n  m u t a t e d  to  alanine ,  

HgcB wi th Cys73Ala s h o w e d  no methyla t ion.

Discussion

To exam ine  t h e  funct ion o f  co n se rv ed  a m in o  acids an d  p rote in  regions  of  HgcA an d  HgcB, 

p ro te ins  neces sa ry  for  Hg(ll) m e thyla t ion ,  and to  t e s t  pred ic ted  f e a t u r e s  of  t h e  puta t ive  

s t ru c tu re  of  HgcA, s i te-d i rec ted  m u t a t io n s  and  specific de le t io n s  in t h e  en c o d in g  g e n e s  w e re  

m ad e .  This a p p r o a c h  w a s  faci li tated by having a m u t a n t  of  D. desulfuricans ND132 d e l e t e d  for  

b o th  g e n e s  replaced by a se l ec tab le  m ark e r  (11). Impor tant ly ,  t h e  first f e a t u r e  ex a m in e d  w as  

t h e  unusual  chem is t ry  predic ted  for  t h e  corrinoid p ro te in  HgcA. This prote in  w a s  su g g es ted  t o  

t r a n s f e r  a methyl  c a rb an ion  t o  mercury ,  chem is t ry  no t  ye t  d e m o n s t r a t e d  for  biological methyl  

t r a n s f e r  by a co b a m id e  enzym e .  Typical corrinoid m e th y l t r a n s fe ra s e  ch emis t ry  des c r i bed  in 

pas t  l i te ra ture  has  gene ra l ly  involved t r a n s f e r  of  a methyl  c a rb oca t i on  (39). The t r a n s f e r  of  a 

c a rb an ion  by HgcA (11, 23) would  likely be faci l i tated  by a cys te ine  t h i o la te  (Cys93) pos i t ioned
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in t h e  cap-hel ix t h a t  could c o o r d in a t e  t h e  coba l t  of  t h e  corrinoid  co fac to r  dur ing t h e  methyl  

t rans fe r .  For this  r e ason  w e  t a r g e t e d  Cys93 in t h e  cap helix for m u tagenes is .  The e l iminat ion of 

m e thy la t ion  capac i ty  in s t ra ins  harbor ing m u ta t io n s  of  HgcA Cys93 w a s  i n t e rp re t ed  as 

su p p o r t in g  t h e  hypo thes is  t h a t  th is  re s idue  is ind eed funct ion ing to  faci li tate ca rb an ion  

t rans fe r .

It is in tere s t ing  t h a t  Cys93, w h e n  m u t a t e d  t o  His93, re ta ins  a small  p e r c e n t a g e  of  methyla t ing  

capaci ty.  In m a n y  corrinoid prote ins ,  t h e  cap-hel ix re s idue  in c loses t  proximity t o  t h e  Co of  t h e  

corrinoid  is indeed  a hist idine (21). Using dens i ty  funct ional  t h e o r y  calculat ions ,  Zhou e t  al. 

(23 )su gg es ted  t h a t  hist idine ligand exc h an g e  dur ing ca rb an ion  t r a n s f e r  t o  Hg(ll) should  also 

faci li tate t r a n s f e r  of  t h e  methyl  ca rbanion.

As s h o w n  in t h e  w e ig h ted  am in o  acid logo of t h e  cap  helix region (Fig. 1), cer t a in  a m in o  acids  in 

t h e  cap  helix ar e  m o re  conse rv ed  t h a n  o t h e r s  wi th Trp92 being o n e  of  t h e  m o s t  highly 

conse rv ed .  The fac t  t h a t  Trp92,  a bulky, a ro m a t ic  a m in o  acid, w h e n  ch a n g ed  to  Ala92 resul ted  

in a 70% redu ct ion  of  met hy la t ion  capac i ty  suggest s  t h a t  this  residue ,  a d j a c e n t  t o  Cys93, is 

