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By	
  Shawn	
  Walsh	
  

	
  
	
   Biofilms	
  are	
  a	
  major	
  problem	
  in	
  human	
  health	
  because	
  they	
  confer	
  increased	
  
resistance	
  to	
  antimicrobial	
  agents	
  and	
  adhere	
  to	
  medical	
  devices.	
  As	
  a	
  potential	
  
therapeutic,	
  the	
  protein	
  BdcA	
  was	
  previously	
  engineered	
  to	
  disperse	
  biofilms,	
  and	
  
proposed	
  to	
  function	
  via	
  the	
  sequestering	
  of	
  cyclic	
  dimeric	
  GMP	
  (c-­‐di-­‐GMP).1	
  This	
  
ubiquitous	
  bacterial	
  second	
  messenger	
  is	
  known	
  to	
  control	
  a	
  variety	
  of	
  cellular	
  processes	
  
including	
  biofilm	
  formation	
  and	
  dispersal.	
  Unlike	
  previously	
  characterized	
  c-­‐di-­‐GMP	
  
receptors,	
  BdcA	
  contains	
  a	
  Rossmann	
  fold,	
  which	
  typically	
  binds	
  NAD(P)(H).	
  We	
  set	
  out	
  to	
  
characterize	
  BdcA	
  as	
  the	
  first	
  of	
  a	
  potentially	
  novel	
  class	
  of	
  c-­‐di-­‐GMP	
  receptors.	
  However,	
  
we	
  show	
  that	
  BdcA	
  has	
  no	
  affinity	
  for	
  c-­‐di-­‐GMP.	
  Rather,	
  it	
  binds	
  nicotinamide	
  adenine	
  
dinucleotide	
  phosphate	
  (NADPH).	
  We	
  have	
  also	
  created	
  seven	
  rational	
  mutants	
  of	
  BdcA,	
  
and	
  initiated	
  isothermal	
  titration	
  calorimetry	
  (ITC)	
  and	
  biofilm	
  dispersal	
  assays	
  in	
  order	
  to	
  
correlate	
  NADPH	
  interactions	
  with	
  biofilm	
  dispersal,	
  thereby	
  shedding	
  light	
  on	
  the	
  now	
  
enigmatic	
  mechanism	
  behind	
  BdcA-­‐mediated	
  biofilm	
  dispersal.	
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Introduction	
  

The	
  vast	
  majority	
  of	
  bacteria	
  in	
  nature	
  live	
  and	
  propagate	
  in	
  complex,	
  multi-­‐species	
  

communities	
  attached	
  to	
  a	
  solid	
  surface2;	
  these	
  bacterial	
  communities	
  are	
  termed	
  biofilms.	
  

Characteristic	
  features	
  of	
  biofilms	
  are	
  radically	
  altered	
  gene	
  expression	
  in	
  comparison	
  to	
  

planktonic	
  cells	
  and	
  the	
  production	
  of	
  extracellular	
  polymers	
  that	
  encase	
  the	
  bacteria	
  

within	
  a	
  protective	
  barrier.	
  Biofilms	
  are	
  notoriously	
  hard	
  to	
  eliminate,	
  and	
  cause	
  problems	
  

in	
  a	
  wide	
  range	
  of	
  settings	
  from	
  the	
  fouling	
  of	
  ship	
  hulls	
  to	
  computer-­‐chip	
  malfunction.3,4	
  

However,	
  the	
  most	
  alarming	
  consequences	
  of	
  biofilms	
  are	
  those	
  related	
  to	
  human	
  health.	
  

Biofilms	
  confer	
  resistance	
  to	
  physical	
  and	
  chemical	
  forces	
  including	
  disinfectants,	
  immune	
  

system	
  response,	
  and	
  antibiotics.5,6	
  Consequentially,	
  they	
  are	
  involved	
  in	
  80%	
  of	
  all	
  human	
  

infections.7	
  They	
  are	
  especially	
  problematic	
  in	
  hospital	
  settings,	
  in	
  which	
  they	
  can	
  

contaminate	
  vents	
  and	
  medical	
  devices8,	
  and	
  even	
  increase	
  the	
  chance	
  of	
  horizontal	
  gene	
  

transfer	
  and	
  the	
  resulting	
  spread	
  of	
  antibiotic	
  resistance.9	
  

	
   The	
  protein	
  BdcA	
  (biofilm	
  dispersal	
  via	
  c-­‐di-­‐GMP)	
  from	
  E.	
  coli	
  was	
  recently	
  

discovered	
  as	
  a	
  tool	
  for	
  eliminating	
  biofilms.1	
  Subsequent	
  engineering	
  of	
  this	
  protein	
  

through	
  site-­‐saturated	
  mutagenesis	
  produced	
  a	
  mutant	
  that	
  showed	
  improved	
  biofilm	
  

dispersal	
  capabilities.	
  Expression	
  of	
  BdcA	
  with	
  this	
  single	
  mutation,	
  E50Q,	
  almost	
  

completely	
  disperses	
  biofilms	
  in	
  E	
  coli.	
  In	
  addition,	
  bdcA	
  also	
  shows	
  high	
  conservation	
  

among	
  genes	
  in	
  a	
  number	
  of	
  species.	
  When	
  expressed	
  in	
  other	
  gram-­‐negative	
  bacteria,	
  such	
  

as	
  Psuedomonas	
  aeruginosa,	
  P.	
  fluorescens,	
  and	
  Rhizobium	
  meliloti,	
  BdcA	
  retains	
  its	
  ability	
  

to	
  disperse	
  biofilms.10	
  These	
  findings	
  highlight	
  the	
  potential	
  of	
  BdcA	
  alone	
  to	
  effectively	
  

eliminate	
  biofilms	
  formed	
  by	
  a	
  variety	
  of	
  gram-­‐negative	
  bacteria.	
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   BdcA	
  was	
  initially	
  proposed	
  to	
  eliminate	
  biofilms	
  through	
  the	
  sequestering	
  and	
  

consequent	
  reduction	
  of	
  the	
  effective	
  concentration	
  of	
  cyclic	
  diguanylate	
  (c-­‐di-­‐GMP)	
  

(Figure	
  1A),	
  which	
  is	
  a	
  ubiquitous	
  small-­‐molecule	
  regulator	
  of	
  biofilms	
  in	
  bacteria.	
  Binding	
  

affinity	
  was	
  measured	
  by	
  incubating	
  c-­‐di-­‐GMP	
  with	
  BdcA,	
  separating	
  free	
  c-­‐di-­‐GMP	
  and	
  

BdcA-­‐bound	
  c-­‐di-­‐GMP	
  via	
  spin	
  filtering,	
  recovering	
  bound	
  c-­‐di-­‐GMP	
  using	
  a	
  trypsin	
  digest,	
  

and	
  finally	
  quantifying	
  c-­‐di-­‐GMP	
  with	
  HPLC.	
  These	
  binding	
  experiments	
  established	
  the	
  

binding	
  affinity	
  for	
  BdcA	
  for	
  c-­‐di-­‐GMP	
  as	
  11.7	
  μM	
  and	
  showed	
  that	
  the	
  E50Q	
  mutation,	
  

which	
  disperses	
  biofilms	
  better	
  than	
  wild-­‐type	
  BdcA,	
  had	
  a	
  higher	
  affinity	
  for	
  c-­‐di-­‐GMP,	
  

further	
  supporting	
  the	
  correlation	
  between	
  c-­‐di-­‐GMP	
  sequestering	
  and	
  biofilm	
  dispersal.1	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  1.	
  Structures	
  of	
  (A)	
  c-­‐di-­‐GMP	
  and	
  (B)	
  NADPH	
  

	
   Several	
  residues	
  that	
  could	
  be	
  responsible	
  for	
  c-­‐di-­‐GMP	
  binding	
  were	
  identified	
  

(Figure	
  2).	
  Specifically,	
  BdcA	
  contains	
  an	
  EAL	
  sequence,	
  which	
  is	
  necessary	
  within	
  

phosphodiesterases	
  that	
  break	
  down	
  c-­‐di-­‐GMP	
  into	
  5’-­‐pGpG.	
  In	
  addition,	
  some	
  proteins	
  

with	
  a	
  catalytically	
  inactive	
  EAL	
  domain	
  function	
  as	
  c-­‐di-­‐GMP	
  receptors.	
  However,	
  it	
  

seemed	
  unlikely	
  that	
  this	
  EAL	
  sequence	
  was	
  part	
  of	
  a	
  biologically	
  relevant	
  EAL	
  domain.	
  The	
  

motif	
  was	
  found	
  on	
  the	
  exterior	
  of	
  the	
  protein	
  rather	
  than	
  the	
  core,	
  which	
  is	
  inconsistent	
  

with	
  other	
  EAL	
  phosphodiesterase	
  structures.11	
  Other	
  potentially	
  relevant	
  residues	
  

identified	
  in	
  previous	
  work	
  were	
  based	
  on	
  conserved	
  motifs	
  of	
  c-­‐di-­‐GMP	
  binding.1,12	
  

A	
   B	
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Figure	
  2.	
  3-­‐D	
  model	
  of	
  BdcA.	
  The	
  EAL	
  sequence,	
  E50,	
  and	
  other	
  potentially	
  important	
  
residues	
  identified	
  are	
  highlighted	
  in	
  orange,	
  blue,	
  and	
  yellow	
  respectively.	
  
	
  
	
   Surprisingly,	
  subsequent	
  work	
  from	
  the	
  same	
  group	
  identified	
  BdcA	
  as	
  a	
  short-­‐chain	
  

dehydrogenase/reductase	
  (SDR)	
  that	
  binds	
  nicotinamide	
  adenine	
  dinucleotide	
  phosphate	
  

(NADPH)	
  (Figure	
  1B)	
  specifically,	
  rather	
  than	
  c-­‐di-­‐GMP	
  (the	
  authors	
  could	
  not	
  detect	
  c-­‐di-­‐

GMP	
  binding	
  using	
  isothermal	
  titration	
  calorimetry	
  (ITC)),	
  which	
  discredited	
  the	
  

established	
  hypothesis.13	
  	
  As	
  BdcA	
  binding	
  to	
  c-­‐di-­‐GMP	
  has	
  now	
  been	
  refuted,	
  the	
  

mechanism	
  of	
  BdcA-­‐dependent	
  biofilm	
  dispersal	
  has	
  become	
  an	
  enigma.	
  There	
  are	
  

surprisingly	
  few	
  examples	
  of	
  SDRs	
  that	
  have	
  been	
  shown	
  to	
  influence	
  any	
  kind	
  of	
  quorum	
  

sensing	
  phenotypes.14	
  Dissecting	
  correlations	
  between	
  NADPH	
  dependence	
  of	
  BdcA	
  on	
  

biofilm	
  dispersal	
  would	
  provide	
  valuable	
  insights	
  into	
  its	
  mechanism	
  and	
  potentially	
  

validate	
  a	
  link	
  between	
  these	
  two	
  disparate	
  fields.	
  	
  

	
   In	
  this	
  work,	
  we	
  initially	
  created	
  seven	
  mutants	
  to	
  investigate	
  c-­‐di-­‐GMP	
  binding	
  to	
  

BdcA.	
  This	
  protein	
  contain	
  a	
  Rossmann	
  fold,	
  which	
  was	
  entirely	
  new	
  in	
  a	
  c-­‐di-­‐GMP	
  receptor	
  

and	
  suggested	
  that	
  BdcA	
  might	
  employ	
  a	
  previously	
  uncharacterized	
  mechanism	
  of	
  c-­‐di-­‐

EAL	
  

E50	
  

Q49	
  

D136	
  

D180	
  

E220	
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GMP	
  binding.	
  The	
  Rossmann	
  fold	
  is	
  the	
  common	
  motif	
  of	
  SDRs	
  that	
  typically	
  binds	
  to	
  

NAD(P)(H)	
  and,	
  although	
  the	
  nearly	
  47,000	
  distinct	
  SDRs	
  known	
  show	
  low	
  sequence	
  

similarity14,	
  the	
  Rossmann	
  fold	
  can	
  be	
  identified	
  by	
  its	
  characteristic	
  structure;	
  a	
  central	
  

beta	
  sheet	
  with	
  6-­‐7	
  strands	
  flanked	
  on	
  each	
  side	
  by	
  3-­‐4	
  alpha-­‐helices.15	
  The	
  Rossmann	
  fold	
  

contains	
  an	
  integral	
  glycine-­‐rich	
  region	
  for	
  binding	
  the	
  pyrophosphate	
  moiety	
  of	
  NADPH.	
  A	
  

conserved	
  Asn-­‐Ser-­‐Tyr-­‐Lys	
  tetrad	
  is	
  responsible	
  for	
  oxidoreductase	
  activity.	
  Following	
  the	
  

publication	
  of	
  the	
  second	
  paper	
  refuting	
  c-­‐di-­‐GMP	
  binding,	
  the	
  panel	
  of	
  mutants	
  has	
  been	
  

used	
  to	
  investigate	
  determinants	
  of	
  NADPH	
  binding	
  and	
  anti-­‐biofilm	
  activity.	
  	
  

	
   Our	
  results	
  validate	
  NADPH	
  binding	
  to	
  BdcA	
  and	
  the	
  lack	
  of	
  c-­‐di-­‐GMP	
  affinity.	
  

Furthermore,	
  we	
  hope	
  to	
  shed	
  light	
  on	
  the	
  mechanism	
  through	
  which	
  BdcA	
  exerts	
  its	
  

remarkable	
  ability	
  to	
  disperse	
  biofilms,	
  which	
  until	
  recently	
  had	
  a	
  seemingly	
  simple	
  

explanation.	
  The	
  rational	
  mutations	
  that	
  were	
  incorporated	
  within	
  BdcA	
  are	
  in	
  prime	
  

positions	
  to	
  establish	
  the	
  connection	
  between	
  NADPH	
  binding	
  affinity,	
  potential	
  

oxidoreductase	
  ability,	
  and	
  biofilm	
  dispersal.	
  

	
  

Results	
  and	
  Discussion	
  

1.	
  Work	
  based	
  on	
  c-­‐di-­‐GMP	
  as	
  the	
  substrate	
  for	
  BdcA	
  

	
   Initially,	
  we	
  focused	
  on	
  characterizing	
  BdcA	
  as	
  a	
  novel	
  receptor	
  for	
  c-­‐di-­‐GMP	
  due	
  to	
  

the	
  report	
  of	
  BdcA	
  as	
  a	
  novel	
  c-­‐di-­‐GMP	
  binding	
  protein.1	
  Although	
  several	
  conserved	
  

binding	
  domains	
  of	
  c-­‐di-­‐GMP	
  are	
  well	
  known,	
  the	
  search	
  for	
  novel	
  effectors	
  that	
  may	
  help	
  

explain	
  the	
  complexity	
  of	
  c-­‐di-­‐GMP	
  signaling	
  is	
  ongoing.	
  Prior	
  to	
  work	
  showing	
  that	
  BdcA	
  

bound	
  c-­‐di-­‐GMP,1	
  there	
  were	
  no	
  examples	
  of	
  c-­‐di-­‐GMP	
  receptors	
  that	
  contained	
  a	
  

Rossmann	
  fold.	
  We	
  reasoned	
  that	
  BdcA	
  might	
  be	
  the	
  first	
  identified	
  protein	
  within	
  a	
  novel	
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class	
  of	
  c-­‐di-­‐GMP	
  receptors,	
  and	
  that	
  by	
  understanding	
  how	
  c-­‐di-­‐GMP	
  bound	
  to	
  BdcA	
  we	
  

could	
  identify	
  other	
  new	
  receptors	
  with	
  a	
  similar	
  binding	
  domain.	
  	
  

	
   Towards	
  this	
  end,	
  we	
  performed	
  a	
  homology	
  search	
  to	
  identify	
  potential	
  homologs	
  

based	
  on	
  structure.	
  We	
  choose	
  to	
  focus	
  on	
  structural	
  homologs,	
  as	
  opposed	
  to	
  identifying	
  

proteins	
  based	
  on	
  sequence	
  similarity,	
  for	
  two	
  reasons.	
  First,	
  proteins	
  containing	
  a	
  

Rossmann	
  fold	
  are	
  notorious	
  for	
  exhibiting	
  low	
  sequence	
  similarity	
  (typically	
  20-­‐30%)16,	
  

whereas	
  they	
  can	
  be	
  quite	
  structurally	
  similar.14	
  Second,	
  validating	
  c-­‐di-­‐GMP	
  binding	
  in	
  

several	
  proteins	
  with	
  structural	
  similarity	
  to	
  BdcA	
  but	
  a	
  low	
  sequence	
  homology	
  would	
  

provide	
  valuable	
  insight	
  into	
  the	
  essential	
  residues	
  of	
  the	
  c-­‐di-­‐GMP	
  binding	
  domain	
  

involved.	
  	
  

	
   Lacking	
  a	
  crystal	
  structure	
  of	
  BdcA,	
  we	
  created	
  a	
  3-­‐D	
  model	
  using	
  an	
  online	
  

structure	
  homology-­‐modeling	
  server,	
  SWISS-­‐MODEL,	
  which	
  automatically	
  identified	
  a	
  

dehydrogenase/reductase	
  from	
  Sinorhizobium	
  meliloti	
  1021	
  (PBD	
  ID:	
  3V2G)	
  as	
  a	
  

template.17–20	
  We	
  then	
  used	
  this	
  model	
  to	
  search	
  for	
  structural	
  homologs	
  on	
  the	
  Protein	
  

Data	
  Bank	
  (PDB)	
  using	
  the	
  Dali	
  Network	
  Service.21	
  A	
  sequence	
  alignment	
  with	
  BdcA	
  for	
  the	
  

top	
  results	
  of	
  this	
  search	
  is	
  shown	
  in	
  Figure	
  S1.	
  Based	
  on	
  these	
  results,	
  it	
  seemed	
  unlikely	
  

that	
  we	
  would	
  be	
  able	
  to	
  identify	
  promising	
  candidates	
  to	
  test	
  for	
  c-­‐di-­‐GMP	
  affinity	
  because	
  

none	
  of	
  the	
  hits	
  contained	
  the	
  EAL	
  sequence	
  motif	
  or	
  the	
  small	
  collection	
  of	
  residues	
  that	
  

the	
  previous	
  group	
  to	
  work	
  with	
  BdcA	
  had	
  identified	
  as	
  possibly	
  being	
  involved	
  in	
  c-­‐di-­‐

GMP	
  binding.	
  Specifically,	
  these	
  residues	
  were	
  D136,	
  D180,	
  Q49,	
  and	
  E220.1	
  	
  

	
   Without	
  clear	
  c-­‐di-­‐GMP	
  binding	
  homologs	
  that	
  could	
  be	
  expressed	
  for	
  direct	
  

comparison	
  to	
  BdcA,	
  we	
  decided	
  to	
  begin	
  probing	
  c-­‐di-­‐GMP	
  binding	
  through	
  the	
  use	
  of	
  

mutagenesis.	
  We	
  created	
  the	
  mutations	
  E90A,	
  D180A,	
  and	
  D136T	
  to	
  investigate	
  whether	
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these	
  residues	
  were	
  really	
  involved	
  in	
  c-­‐di-­‐GMP	
  binding.	
  In	
  addition,	
  we	
  recreated	
  the	
  