functionally  im p o r tan t .  Addi tional  s t ructu ra l  s tudi es  will be n e e d e d  to  d i f f eren t i a te  b e t w e e n  

poss ib le  roles of  t h e  Trp residue ,  for  exa mple ,  posi t ioning Cys93 for  access  t o  t h e  corrinoid 

co fac to r  o r  for  providing p ro tec t io n  to  t h e  Co(l) t h r o u g h  hyd ro phob ic  in terac t ions  wi th t h e  

corrinoid  ring. M u ta t ion  of  t h e  o t h e r  am in o  acids of  t h e  cap-hel ix t h r o u g h  a l anine  scann ing  or  

by in t roduct ion of  a hel ix-disrupt ing prol ine s h o w e d  t h a t  s t ru c tu re  of this region w a s  critical for  

t h e  methyla t ion ,  suppor t ing  in fe rence s  f r o m  t h e  s t ructu ra l  hom o lo g y  wi th CFeSPch-
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The exact  s t ru c tu re  of t h e  corrinoid der ivat ive  involved in t h e  m ercu ry  met hy la t ion  react ion is 

n o t  known,  bu t  clearly t h e  e lec t ron ic  s t a t e  of  t h e  Co will be  af fec ted  by t h e  side cha ins  of  t h e  

ring as  will t h e  ligand exc h an g e  reac t ions  involved in t h e  methyl  t rans fe r .  With  unusual  

chem is t ry  pred ic ted  for  HgcA, a modified  corrinoid m ay  be  p re sen t .  DvH has  b e e n  s h o w n  to  

d a t e  to  be  t h e  only o rg a n ism  to  synthes ize  rare  g u an y lco b a m id e  and hypo x an th y lco b am id e  

corr inoids  and n o t  t o  p ro d u c e  p s eudov i tam in  B12 (40). The n a t u r e  of  t h e  side chain o f  t h e  

c o b a m i d e  involved in t h e  Hg(ll) m e thy la t ion  reac t ion  m ay  help co n f e r  t h e  ability t o  m e th y la t e  

Hg(ll). The specific corrinoid(s)  synthes ized by ND132 has  no t  ye t  b e e n  d e t e r m in e d .

Comple t ing t h e  methyl  t r a n s f e r  t o  Hg(ll) results  in t h e  formal  oxidat ion o f  t h e  cobalt ,  

g e n e ra t in g  Cob(l ll)amide in HgcA. For t h e  cycle to  con t inue ,  t w o  e l ec t ro n s  ar e  n e e d e d  to  

re d u c e  t h e  Co (III) t o  Co(l) t o  re ad y  HgcA to  ac cep t  a n o t h e r  CH3+ ca rb oca t i on  (Fig. 6). The 

fe r redoxin ,  e n c o d e d  by t h e  g e n e  hgcB im media te l y  d o w n s t r e a m  of  hgcA and  essen t ia l  for  

me thy la t ion  of  mercury ,  is t h e  logical d o n o r  for  reducing  Co (III) t o  Co(l), as  w a s  hyp o thes ized  

(11, 23). Because  Cys95 an d  Cys96 a t  t h e  C- t erminus  of  HgcB w e r e  fo und  to  be  highly 

co n se rv e d  a m o n g  t h e  h o m o lo g s  in m e thy la to rs ,  w e  t a r g e t e d  t h e s e  re s idues  for  s i te-di rec ted  

m u t a g e n e s i s  and foun d t h a t  o n e  of  t h e  tw o  would  a p p e a r  t o  be n e e d e d .  It is kno wn t h a t  vicinal 

cy s te ines  poor ly  m e d i a t e  re dox  r eac t ion s  b e c a u s e  of  t h e  s t ra ined  s t e r e o c h e m is t ry  b e t w e e n  t h e  

t w o  cys te ines  (35) b u t  t h e y  have b e e n  s h o w n  to  ac t  as con fo rm a t iona l  redox  sw i tches  (38). Of 

no te ,  a n o t h e r  cys te ine  (Cys73) in HgcB, t h a t  is n o t  par t  of  e i t h e r  FeS cen te r ,  w h e n  m u t a t e d  to  

a l anine  s h o w e d  no Hg(ll) methy la t ion .  Future  s tudi es  m ay  d e t e r m i n e  w h e t h e r  Cys73 func t ions  

in con junct ion wi th e i t h e r  of  t h e  vicinal cy s te ines  for  e l ec t ro n  m o v e m e n t  a n d / o r  provides  

n e e d e d  s t ructura l  fe a tu re s .
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In all but  o n e  of  t h e  HgcB h om ologs  in Hg(ll) m et hy la t ing  m icroorgani sms  fo und  to  da t e ,  vicinal 

cy s te ines  are  p r e s e n t  in t h e  C-terminal  region o f  t h e  p ro te in  a long wi th a cys te ine  res idue  

an a lo g o u s  to  t h e  Cys73 of  HgcB in s t rain  ND132.  The single Hg(ll) methy la t ing b ac te r iu m  th a t  

d o e s  n o t  fo llow th is  rule is Dethiobacter alkaliphilus  s t rain AHT 1 (DSM 19026,  Dt. alkaliphilus) 

(18, 41) t h a t  is t r u n c a t e d  a f t e r  Gly71, which co r r e s p o n d s  to  Gly72 in ND132, ju s t  u p s t r e a m  of  

t h e  ex p e c t ed  posit ion  of  Cys73 (Fig. 7A). It w as  o b s e r v ed  t h a t  HgcA of  Dt. alkaliphilus  has  an 

insert  in t h e  e x t r e m e  N-terminal  region of 29 am in o  acids conta in ing t w o  pairs of vicinal 

cy s te ines  s e p a r a t e d  by t h r e e  a m in o  acids  (Fig.7B). It is t e m p t in g  to  sp ec u la te  t h a t  t h e s e  

inse r ted  cys te ines  of  HgcA in Dt. alkaliphilus might  functionally  replace  t h e  vicinal cys te ines  

lacking in HgcB. Future  e x p e r i m e n t s  re co ns t ruct ing th is  a r r a n g e m e n t  of  cy s te ines  in t h e  

genet ica l ly  access ible  ND132 might  al low te s t ing  of  this  hypothes is .

O ur  s tud ie s  s h o w  t h a t  t h e  put a t ive  t r a n s m e m b r a n e  d o m a in  of  HgcA is n e e d e d ,  a t  a min imum, 

for  s tabil ity of  t h e  N-terminal  corr inoid-binding region.  Th e hydro ph obi c  C- terminal  region may  

p ro t ec t  t h e  cofactor ,  localize t h e  pro te in  (42) o r  possibly faci li tate Hg(ll) t r a n s p o r t  into, or  

MeHg o u t  of, t h e  cell. Lin e t  al. (43) have  s h o w n  t h a t  t h e  hgcAB d o u b le  de le t ion m u t a n t  of 

Geobacter sulfurreducens RCA has  d e c r e a s e d  Hg(ll) u p t ak e  and m e tab o l i sm  by a b o u t  30%. The 

p re d ic ted  t r a n s m e m b r a n e  d o m a in  of  HgcA has  no hom o lo g y  to  any o t h e r  known 

t r a n s m e m b r a n e  p ro te i n  (11) making co m p ar i so n  of  this  region for  su gges ted  fu nc t ions  l imited.