E50Q	
  mutant,	
  which	
  had	
  been	
  previously	
  shown	
  to	
  affect	
  c-­‐di-­‐GMP	
  binding	
  and	
  biofilm	
  

dispersal.1	
  Departing	
  from	
  previous	
  work,	
  it	
  seemed	
  that	
  the	
  residues	
  within	
  the	
  Rossmann	
  

fold	
  that	
  had	
  known	
  roles	
  in	
  NAD(P)(H)	
  binding	
  were	
  also	
  attractive	
  candidates	
  for	
  

mutagenesis.	
  NADH	
  has	
  a	
  structure	
  similar	
  to	
  c-­‐di-­‐GMP	
  (Figure	
  1),	
  especially	
  in	
  that	
  they	
  

both	
  contain	
  a	
  purine-­‐sugar-­‐phosphate	
  moiety.	
  This	
  suggested	
  that	
  c-­‐di-­‐GMP	
  might	
  bind	
  

within	
  the	
  Rossmann	
  fold	
  itself.	
  With	
  this	
  possibility	
  in	
  mind,	
  we	
  aligned	
  BdcA	
  with	
  the	
  

crystal	
  structure	
  of	
  a	
  3-­‐ketoacyl	
  reductase	
  (PBD	
  ID:	
  3OP4)	
  in	
  complex	
  with	
  NADP+,	
  which	
  

DALI	
  had	
  identified	
  as	
  a	
  potential	
  homolog	
  (Figure	
  3).	
  

	
  

	
  

Figure	
  3.	
  	
  (A)	
  BdcA	
  (green)	
  overlaid	
  with	
  3OP4	
  (cyan).	
  (B)	
  Close-­‐up	
  of	
  N63	
  (yellow)	
  on	
  
3OP4	
  and	
  D59	
  (magenta)	
  on	
  BdcA	
  next	
  to	
  the	
  purine	
  of	
  NADP+	
  
	
  
	
   In	
  3OP4,	
  the	
  Asparagine	
  at	
  position	
  63	
  (Figure	
  3B,	
  magenta)	
  is	
  involved	
  in	
  hydrogen	
  

bonding	
  to	
  the	
  amine	
  group	
  of	
  the	
  purine	
  ring	
  on	
  NADP+.	
  When	
  aligned	
  with	
  3OP4,	
  BdcA	
  

shows	
  an	
  aspartic	
  acid	
  (Figure	
  3B,	
  yellow)	
  in	
  roughly	
  the	
  same	
  location,	
  a	
  residue	
  that	
  is	
  

also	
  capable	
  of	
  hydrogen	
  bonding.	
  Therefore,	
  we	
  created	
  the	
  mutation	
  D59A	
  based	
  on	
  the	
  

rationale	
  that	
  it	
  would	
  disrupt	
  c-­‐di-­‐GMP	
  binding	
  if	
  c-­‐di-­‐GMP	
  bound	
  to	
  BdcA	
  with	
  a	
  similar	
  

orientation	
  to	
  NADPH	
  binding	
  within	
  the	
  Rossmann	
  fold.	
  Finally,	
  we	
  created	
  the	
  mutations	
  

A	
   B	
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G14V	
  and	
  K150I.	
  The	
  former	
  is	
  within	
  a	
  well-­‐established	
  glycine-­‐rich	
  region	
  of	
  Rossmann	
  

fold	
  proteins	
  that	
  is	
  involved	
  in	
  NADPH	
  binding,	
  and	
  the	
  mutation	
  was	
  designed	
  to	
  disrupt	
  

c-­‐di-­‐GMP	
  binding	
  if	
  binding	
  occurred	
  in	
  a	
  manner	
  similar	
  to	
  NADP+	
  binding	
  to	
  3OP4.	
  The	
  

K150I	
  mutation	
  was	
  incorporated	
  because	
  the	
  residue	
  is	
  essential	
  within	
  the	
  catalytic	
  

tetrad	
  required	
  for	
  the	
  redox	
  chemistry	
  of	
  Rossmann	
  fold	
  proteins.	
  A	
  representative	
  gel	
  of	
  

the	
  protein	
  purification	
  can	
  be	
  found	
  in	
  S3.	
  

	
   Before	
  conducting	
  binding	
  studies	
  of	
  the	
  BdcA	
  mutants,	
  we	
  wanted	
  to	
  verify	
  that	
  

BdcA	
  showed	
  no	
  catalytic	
  activity	
  towards	
  c-­‐di-­‐GMP.	
  The	
  protein	
  carries	
  an	
  EAL	
  sequence	
  

motif,	
  which	
  is	
  characteristic	
  of	
  phosphodiesterases	
  that	
  cleave	
  c-­‐di-­‐GMP	
  specifically	
  into	
  5’	
  

pGpG.	
  Catalytic	
  activity	
  of	
  EAL	
  proteins	
  depends	
  on	
  coordination	
  of	
  Mg2+	
  or	
  Mn2+	
  ions.22	
  

EAL	
  domains	
  that	
  lack	
  metal	
  coordination	
  sites	
  are	
  catalytically	
  inactive	
  and	
  can	
  function	
  

as	
  c-­‐di-­‐GMP	
  effectors.23	
  	
  

	
   Although	
  previous	
  work	
  reported	
  that	
  BdcA	
  lacked	
  phosphodiesterase	
  activity,	
  

these	
  experiments	
  were	
  carried	
  out	
  in	
  solution	
  with	
  EDTA.1	
  Therefore,	
  lack	
  of	
  c-­‐di-­‐GMP	
  

turnover	
  in	
  these	
  experiments	
  could	
  plausibly	
  have	
  been	
  a	
  result	
  of	
  catalytically	
  inactive	
  

protein	
  or	
  simply	
  the	
  sequestering	
  of	
  metal	
  ions	
  required	
  for	
  catalysis.	
  Therefore,	
  the	
  first	
  

step	
  in	
  characterization	
  of	
  BdcA	
  was	
  testing	
  the	
  phosphodiesterase	
  activity.	
  

	
   The	
  BdcA	
  gene	
  was	
  cloned	
  from	
  the	
  genomic	
  DNA	
  of	
  E.	
  coli	
  K12	
  MG1655	
  strain.	
  

Cloning	
  of	
  the	
  gene	
  into	
  the	
  pET28a	
  vector	
  was	
  verified	
  by	
  agarose	
  gel	
  electrophoresis	
  (Fig.	
  

S3)	
  and	
  sequencing.	
  Protein	
  expression	
  and	
  purification	
  were	
  performed	
  as	
  described	
  in	
  

the	
  Methods	
  section;	
  a	
  representative	
  gel	
  from	
  the	
  purification	
  can	
  be	
  found	
  in	
  Fig.	
  S4.	
  

	
   We	
  observed	
  no	
  catalytic	
  activity	
  of	
  BdcA	
  towards	
  c-­‐di-­‐GMP,	
  even	
  in	
  the	
  absence	
  of	
  

metal	
  chelators	
  (Figure	
  4).	
  Unfortunately,	
  the	
  chromatograms	
  from	
  this	
  experiment	
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showed	
  an	
  erratic	
  baseline	
  that	
  made	
  accurate	
  c-­‐di-­‐GMP	
  quantification	
  impossible.	
  It	
  is	
  

interesting	
  to	
  note	
  that	
  the	
  chromatograms	
  we	
  obtained	
  resembled	
  those	
  from	
  previous	
  

phosphodiesterase	
  activity	
  assays	
  for	
  BdcA.1	
  In	
  light	
  of	
  the	
  second	
  study	
  that	
  did	
  not	
  

observe	
  c-­‐di-­‐GMP	
  binding,	
  the	
  results	
  based	
  on	
  HPLC	
  chromatograms	
  from	
  the	
  Ma,	
  et	
  al	
  

paper	
  also	
  may	
  have	
  been	
  artifacts.	
  

	
  

	
  	
  

	
  

	
  

Figure	
  4.	
  Chromatograms	
  taken	
  at	
  250nm	
  for	
  (A)	
  pGpG	
  standard,	
  (B)	
  c-­‐di-­‐GMP	
  incubated	
  
with	
  BdcA	
  under	
  PDE	
  assay	
  conditions,	
  and	
  (C)	
  c-­‐di-­‐GMP	
  standards	
  reveal	
  that	
  no	
  c-­‐di-­‐GMP	
  
degradation	
  occurred	
  in	
  the	
  PDE	
  assay.	
  C-­‐di-­‐GMP	
  eluted	
  at	
  9.34	
  minutes	
  and	
  pGpG	
  at	
  8.81	
  
minutes	
  (indicated	
  by	
  arrows).	
  
	
  

A	
  

B	
  

C	
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   Despite	
  several	
  attempts	
  to	
  remove	
  apparent	
  contamination	
  from	
  the	
  system,	
  

including	
  several	
  methods	
  of	
  washing,	
  several	
  new	
  mobile	
  phase	
  combinations,	
  and	
  a	
  new	
  

column,	
  problems	
  with	
  accurately	
  quantifying	
  c-­‐di-­‐GMP	
  persisted	
  (Figure	
  5).	
  These	
  

problems	
  may	
  have	
  arisen	
  in	
  part	
  due	
  to	
  contaminants	
  in	
  a	
  failing	
  HPLC	
  seal.	
  

	
  

	
  

	
  

Figure	
  5.	
  C-­‐di-­‐GMP	
  chromatograms	
  measured	
  at	
  250nm	
  under	
  various	
  conditions.	
  (A)	
  
Mobile	
  phases	
  of	
  methanol	
  with	
  0.1%	
  formic	
  acid	
  (buffer	
  A)	
  and	
  water	
  with	
  0.1%	
  formic	
  
acid	
  (buffer	
  B)	
  lead	
  to	
  reduced	
  absorbance	
  for	
  c-­‐di-­‐GMP	
  samples	
  (10.45	
  minutes)	
  that	
  
makes	
  quantification	
  imprecise,	
  especially	
  for	
  low	
  concentrations.	
  (B)	
  Mobile	
  phases	
  of	
  
0.1M	
  KH2PO4,	
  pH=6	
  (buffer	
  A)	
  and	
  90%	
  buffer	
  A	
  with	
  10%	
  methanol	
  (buffer	
  B)	
  showed	
  a	
  c-­‐
di-­‐GMP	
  peak	
  at	
  22.13	
  minutes,	
  but	
  lead	
  to	
  problems	
  with	
  the	
  HPLC.	
  Specifically,	
  pressure	
  
spiked	
  and	
  rose	
  above	
  tolerable	
  limits.	
  (C)	
  Mobile	
  phases	
  of	
  0.1M	
  triethyl	
  amine,	
  pH=6	
  
(buffer	
  A)	
  and	
  50%	
  buffer	
  A	
  with	
  50%	
  methanol	
  led	
  to	
  an	
  uneven	
  baseline,	
  although	
  a	
  
small	
  peak	
  could	
  be	
  seen	
  for	
  c-­‐di-­‐GMP	
  at	
  18.6	
  minutes.	
  

B	
  

A	
  

C	
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   The	
  initial	
  binding	
  studies	
  of	
  mutants	
  using	
  rapid	
  equilibrium	
  dialysis	
  (RED)	
  and	
  

analysis	
  via	
  HPLC	
  were	
  inconclusive	
  because	
  of	
  these	
  problems	
  reliably	
  quantifying	
  c-­‐di-­‐

GMP.	
  In	
  retrospect,	
  these	
  issues	
  were	
  likely	
  exacerbated	
  due	
  to	
  the	
  lack	
  of	
  c-­‐di-­‐GMP	
  

binding	
  by	
  BdcA.	
  However,	
  as	
  the	
  only	
  report	
  in	
  the	
  literature	
  at	
  the	
  time	
  had	
  quantified	
  c-­‐

di-­‐GMP	
  binding	
  to	
  BdcA	
  with	
  a	
  Kd	
  of	
  ~12	
  μM,1	
  the	
  lack	
  of	
  observed	
  c-­‐di-­‐GMP	
  binding	
  was	
  

attributed	
  	
  to	
  issues	
  with	
  the	
  HPLC.	
  Therefore,	
  to	
  sidestep	
  potential	
  HPLC	
  issues,	
  c-­‐di-­‐GMP	
  

was	
  quantified	
  using	
  UV-­‐Vis	
  analysis	
  following	
  RED.	
  Surprisingly,	
  these	
  experiments	
  

showed	
  that	
  BdcA	
  had	
  no	
  affinity	
  for	
  c-­‐di-­‐GMP	
  (data	
  not	
  shown).	
  In	
  order	
  to	
  verify	
  these	
  

results,	
  c-­‐di-­‐GMP	
  affinity	
  was	
  also	
  measured	
  via	
  isothermal	
  titration	
  calorimetry	
  (ITC,	
  

Figure	
  6).	
  ITC	
  was	
  chosen	
  because	
  it	
  measures	
  binding	
  directly	
  by	
  quantifying	
  heat	
  of	
  

binding,	
  as	
  opposed	
  to	
  techniques	
  that	
  correlate	
  a	
  measurement	
  of	
  ligand	
  concentration	
  to	
  

binding	
  affinity,	
  and	
  thereby	
  reduces	
  the	
  potential	
  for	
  other	
  factors	
  of	
  an	
  experimental	
  

setup	
  to	
  skew	
  the	
  results.	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  6.	
  Raw	
  ITC	
  data	
  for	
  BdcA	
  E50Q	
  titrated	
  with	
  c-­‐di-­‐GMP	
  (A)	
  and	
  buffer	
  (B)	
  are	
  
equivalent.	
  
	
  
	
   Contrary	
  to	
  previous	
  results,	
  ITC	
  also	
  showed	
  that	
  BdcA	
  lacked	
  affinity	
  for	
  c-­‐di-­‐GMP.	
  	
  

Testing	
  under	
  a	
  variety	
  of	
  conditions,	
  including	
  the	
  use	
  of	
  high-­‐salt	
  buffers,	
  produced	
  the	
  

same	
  result.	
  Although	
  our	
  efforts	
  were	
  aimed	
  toward	
  characterizing	
  a	
  novel	
  c-­‐di-­‐GMP	
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receptor,	
  our	
  data	
  suggested	
  that	
  BdcA	
  has	
  no	
  affinity	
  for	
  c-­‐di-­‐GMP	
  and	
  is	
  not	
  a	
  novel	
  c-­‐di-­‐

GMP	
  receptor.	
  

	
  

2.	
  Work	
  based	
  on	
  NADPH-­‐specific	
  binding	
  	
  

	
   A	
  second	
  paper	
  characterizing	
  BdcA	
  recently	
  reported	
  binding	
  to	
  NADPH	
  

specifically,	
  with	
  no	
  observable	
  affinity	
  of	
  BdcA	
  for	
  c-­‐di-­‐GMP.13	
  The	
  lack	
  of	
  c-­‐di-­‐GMP	
  affinity	
  

corroborated	
  with	
  our	
  own	
  results,	
  and	
  in	
  light	
  of	
  these	
  new	
  findings	
  we	
  were	
  forced	
  to	
  

reevaluate	
  our	
  aims.	
  Fortunately,	
  some	
  mutants	
  we	
  created	
  to	
  probe	
  c-­‐di-­‐GMP	
  binding	
  

were	
  also	
  relevant	
  to	
  exploring	
  the	
  correlation	
  between	
  NADPH	
  interactions	
  and	
  biofilm	
  

dispersal	
  mediated	
  by	
  BdcA.	
  Since	
  c-­‐di-­‐GMP	
  sequestering	
  is	
  no	
  longer	
  a	
  valid	
  hypothesis	
  

for	
  BdcA’s	
  biofilm	
  dispersal	
  capabilities,	
  we	
  turned	
  our	
  attention	
  towards	
  understanding	
  

this	
  phenomenon.	
  

	
   Among	
  the	
  proteins	
  identified	
  by	
  DALI	
  during	
  the	
  bioinformatics	
  analysis,	
  a	
  β-­‐

ketoacetyl-­‐CoA	
  reductase	
  from	
  Staphylococcus	
  aureus	
  termed	
  FabG	
  (PBD:	
  3SJ7)	
  that	
  has	
  

been	
  shown	
  to	
  bind	
  to	
  NADPH	
  shares	
  a	
  32%	
  sequence	
  identity	
  with	
  BdcA.24	
  Alignment	
  of	
  

one	
  asymmetric	
  unit	
  of	
  FabG	
  with	
  the	
  BdcA	
  model	
  shows	
  how	
  NADPH	
  might	
  bind	
  to	
  BdcA	
  

(Figure	
  7A).	
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Figure	
  7.	
  BdcA	
  model	
  (green)	
  aligned	
  with	
  FabG	
  asymmetric	
  unit	
  (cyan).	
  NADPH	
  is	
  shown	
  
in	
  orange.	
  (A)	
  Overall	
  protein	
  structures	
  align	
  to	
  a	
  high	
  degree.	
  (B)	
  The	
  lysine	
  at	
  position	
  
150	
  (magenta)	
  in	
  BdcA	
  is	
  in	
  prime	
  position	
  to	
  engage	
  in	
  catalytic	
  activity.	
  Side	
  chains	
  for	
  
the	
  rest	
  of	
  the	
  potentially	
  catalytic	
  triad	
  are	
  shown	
  in	
  green	
  
	
  
	
   FabG	
  oxidizes	
  NADPH	
  using	
  the	
  characteristic	
  Asn-­‐Ser-­‐Tyr-­‐Lys	
  catalytic	
  tetrad	
  of	
  

proteins	
  that	
  contain	
  a	
  Rossman	
  fold.24	
  The	
  model	
  of	
  BdcA	
  contains	
  these	
  same	
  residues	
  in	
  

the	
  same	
  positions	
  when	
  it	
  is	
  structurally	
  aligned	
  with	
  FabG	
  (Figure	
  7B).	
  The	
  catalytic	
  role	
  

of	
  these	
  residues	
  was	
  explored	
  over	
  twenty	
  years	
  ago,	
  and	
  it	
  is	
  well	
  known	
  that	
  mutating	
  

either	
  the	
  tyrosine	
  or	
  lysine	
  residues	
  totally	
  abolishes	
  catalytic	
  activity	
  in	
  otherwise	
  active	
  

proteins,	
  except	
  for	
  rare	
  substitutions	
  that	
  exhibit	
  a	
  fraction	
  of	
  the	
  original	
  activity	
  

(substitution	
  with	
  cysteine	
  or	
  arginine).25	
  Therefore,	
  the	
  K150I	
  mutation	
  should	
  have	
  no	
  

catalytic	
  activity	
  towards	
  NADPH,	
  whether	
  or	
  not	
  WT	
  BdcA	
  does.	
  Any	
  difference	
  in	
  biofilm	
  

dispersal	
  between	
  this	
  mutant	
  and	
  WT	
  BdcA	
  would	
  provide	
  evidence	
  as	
  to	
  the	
  role	
  of	
  

catalysis	
  in	
  biofilm	
  dispersal.	
  The	
  placement	
  of	
  the	
  other	
  mutations	
  that	
  were	
  generated	
  on	
  