While this  s tu d y  s h e d s  n e w  light on  t h e  s t ructura l  a s p e c t s  o f  HgcA and HgcB requ ired  for 

maximal m erc u ry  me thyla t ion ,  m an y  q u es t i o n s  remain  u n a n s w e re d .  It is p red ic ted  t h a t  t h e s e  

p ro te ins  normal ly  carry o u t  a d i f fe ren t  funct ion in m et hyl a t ing  bac ter ia  b u t  t h a t  unident i f ied
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role is not  essen t ia l  u n d e r  lab o ra to ry  cu l ture  condi t ions .  The m e c h a n i s m  of  Hg(ll) recogni t ion ,  

t h e  so u rc e s  of  t h e  methyl  g r o u p  fo u n d  in t h e  m et hy lmercury ,  t h e  methyl  t r a n s f e r a se  d o n a t ing  

t h e  p re d ic ted  ca rb oca t i on  to  HgcA, and  t h e  so u rc e s  of  r e d u c t a n t  for  co n t in u ed  catalytic 

func t ion require  inves tigat ion.  The ident i t ies  of  addi t ional  pro te in  c o m p o n e n t s  of  t h e  react ion 

m ay  co n t r ib u t e  to  o u r  u n d e r s t a n d in g  of  any  a l t er nat ive  physiological func t ion o f  HgcA and HgcB 

in ana e ro b ic  microbes .
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Figure legends

Fig. 1. W e ig h ted  am in o  acid analysis of  t h e  cap-hel ix and am in o  acid region s u r ro und ing  Cys93 

of HgcA (n u m b e r in g  f r om  ND132) f r om  s e q u e n c e s  of  20 t e s t e d  bac ter ia  know n to  m e th y la t e  

mercury .  The size of  t h e  le t t e r  for  t h e  a m in o  acid co r re la te s  wi th t h e  level of  conse rv a t ion  (44). 

All a m in o  acids  b e low  t h e  x-axis w e r e  no t  ident ified in t h a t  s t re t ch  of  s e q u e n c e  in t h e  20 Hg(ll) 

m et hyl a t ing o rg an ism s  se lec ted  f rom  (11, 18). C rea ted  by Seq2Logo 

(h t t p : / / w w w .c b s . d t u .d k / b i o t o o l s / S e q 2 L o g o / ) (44).

Fig. 2. Diagram of  t h e  mu ta t io na l  s t ra tegy  for  cr ea t ing point  m u ta t io n s  in hgcA (purple)  of  

p M 0 4 6 6 1  (Fig. 2A.) In this ex am p le  (Fig. 2B.) t h e  red p r im ers  w e re  des igned  to  m u t a t e  Cys93 

whi le t h e  b lue  pr imers  w e re  t o  ampl i fy  s ec t ions  of t h e  p lasmid bac kbone .  An enlarged  d iag ram 

(Fig. 2C) o f  hgcAB show ing  t h e  locat ion of  t h e  cyste ine res idue  in t h e  cap helix t h a t  w as  m u t a t e d  

by this  s i te-di rec ted  m uta t io n  p rocedure .  PCR ampl icons  a s se m b ly  w as  by t h e  SLIC p ro ced u re  

(Li and Elledge, 2007).

Fig. 3. Pr imer  design for rem ov ing t h e  C-terminal  t r a n s m e m b r a n e  d o m a in  o f  hgcA. Fig. 3A, 

Genet ic  del e t ion  st rategy.  Rectangles  r e p re s e n t  t h e  g en e s  and DNA f e a tu re s  in t h e  hgcAB 

region of  t h e  c h r o m o s o m e .  Arrows are  primers .  Identical  p r im er  color reflects c o m p l e m e n t a r y  

s e q u e n c e s .  The red color  in t h e  pr imers  indicates  t h a t  t h e  STOP c o d o n  o f  hgcA w as  re ta ined .

Yellow re p r e s e n t s  t h e  14 bp  in tergenic region b e t w e e n  hgcA and hgcB in ND132.  Fig. 3B,
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cons t ru c t  show ing  de le t ion  of  t h e  DNA en co d in g  t h e  C-terminal  region o f  HgcA. Fig 3C, 

cons t ru c t  show ing  t h e  posi t ion  of  t h e  m u ta t io n  of  G ly l87  to  STOP-187, re ta ining t h e  

d o w n s t r e a m  coding region of  HgcA which h a rbo rs  t h e  puta t ive  TSS of  HgcB.