BdcA	
  are	
  shown	
  in	
  Figure	
  8,	
  in	
  which	
  BdcA	
  was	
  aligned	
  with	
  FabG	
  bound	
  to	
  NADPH	
  and	
  

then	
  FabG	
  was	
  hidden.	
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Figure	
  8.	
  Model	
  of	
  BdcA	
  aligned	
  with	
  FabG	
  (hidden)	
  complexed	
  to	
  NADPH	
  with	
  mutated	
  
residues	
  highlighted	
  in	
  magenta	
  
	
  
	
   It	
  is	
  interesting	
  to	
  note	
  that	
  the	
  glutamic	
  acid	
  residue	
  at	
  position	
  50	
  is	
  extremely	
  

distal	
  to	
  the	
  likely	
  NADPH	
  binding	
  pocket,	
  but	
  that	
  mutating	
  this	
  residue	
  to	
  glutamine	
  in	
  

the	
  previous	
  Ma,	
  et	
  al	
  study	
  dramatically	
  improved	
  BdcA’s	
  ability	
  to	
  disperse	
  biofilms.1	
  

Although	
  E50	
  may	
  affect	
  protein	
  dynamics	
  or	
  stability,	
  leading	
  to	
  changes	
  in	
  biofilm	
  

formation	
  due	
  to	
  altered	
  BdcA-­‐dependent	
  catalysis,	
  it	
  also	
  raises	
  the	
  possibility	
  that	
  BdcA	
  

may	
  somehow	
  disperse	
  biofilms	
  independently	
  of	
  its	
  interaction	
  with	
  NADPH.	
  	
  

	
   ITC	
  was	
  used	
  to	
  determine	
  the	
  NADPH	
  affinity	
  of	
  BdcA.	
  Previously,	
  this	
  technique	
  

was	
  used	
  to	
  establish	
  a	
  Kd	
  of	
  25.9±4.1	
  μM	
  for	
  WT	
  BdcA.13	
  Our	
  preliminary	
  data	
  suggest	
  a	
  

value	
  for	
  NADPH	
  binding	
  that	
  falls	
  within	
  the	
  error	
  range	
  of	
  this	
  literature	
  value.	
  In	
  a	
  single	
  

trial,	
  WT	
  BdcA	
  was	
  found	
  to	
  bind	
  NADPH	
  with	
  a	
  Kd	
  of	
  27.5±2.6	
  μM	
  (Figure	
  9A).	
  Further	
  

trials	
  are	
  necessary	
  to	
  determine	
  the	
  quality	
  of	
  this	
  data,	
  but	
  as	
  a	
  qualitative	
  measure	
  it	
  is	
  

sufficient	
  to	
  verify	
  NADPH	
  binding.	
  

E50Q	
  

G14V	
  

D59A	
  

D180A	
  

E90A	
  

D136T	
  

K150I	
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Figure	
  9.	
  Binding	
  isotherms	
  for	
  (A)	
  WT	
  BdcA,	
  (B)	
  Bdca	
  E50Q,	
  and	
  (C)	
  BdcA	
  E50Q	
  with	
  
reference	
  data	
  from	
  the	
  negative	
  control	
  subtracted.	
  Because	
  it	
  is	
  constructed	
  by	
  
subtracting	
  one	
  set	
  of	
  data	
  from	
  another,	
  there	
  is	
  no	
  raw	
  binding	
  isotherm	
  to	
  show.	
  
	
  
	
   Although	
  BdcA	
  was	
  engineered	
  to	
  better	
  disperse	
  biofilms	
  by	
  means	
  of	
  an	
  E50Q	
  

mutation,	
  it	
  is	
  unknown	
  how	
  this	
  mutation	
  affects	
  cofactor	
  binding.	
  Any	
  differences	
  in	
  

NADPH	
  affinity	
  for	
  BdcA	
  E50Q	
  compared	
  to	
  WT	
  BdcA	
  would	
  have	
  implications	
  for	
  the	
  

method	
  by	
  which	
  BdcA	
  disperses	
  biofilms.	
  Initials	
  trials	
  to	
  determine	
  BdcA	
  E50Q	
  affinity	
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for	
  NADPH	
  are	
  inconclusive	
  (Figure	
  9).	
  ITC	
  experiments	
  thus	
  far	
  have	
  yielded	
  binding	
  

isotherms	
  that	
  exhibit	
  a	
  high	
  heat	
  of	
  dilution,	
  which	
  manifests	
  in	
  peaks	
  that	
  level	
  off	
  well	
  

below	
  0	
  kcal	
  per	
  mol	
  of	
  injectant.	
  In	
  other	
  words,	
  injections	
  of	
  NADPH	
  still	
  produce	
  

relatively	
  large	
  amounts	
  of	
  heat	
  even	
  after	
  BdcA	
  has	
  become	
  saturated	
  or	
  almost	
  

completely	
  saturated	
  with	
  NADPH.	
  This	
  makes	
  the	
  data	
  difficult	
  to	
  fit,	
  because	
  the	
  model	
  

for	
  data	
  fitting	
  is	
  built	
  on	
  the	
  assumption	
  that	
  the	
  addition	
  of	
  ligand	
  into	
  a	
  solution	
  of	
  fully	
  

saturated	
  protein	
  will	
  results	
  in	
  a	
  negligible	
  change	
  in	
  the	
  heat	
  content	
  of	
  the	
  system.	
  As	
  a	
  

result,	
  the	
  fitting	
  in	
  Figure	
  9B	
  is	
  much	
  worse	
  than	
  9A,	
  which	
  have	
  Chi2	
  values	
  that	
  differ	
  by	
  

more	
  than	
  an	
  order	
  of	
  magnitude.	
  Varying	
  the	
  time	
  between	
  injections	
  from	
  330	
  seconds	
  to	
  

200	
  seconds	
  resulted	
  in	
  no	
  significant	
  difference	
  in	
  data	
  fitting	
  (data	
  not	
  shown),	
  further	
  

strengthening	
  our	
  hypothesis	
  that	
  the	
  ITC	
  issues	
  are	
  due	
  to	
  heats	
  of	
  dilution.	
  	
  	
  

	
   Fitting	
  for	
  the	
  E50Q	
  binding	
  isotherm	
  can	
  be	
  marginally	
  improved	
  by	
  subtracting	
  

the	
  reference	
  data	
  of	
  buffer	
  titrated	
  into	
  protein	
  without	
  NADPH	
  (Figure	
  9C).	
  The	
  resulting	
  

isotherm	
  yields	
  a	
  Kd	
  value	
  of	
  11.2±3.1	
  μM,	
  which	
  is	
  a	
  promising	
  result	
  for	
  correlating	
  

cofactor	
  binding	
  and	
  biofilm	
  dispersal.	
  However,	
  several	
  issues	
  suggest	
  that	
  this	
  value	
  

could	
  be	
  inaccurate.	
  The	
  Chi2	
  still	
  differs	
  substantially	
  from	
  data	
  fitting	
  to	
  the	
  WT	
  BdcA	
  

binding	
  isotherm	
  in	
  Figure	
  9A.	
  In	
  addition,	
  it	
  is	
  unsettling	
  that	
  Figure	
  9C	
  is	
  the	
  result	
  of	
  a	
  

binding	
  isotherm	
  from	
  which	
  reference	
  data	
  has	
  been	
  subtracted,	
  and	
  no	
  reference	
  data	
  

has	
  been	
  subtracted	
  from	
  9A.	
  Consequent	
  ITC	
  trials	
  all	
  resulted	
  in	
  heats	
  of	
  dilution	
  

comparable	
  to	
  those	
  obtained	
  for	
  E50Q,	
  suggesting	
  that	
  the	
  single	
  binding	
  isotherm	
  for	
  WT	
  

BdcA	
  used	
  to	
  calculate	
  its	
  affinity	
  for	
  NADPH	
  might	
  be	
  anomalous	
  (data	
  not	
  shown),	
  

possibly	
  due	
  to	
  better	
  buffer	
  matching	
  between	
  BdcA	
  and	
  NADPH	
  in	
  the	
  first	
  ITC	
  trial.	
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   In	
  future	
  experiments,	
  it	
  will	
  be	
  worthwhile	
  devote	
  effort	
  to	
  standardizing	
  the	
  

technique	
  and	
  obtaining	
  reliable	
  values	
  for	
  the	
  heat	
  of	
  dilution.	
  For	
  figure	
  9C,	
  reference	
  

data	
  used	
  resulted	
  from	
  the	
  titration	
  of	
  buffer	
  into	
  protein,	
  but	
  it	
  will	
  also	
  be	
  worthwhile	
  to	
  

determine	
  the	
  effect	
  of	
  NADPH	
  titration	
  into	
  a	
  solution	
  of	
  buffer.	
  Finally,	
  reducing	
  the	
  

concentration	
  of	
  titrated	
  NADPH	
  may	
  help	
  to	
  resolve	
  the	
  issue,	
  because	
  a	
  greater	
  portion	
  of	
  

peaks	
  in	
  the	
  binding	
  isotherm	
  will	
  show	
  heat	
  release	
  that	
  is	
  truly	
  dependent	
  on	
  binding	
  

rather	
  than	
  dilution	
  effects.	
  

	
   The	
  E50Q	
  mutant	
  of	
  BdcA	
  has	
  previously	
  been	
  shown	
  to	
  disperse	
  biofilms	
  better	
  

than	
  WT	
  BdcA.1	
  However,	
  it	
  is	
  not	
  known	
  how	
  any	
  of	
  the	
  other	
  mutants	
  used	
  in	
  this	
  work	
  

affect	
  biofilm	
  dispersal	
  relative	
  to	
  WT	
  BdcA.	
  Any	
  trends	
  between	
  NADPH	
  affinity	
  and	
  

biofilm	
  dispersal	
  capability	
  could	
  provide	
  valuable	
  insights	
  into	
  the	
  mechanism	
  of	
  BdcA-­‐

dependent	
  biofilm	
  dispersal.	
  Additionally,	
  differences	
  in	
  the	
  ability	
  of	
  the	
  K150I	
  mutant	
  to	
  

disperse	
  biofilms	
  would	
  suggest	
  that	
  catalytic	
  ability	
  for	
  NADPH	
  is	
  important	
  in	
  its	
  mode	
  of	
  

function.	
  

	
   Expression	
  of	
  BdcA	
  in	
  E.	
  coli	
  during	
  biofilm	
  dispersal	
  assays	
  did	
  not	
  affect	
  cell	
  

growth	
  compared	
  to	
  uninduced	
  controls	
  (Figure	
  10A).	
  Beyond	
  this,	
  it	
  would	
  be	
  difficult	
  to	
  

extract	
  any	
  conclusions	
  from	
  the	
  data	
  obtained	
  from	
  biofilm	
  dispersal	
  assays.	
  The	
  crystal-­‐

violet	
  staining	
  method	
  of	
  biofilm	
  quantification	
  is	
  highly	
  sensitive	
  to	
  small	
  variations	
  in	
  

technique.	
  The	
  method	
  involves	
  washing	
  of	
  the	
  assay	
  plate	
  in	
  order	
  to	
  remove	
  planktonic	
  

cells	
  and	
  then	
  later	
  washing	
  again	
  to	
  remove	
  crystal	
  violet	
  dye,	
  but	
  washing	
  that	
  is	
  too	
  

rigorous	
  will	
  disrupt	
  biofilms	
  within	
  the	
  wells	
  of	
  the	
  plate.	
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Figure	
  10.	
  Biofilm	
  dispersal	
  assay.	
  (A)	
  A600	
  readings	
  of	
  biofilm	
  assay	
  wells	
  before	
  staining	
  
with	
  crystal	
  violet	
  at	
  12	
  and	
  23	
  hours	
  after	
  IPTG	
  induction	
  show	
  that	
  BdcA	
  expression	
  has	
  
no	
  significant	
  effect	
  on	
  cell	
  density.	
  (B)	
  A630	
  readings	
  of	
  assay	
  wells	
  after	
  staining	
  with	
  
crystal	
  violet	
  at	
  12	
  and	
  23	
  hours	
  post-­‐induction.	
  Results	
  are	
  the	
  average	
  of	
  three	
  wells	
  for	
  
each	
  colony,	
  with	
  two	
  colonies	
  used	
  for	
  WT	
  and	
  each	
  mutant.	
  WT3	
  and	
  WT4	
  are	
  negative	
  
controls	
  that	
  were	
  not	
  induced	
  with	
  IPTG.	
  Errors	
  shown	
  are	
  one	
  standard	
  deviation.	
  

	
   It	
  is	
  likely	
  that	
  the	
  differences	
  observed	
  between	
  12	
  and	
  23	
  hours	
  post-­‐induction	
  

are	
  a	
  result	
  of	
  different	
  amounts	
  of	
  washing	
  rather	
  than	
  a	
  drastic	
  reduction	
  in	
  overall	
  

biofilm	
  levels,	
  especially	
  considering	
  that	
  these	
  results	
  reflect	
  biofilm	
  levels	
  from	
  a	
  single	
  

trial.	
  In	
  one	
  subsequent	
  experiment,	
  washing	
  was	
  so	
  vigorous	
  that	
  biofilms	
  were	
  removed	
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completely	
  before	
  crystal	
  staining	
  was	
  carried	
  out	
  (data	
  not	
  shown).	
  In	
  future	
  experiments,	
  

the	
  technique	
  will	
  require	
  refinement	
  to	
  reduce	
  error	
  in	
  the	
  data,	
  and	
  multiple	
  trials	
  will	
  be	
  

necessary	
  to	
  determine	
  the	
  variation	
  among	
  different	
  washes	
  within	
  otherwise	
  identical	
  

samples.	
  

	
   	
  

Conclusion	
  

Initially,	
  we	
  focused	
  on	
  investigating	
  BdcA,	
  a	
  protein	
  that	
  disperses	
  biofilms	
  in	
  a	
  variety	
  of	
  

gram-­‐negative	
  bacteria,10	
  as	
  a	
  novel	
  c-­‐di-­‐GMP	
  receptor.	
  Although	
  the	
  enzymes	
  involved	
  in	
  

making	
  and	
  breaking	
  down	
  c-­‐di-­‐GMP	
  are	
  relatively	
  well	
  characterized,	
  less	
  is	
  known	
  about	
  

c-­‐di-­‐GMP	
  receptors,	
  and	
  the	
  search	
  for	
  such	
  binding	
  partners	
  is	
  ongoing.	
  BdcA	
  contains	
  a	
  

Rossmann	
  fold,	
  which	
  had	
  never	
  been	
  identified	
  in	
  a	
  c-­‐di-­‐GMP	
  receptor,	
  and	
  suggested	
  that	
  

it	
  bound	
  to	
  c-­‐di-­‐GMP	
  through	
  an	
  uncharacterized	
  mechanism.	
  Just	
  as	
  other	
  c-­‐di-­‐GMP	
  

binding	
  domains	
  are	
  conserved,	
  we	
  hypothesized	
  that	
  the	
  c-­‐di-­‐GMP	
  binding	
  domain	
  within	
  

BdcA	
  might	
  also	
  be	
  conserved,	
  and	
  set	
  out	
  to	
  identify	
  potential	
  homologs	
  with	
  a	
  similar	
  

binding	
  domain.	
  We	
  used	
  structural	
  similarity	
  rather	
  than	
  sequence	
  identity	
  to	
  identify	
  

potential	
  homologs	
  because	
  proteins	
  with	
  a	
  Rossmann	
  fold	
  show	
  low	
  sequence	
  similarity.	
  

No	
  obvious	
  homologs	
  emerged,	
  and	
  therefore	
  we	
  turned	
  to	
  mutagenesis	
  to	
  initially	
  probe	
  

the	
  determinants	
  of	
  c-­‐di-­‐GMP	
  binding.	
  We	
  found	
  that	
  BdcA	
  did	
  not	
  interact	
  with	
  c-­‐di-­‐GMP	
  

at	
  all,	
  either	
  by	
  degrading	
  or	
  binding	
  it,	
  and	
  recent	
  literature	
  corroborated	
  our	
  findings.13	
  

	
   We	
  then	
  turned	
  to	
  probing	
  the	
  mechanism	
  by	
  which	
  BdcA	
  disperses	
  biofilms,	
  since	
  

the	
  only	
  explanation	
  behind	
  this	
  process	
  was	
  refuted.	
  We	
  demonstrated	
  that	
  BdcA	
  binds	
  to	
  

NADPH.	
  Several	
  of	
  the	
  mutants	
  that	
  we	
  created	
  to	
  investigate	
  c-­‐di-­‐GMP	
  binding	
  are	
  

relevant	
  to	
  studies	
  with	
  NADPH.	
  Based	
  on	
  comparison	
  of	
  BdcA	
  with	
  other	
  Rossmann	
  fold	
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proteins,	
  these	
  mutations	
  should	
  interfere	
  with	
  either	
  binding	
  or	
  catalysis	
  specifically.	
  In	
  

addition,	
  the	
  mutation	
  E50Q	
  has	
  previously	
  been	
  shown	
  to	
  enhance	
  biofilm	
  dispersal,	
  but	
  

its	
  effect	
  on	
  NADPH	
  affinity	
  is	
  unknown.1	
  ITC	
  experiments	
  to	
  determine	
  affinity	
  of	
  BdcA	
  

mutants	
  are	
  ongoing.	
  Large	
  heats	
  of	
  dilution	
  in	
  mutant	
  isotherms,	
  which	
  render	
  data	
  

inconclusive,	
  have	
  hampered	
  current	
  efforts.	
  Assays	
  to	
  correlate	
  NADPH	
  interaction	
  to	
  

biofilm	
  dispersal	
  capability	
  were	
  undertaken.	
  Before	
  producing	
  reliable	
  data,	
  the	
  technique	
  

by	
  which	
  we	
  quantify	
  biofilms	
  must	
  be	
  improved.	
  

	
  

Methods	
  

1.	
  Genomic	
  isolation	
  and	
  cloning	
  

E.	
  coli	
  K-­‐12	
  MG1655	
  was	
  cultured	
  overnight	
  and	
  genomic	
  DNA	
  was	
  extracted	
  using	
  the	
  

Wizard®	
  Genomic	
  DNA	
  Purification	
  Kit	
  as	
  specified	
  in	
  the	
  protocol	
  supplied	
  by	
  Promega.	
  

The	
  primers	
  used	
  to	
  amplify	
  bdcA	
  from	
  the	
  genomic	
  DNA	
  via	
  PCR	
  and	
  incorporate	
  

restriction	
  sites	
  for	
  BamHI	
  and	
  XhoI	
  are	
  listed	
  in	
  table	
  S1.	
  Amplified	
  DNA	
  and	
  pET28a	
  were	
  

digested	
  using	
  BamHI	
  and	
  XhoI.	
  Ligation	
  was	
  carried	
  out	
  using	
  the	
  Fast-­‐Link™	
  DNA	
  

Ligation	
  Kit.	
  Ligation	
  product	
  was	
  transformed	
  into	
  E.	
  coli	
  DH5α	
  cells.	
  These	
  cells	
  were	
  

cultured	
  overnight	
  and	
  plasmid	
  was	
  isolated	
  using	
  the	
  GenElute™	
  Plasmid	
  Miniprep	
  Kit	
  

according	
  to	
  the	
  protocol	
  from	
  Sigma-­‐Aldrich	
  Co.	
  Cloning	
  success	
  was	
  verified	
  via	
  PCR	
  

amplification	
  followed	
  by	
  gel	
  electrophoresis	
  (Figure	
  S3).	
  