Fig. 4. Al tera t ion of t h e  Hg(ll) methy la t ion  potent ia l  by amino-acid  (a.a.) subs t i t u t ions  c e n te r e d  

t o w ard  t h e  chemical ly  im p o r t an t  cys teine Cys93 (identified by t h e  blue ar row) in t h e  predic ted  

cap  helix o f  t h e  coba lam in  binding d o m a in  of  HgcA in D. desulfuricans ND132.  MeHg 

p roduc t ion  (%) of  t h e  m u t a n t s  as  co m p a r e d  to  t h e  D. desulfuricans ND132 wild ty p e  control ;  

also dep ic te d  across  t h e  puta t ive  cap  helix wi th (red) as  co m ple te ly  a l tered ,  (orange)  as 

i n t e rm e d ia t e  and  (green)  una l t e red .  Evidence for t h e  helical s t ru c tu re  of  this p ep t ide  w as  

provided by prol ine (P) subst i tu t ions ;  w h e r e a s  t h e  chemical  i m p o r t an ce  of t h e  a.a.  re s idues  was  

t e s t e d  by subs t i tu t ion to  an  a l anine  (A) o r  a ser ine  (S). O t h e r  a.a.  subs t i t u t ions  to  e i t h e r  

pheny la l anine  (F), t h r e o n i n e  (T) or  hist idine (H) w e r e  re levant  regarding co m p u ta t io n a l  

q u a n t u m  ch emis t ry  pred ic t ions  (Zhou e t  al., 2013) o r  based  on o r th o lo g o u s  CFeSP a.a.  

f r eq u en c y  f rom  methy la t ing  and non-m ethy la t ing  o rg an ism s  (Parks e t  al., 2013).

Fig. 5. W e s t e r n  blot  showing  expre ss ion of  full length  HgcA from  wild ty p e  ND132 (lane 1) and 

no d e t e c t io n  of t r u n c a t e d  HgcA in t h e  n o n - s e n se  m u t a n t  ( lane 3). Lane 2 is JWN1001,  t h e  

hhgcAB s train used as  a negat ive  control .  No te  t h e  non-speci fic band ab o v e  HgcA in all t h r e e  

s a m p le s  show ing equa l  loading of  samples .
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Fig. 6. The met hy la t ion  re act ion carried  o u t  by HgcA an d  HgcB, show ing  t h e  THF- 

m e th y l t r an s f e r a s e  ( labeled  MeTr),  f r o m  t h e  reduct ive  acetyl  CoA pa thway ,  providing t h e  methyl  

g r o u p  t h a t  even tua l ly  b e c o m e s  b ound  to  Hg. From Parks e t  al. (11).

Fig. 7. Al ignments  of  HgcB and HgcA of  ND132 c o m p a r e d  to  Dt. alkaliphilus. Strictly conse rved  

a m in o  acids a r e  in black, whi le chemical ly  similar a m in o  acids a r e  in gray.  Fig. 7A. Al ignment  of 

HgcB of  ND132 and  Dt. alkaliphilus  sho w ing  t h e  locat ions  of  Cys73 and  t h e  vicinal cy s te ines  of 

HgcBNDi 32  (red),  and  HgcBDf. alkaliphilus i l lust rating t h e  t r u n ca t io n  a t  Gly71 (wha t  would  be Gly72 in 

ND132) and  lack of Cys73 and  t h e  vicinal cys te ines.  The cys te ines  of t h e  t w o  FeS c lus ters  