	
  

2.	
  Site-­‐directed	
  mutagenesis	
  

Mutations	
  were	
  incorporated	
  into	
  the	
  constructed	
  plasmid	
  using	
  the	
  Quickchange®	
  

Lightning	
  Site	
  Directed	
  Mutagenesis	
  Kit	
  as	
  specified	
  by	
  the	
  corresponding	
  instruction	
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manual.	
  DNA	
  sequencing	
  then	
  confirmed	
  successful	
  mutation.	
  Primers	
  used	
  and	
  mutants	
  

created	
  are	
  listed	
  in	
  table	
  S1.	
  

	
  

3.	
  Protein	
  expression	
  and	
  purification	
  

pET28a	
  plasmid	
  containing	
  the	
  BdcA	
  gene	
  was	
  transformed	
  into	
  E.	
  coli	
  Tuner	
  pLysS.	
  

Cultures	
  were	
  induced	
  with	
  0.1mM	
  IPTG	
  after	
  reaching	
  an	
  OD600	
  of	
  0.6.	
  All	
  growth	
  media	
  

was	
  supplemented	
  by	
  40	
  μg/mL	
  kanamycin	
  and	
  30	
  μg/mL	
  chloramphenicol.	
  Cells	
  were	
  

harvested	
  by	
  centrifugation	
  after	
  24	
  hours,	
  homogenized,	
  and	
  purified	
  via	
  affinity	
  

chromatography	
  using	
  a	
  Ni-­‐NTA	
  column.	
  Purified	
  protein	
  was	
  immediately	
  dialyzed	
  into	
  

the	
  appropriate	
  buffer	
  (specific	
  buffers	
  for	
  each	
  experiment	
  are	
  given	
  in	
  subsequent	
  

sections),	
  flash	
  frozen,	
  and	
  stored	
  at	
  -­‐80°C.	
  The	
  viability	
  of	
  this	
  protocol	
  was	
  verified	
  via	
  gel	
  

electrophoresis	
  (Figure	
  S4).	
  

	
  

4.	
  Phosphodiesterase	
  Activity	
  Assay	
  

BdcA	
  that	
  had	
  been	
  dialyzed	
  into	
  PDE	
  Assay	
  Buffer1	
  (50	
  mM	
  Tris,	
  5	
  mM	
  MgCl2,	
  50	
  mM	
  NaCl,	
  

pH=6)	
  immediately	
  following	
  affinity	
  chromatography	
  purification	
  was	
  incubated	
  with	
  10	
  

μM	
  c-­‐di-­‐GMP	
  (BioLog)	
  for	
  1	
  hour.	
  EDTA	
  was	
  added	
  and	
  samples	
  were	
  heated	
  at	
  95°C	
  for	
  5	
  

minutes	
  to	
  denature	
  protein.	
  Supernatant	
  was	
  collected	
  and	
  analyzed	
  via	
  HPLC.	
  Traces	
  

were	
  compared	
  to	
  c-­‐di-­‐GMP	
  and	
  pGpG	
  standards	
  (BioLog),	
  as	
  well	
  as	
  standards	
  containing	
  

a	
  mixture	
  of	
  the	
  two.	
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5.	
  HPLC	
  analysis	
  of	
  nucleotides	
  

HPLC	
  was	
  performed	
  using	
  an	
  Agilent	
  1260	
  Infinity	
  system	
  with	
  photodiode	
  array	
  detector	
  

on	
  reverse	
  phase	
  C18	
  columns.	
  Flow	
  rates	
  were	
  1	
  mL/min	
  and	
  samples	
  were	
  run	
  at	
  room	
  

temperature.	
  A	
  variety	
  of	
  conditions	
  were	
  used	
  to	
  optimize	
  conditions	
  for	
  quantifying	
  c-­‐di-­‐

GMP.	
  

	
   For	
  runs	
  with	
  a	
  supelcosil	
  (Sigma-­‐Aldrich)	
  LC-­‐18	
  column	
  (25	
  cm	
  ×	
  4.6	
  mm,	
  5	
  μL	
  

particle	
  size):	
  Gradients	
  of	
  buffer	
  A	
  (50	
  mM	
  triethylamine,	
  pH	
  5.2	
  with	
  acetic	
  acid)	
  and	
  

buffer	
  B	
  (60%	
  buffer	
  A	
  and	
  40%	
  acetonitrile)	
  were	
  used	
  as	
  follows.	
  Starting	
  with	
  100%	
  A,	
  

the	
  composition	
  was	
  changed	
  to	
  65%	
  A	
  at	
  10	
  minutes	
  with	
  a	
  constant	
  gradient,	
  0%	
  A	
  at	
  16	
  

minutes,	
  100%	
  A	
  at	
  22	
  minutes,	
  and	
  maintained	
  at	
  100%	
  A	
  until	
  25	
  minutes.	
  These	
  

specifications	
  were	
  used	
  for	
  the	
  phosphodiesterase	
  assays.	
  Gradients	
  of	
  buffer	
  A	
  (water	
  

with	
  0.1%	
  formic	
  acid)	
  and	
  buffer	
  B	
  (methanol	
  with	
  0.1%	
  formic	
  acid)	
  were	
  also	
  tested	
  on	
  

this	
  column	
  with	
  the	
  following	
  gradients:	
  100%	
  A	
  at	
  0	
  minutes,	
  98.5%	
  A	
  at	
  0.1	
  minutes,	
  

98.5%A	
  at	
  4	
  minutes,	
  98%	
  A	
  at	
  4.1	
  minutes,	
  98%	
  A	
  at	
  8	
  minutes,	
  92%	
  A	
  at	
  10	
  minutes,	
  92%	
  

A	
  at	
  12	
  minutes,	
  85%	
  A	
  at	
  14	
  minutes,	
  85%	
  A	
  at	
  16	
  minutes,	
  98.5%	
  A	
  at	
  18	
  minutes,	
  and	
  

98.5%	
  A	
  at	
  25	
  minutes.	
  

	
   For	
  runs	
  on	
  a	
  Microsorb-­‐MV	
  100	
  C18	
  column:	
  Gradients	
  of	
  buffer	
  A	
  (0.1M	
  KH2PO4,	
  

pH=6)	
  and	
  buffer	
  B	
  (90%A,	
  10%	
  methanol)	
  were	
  used	
  as	
  follows:	
  100%	
  A	
  at	
  0	
  minutes,	
  

100%	
  A	
  at	
  9	
  minutes	
  (the	
  flow	
  was	
  increased	
  to	
  1.3	
  mL/minute	
  at	
  this	
  time	
  point	
  and	
  

maintained	
  for	
  the	
  remainder	
  of	
  the	
  run),	
  75%	
  A	
  at	
  15	
  minutes,	
  10%	
  A	
  at	
  17.5	
  minutes,	
  0%	
  

A	
  from	
  19	
  to	
  23	
  minutes,	
  and	
  100%	
  A	
  at	
  24	
  minutes.	
  In	
  addition,	
  runs	
  with	
  gradients	
  of	
  

buffer	
  A	
  (0.1M	
  triethylamine,	
  pH=6)	
  and	
  buffer	
  B	
  (50%	
  A	
  and	
  50%	
  methanol)	
  were	
  

performed	
  with	
  the	
  following	
  specification.	
  Starting	
  with	
  100%	
  A,	
  the	
  percentage	
  of	
  A	
  was	
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transitioned	
  to	
  50%	
  with	
  a	
  constant	
  gradient	
  until	
  25	
  minutes,	
  and	
  then	
  transitioned	
  to	
  

100%	
  A	
  until	
  30	
  minutes.	
  

	
   	
  

6.	
  Sequence	
  and	
  structure	
  alignments	
  

	
   BdcA	
  FASTA	
  sequence	
  was	
  submitted	
  to	
  NCBI’s	
  Basic	
  Local	
  Alignment	
  Search	
  Tool	
  

(BLAST),	
  specifically	
  using	
  the	
  protein	
  blast	
  and	
  excluding	
  Escherichia	
  coli	
  from	
  the	
  search	
  

results	
  to	
  obtain	
  superfamily	
  data.	
  The	
  same	
  sequence	
  was	
  submitted	
  to	
  the	
  SWISS-­‐MODEL	
  

server	
  using	
  an	
  automatically	
  generated	
  template	
  and	
  an	
  unspecified	
  template.17–20	
  

Structural	
  homologs	
  were	
  found	
  using	
  the	
  Dali	
  server,	
  with	
  specifications	
  as	
  detailed	
  

previously.21	
  MacPyMOL	
  was	
  used	
  to	
  align	
  FabG	
  and	
  BdcA	
  and	
  create	
  a	
  variety	
  of	
  

corresponding	
  images.	
  

	
  

7.	
  Rapid	
  Equilibrium	
  Dialysis	
  (RED)	
  

Single-­‐Use	
  Rapid	
  Equilibrium	
  Dialysis	
  (RED)	
  Plate	
  with	
  Inserts,	
  8K	
  MWCO	
  (Pierce)	
  were	
  

used	
  to	
  measure	
  c-­‐di-­‐GMP	
  (BioLog)	
  affinity	
  for	
  BdcA.	
  In	
  all	
  experiments,	
  buffers	
  used	
  were	
  

the	
  same	
  as	
  those	
  that	
  the	
  protein	
  had	
  been	
  dialyzed	
  into.	
  