(CX2CX2CX3C) a r e  s h o w n  in yel low.  Fig. 7B. Al ignment  of  HgcA of  ND132 and  Dt. alkaliphilus 

showing  full length HgcANDi 3 2 and  HgcA Dt. a lka liph ilu s  show ing  t h e  29 a m in o  acid inser t  84  am ino  

acids  u p s t r e a m  of t h e  cap helix (yellow), and  t h e  t w o  pai rs of  vicinal cys te ines  (red) in t h e  

insert .
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Fig. 2
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Fig. 4
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Desulfovibrio desulfuricans ND132

Desulfovibrio desulfuricans ND132_Mutants

A *  LI H B 3 I N V W C A AA A G K J l B t A s B v A aMeHg [%)

p r e d i c t e d  c a p  h e l i x  

*
JWN1022 hgcA codon 87 (R87A) AWL L V V  D T A G  1 N V W C A A G K G L F  T A S E V A 100
JWN1021 hgcA codon 88 (G88A) AWL L V V D T R B l  N V W C A A G K G L F  T A S E V A 100
JWN1020 hgcA codon 89 (I89A) AWL L V V D T R G ANV WC AA G K G L F T A S E V A 100
JWN1019 hgcA codon 90 (N90A) AWL L V V D T R G I B V W C A A G K G L F  T A S E V A 100
JWN1064 hgcA codon 90 (N90P) AWL L V V D T R G l B V W C A A G K G L F  T A S E V A 40
JWN1018 hgcA codon 91 (V91A) AWL L V V  D T  R G 1 N B W C A A G K G L F  T A S E V A 100
JWN1065 hgcA codon 91 (V91P) AWL L V V  D T  R G 1 N P W C A A G K G L F  T A S E V A 8
JWN1017 hgcA codon 92 (W92A) AWL L V V  D T  R G 1 N V Q C A A G K G L F  T A S E V A 30
JWN1068 hgcA codon 92 (W92P) AWL L V V  D T  R G 1 N V f l C  A A G K G L F  T A S E V A 0
JWN1069 hgcA codon 92 (W92F) AWL L V V  D T  R G 1 N V « C A A G K G L F  T A S E V A 5
JWN1016 hgcA codon 93 (C93A) AWL L V V  D T  R G 1 NVVA* A A G K G L F  T A S E V A 0
JWN1006 hgcA codon 93 (C93T) AWL L V V  D T  R G 1 N V V A e A A G K G  LF T A S E V A 0
JWN1045 hgcA codon 93 (C93H) AWL L V V  D T  R G 1 N V W H  A A G K G L F  T A S E V A 5
JWN1029 hgcA codon 94 (A94S) AWL L V V  D T  R G 1 N V W C B A G K G L F  T A S E V A 100
JWN1066 hgcA codon 94 (A94P) AWL L V V  D T  R G 1 N V W C B A G K G L F  T A S E V A 0
JWN1030 hgcA codon 95 (A95S) AWL L V V  D T  R G 1 N V W C A B G K G L F  T A S E V A 100
JWN1067 hgcA codon 95 (A95P) AWL L V V  D T  R G 1 N V W C A B G K G L F  T A S E V A 0
JWN1023 hgcA codon 96 (G96A) AWL L V V  D T  R G 1 N V W C A A Q K G L F  T A S E V A 100
JWN1024 hgcA codon 97 (K97A) AWL L V V  D T  R G 1 N V W C A A G S G L F  T A S E V A 100
JWN1025 hgcA codon 98 (G98A) AWL L V V  D T  R G 1 N V W C A A  G K O L F  T A S E V A 100
JWN1073 hgcA codon 98 (G98P) AWL L V V D T R G I N V W C A A  G K ® L F  T A S E V A 50
JWN1026 hgcA codon 99 (L99A) AWL L V V  D T  R G 1 NV WC A A G K  G f l F  T A S E V A 100
JWN1027 hgcA codon 100 (F100A) AWL L V V D T R G I N V W C A A G K G  L B  T A S E V A 100
JWN1028 hgcA codon 101 (T101A) AWL L V V D T R G I NV WC AA G K G L F B A  S E V A 100
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