	
   For	
  c-­‐di-­‐GMP	
  binding	
  to	
  WT	
  BdcA	
  and	
  analysis	
  via	
  HPLC:	
  Sample	
  chambers	
  were	
  

filled	
  with	
  10	
  μM	
  c-­‐di-­‐GMP	
  and	
  BdcA	
  in	
  PBS	
  buffer	
  (137	
  mM	
  NaCl,	
  2.7	
  mM	
  KCl,	
  10	
  mM	
  

Na2HPO4,	
  1.8mM	
  KH2PO4).	
  Buffer	
  chambers	
  were	
  filled	
  with	
  PBS	
  only.	
  Control	
  experiments	
  

were	
  performed	
  with	
  no	
  c-­‐di-­‐GMP	
  added.	
  Each	
  experiment	
  was	
  performed	
  in	
  triplicate	
  

using	
  multiple	
  wells	
  on	
  the	
  same	
  plate.	
  Plates	
  were	
  covered	
  with	
  sealing	
  tape	
  and	
  

incubated	
  at	
  37°C	
  for	
  four	
  hours.	
  Samples	
  were	
  collected	
  and	
  analyzed	
  via	
  HPLC.	
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   For	
  c-­‐di-­‐GMP	
  binding	
  to	
  WT	
  BdcA	
  and	
  analysis	
  via	
  UV-­‐Vis	
  spectroscopy:	
  Sample	
  

chambers	
  were	
  filled	
  with	
  10	
  μM	
  BdcA	
  in	
  PDE	
  assay	
  buffer	
  and	
  c-­‐di-­‐GMP	
  sufficient	
  to	
  reach	
  

20	
  μM	
  total	
  across	
  both	
  sample	
  and	
  buffer	
  chambers.	
  Control	
  experiments	
  were	
  performed	
  

with	
  no	
  c-­‐di-­‐GMP	
  added.	
  Each	
  experiment	
  was	
  performed	
  in	
  triplicate	
  using	
  multiple	
  wells	
  

on	
  the	
  same	
  plate.	
  Plates	
  were	
  covered	
  with	
  sealing	
  tape	
  and	
  incubated	
  at	
  30°C	
  for	
  four	
  

hours.	
  Absorbance	
  at	
  251nm	
  was	
  measured	
  using	
  a	
  Cary	
  100	
  UV-­‐Vis	
  Spectrophotometer.	
  

	
   For	
  c-­‐di-­‐GMP	
  binding	
  to	
  BdcA	
  E50Q	
  in	
  sample	
  chambers:	
  Sample	
  chambers	
  were	
  

filled	
  w	
  7.5	
  μM	
  BdcA	
  E50Q.	
  Buffer	
  chambers	
  were	
  filled	
  with	
  c-­‐di-­‐GMP	
  (kerafast)	
  in	
  PDE	
  

assay	
  buffer	
  sufficient	
  to	
  reach	
  10	
  in	
  μM	
  both	
  sample	
  and	
  buffer	
  wells.	
  Control	
  experiments	
  

were	
  performed	
  with	
  no	
  c-­‐di-­‐GMP	
  added.	
  Each	
  experiment	
  was	
  performed	
  in	
  triplicate	
  

using	
  multiple	
  wells	
  on	
  the	
  same	
  plate.	
  Plates	
  were	
  covered	
  with	
  sealing	
  tape	
  and	
  

incubated	
  at	
  30°C	
  for	
  four	
  hours.	
  Absorbance	
  at	
  251nm	
  was	
  measured	
  using	
  a	
  Cary	
  100	
  

UV-­‐Vis	
  Spectrophotometer.	
  

	
   For	
  c-­‐di-­‐GMP	
  binding	
  to	
  BdcA	
  E50Q	
  in	
  buffer	
  chambers:	
  Buffer	
  chambers	
  were	
  filled	
  

with	
  7.5	
  μM	
  BdcA	
  E50Q	
  in	
  triplicate.	
  Corresponding	
  sample	
  chambers	
  were	
  filled	
  with	
  2.5,	
  

5,	
  or	
  7.5	
  μM	
  of	
  c-­‐di-­‐GMP	
  (total	
  concentration	
  between	
  sample	
  and	
  buffer	
  wells)	
  in	
  PDE	
  

assay	
  buffer	
  to	
  establish	
  a	
  gradient.	
  Sample	
  and	
  buffer	
  wells	
  were	
  filled	
  in	
  tandem	
  with	
  no	
  

BdcA	
  to	
  serve	
  as	
  a	
  negative	
  control.	
  Plates	
  were	
  covered	
  with	
  sealing	
  tape	
  and	
  incubated	
  at	
  

30°C	
  for	
  four	
  hours.	
  Absorbance	
  at	
  251nm	
  was	
  measured	
  using	
  a	
  Cary	
  100	
  UV-­‐Vis	
  

Spectrophotometer	
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8.	
  Isothermal	
  titration	
  calorimetry	
  

A	
  VP-­‐ITC	
  (GE	
  Healthcare)	
  ITC	
  was	
  used	
  to	
  titrate	
  ligand	
  into	
  samples	
  of	
  protein	
  under	
  

constant	
  stirring.	
  Bio-­‐Rad	
  Protein	
  Assay	
  was	
  used	
  to	
  determine	
  protein	
  concentration.	
  All	
  

samples	
  were	
  degassed	
  using	
  a	
  Microcal	
  Thermovac	
  before	
  loading.	
  

	
   For	
  binding	
  studies	
  of	
  c-­‐di-­‐GMP	
  to	
  E50Q	
  BdcA:	
  Protein	
  samples	
  that	
  had	
  been	
  

dialyzed	
  in	
  PDE	
  assay	
  buffer	
  immediately	
  following	
  purification	
  and	
  c-­‐di-­‐GMP	
  in	
  PDE	
  assay	
  

buffer	
  were	
  loaded	
  at	
  concentrations	
  of	
  10	
  μM	
  and	
  300	
  μM,	
  respectively.	
  Each	
  titration	
  was	
  

carried	
  out	
  at	
  20°C	
  and	
  with	
  stirring	
  at	
  270	
  rpm,	
  18	
  injections	
  of	
  μL.	
  Protein	
  was	
  omitted	
  in	
  

one	
  negative	
  control,	
  and	
  c-­‐di-­‐GMP	
  in	
  another.	
  In	
  one	
  experiment,	
  BdcA	
  was	
  dialyzed	
  into	
  

high	
  salt	
  buffer	
  (50mM	
  Tris,	
  0.5mM	
  EDTA,	
  25mM	
  MgCl2,	
  250mM	
  NaCl)	
  immediately	
  after	
  

purification,	
  and	
  this	
  buffer	
  was	
  also	
  used	
  in	
  place	
  of	
  PDE	
  assay	
  buffer	
  for	
  the	
  rest	
  of	
  the	
  

experiment.	
  

	
   For	
  binding	
  studies	
  of	
  NADPH:	
  Immediately	
  after	
  protein	
  purification	
  via	
  affinity	
  

chromatography,	
  buffer	
  used	
  during	
  dialysis	
  (20mM	
  HEPES)	
  was	
  collected	
  for	
  each	
  protein	
  

in	
  order	
  to	
  create	
  specific	
  NADPH	
  solutions	
  that	
  matched	
  each	
  protein	
  solution	
  exactly.	
  

Concentrations	
  of	
  NADPH	
  solutions	
  were	
  verified	
  via	
  absorbance	
  at	
  340nm.	
  NADPH	
  at	
  600	
  

uM	
  was	
  titrated	
  into	
  a	
  12uM	
  sample	
  of	
  protein	
  at	
  25°C	
  under	
  constant	
  stirring	
  at	
  310rpm.	
  

Each	
  titration	
  was	
  carried	
  out	
  using	
  30	
  NADPH	
  injections	
  of	
  10uL	
  with	
  200	
  seconds	
  

between	
  injections.	
  After	
  a	
  single	
  titration	
  with	
  WT	
  BdcA	
  verified	
  NADPH	
  binding,	
  the	
  first	
  

injection	
  was	
  changed	
  to	
  2	
  uL	
  for	
  subsequent	
  experiments.	
  In	
  a	
  single	
  trial	
  that	
  was	
  a	
  

repeat	
  of	
  a	
  previous	
  trial	
  in	
  every	
  other	
  aspect,	
  the	
  spacing	
  between	
  injections	
  was	
  changed	
  

to	
  330	
  seconds.	
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9.	
  Biofilm	
  dispersal	
  assay	
  

	
   Overnight	
  cultures	
  of	
  WT	
  BdcA	
  and	
  mutants	
  were	
  diluted	
  in	
  LB	
  to	
  0.05AU	
  at	
  600nm	
  

in	
  96-­‐well	
  polysterene	
  plates.	
  After	
  19	
  hours,	
  sample	
  wells	
  were	
  inoculated	
  with	
  0.1mM	
  

IPTG	
  and	
  positive	
  controls	
  were	
  left	
  undisturbed.	
  Plates	
  were	
  shaken	
  for	
  1	
  minute	
  at	
  150	
  

rpm	
  before	
  incubating	
  further.	
  Crystal	
  Violet	
  endpoint	
  assays26	
  were	
  used	
  to	
  quantify	
  

biofilms	
  at	
  12	
  and	
  23	
  hours	
  post-­‐induction.	
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                          1       10        20        30        40    

Bdca                                              G    IG          GA                                            GK  LI   SRG   AI          V    A     A..........................MGAFT  TV  L G     A  VRRFVTD  N RFTY GSKDA 
3V2G                                              G    IG          GA                                          L GK A VT  SRG   AIA  LA     V          A.MHHHHHHSSGVDLGTENLYFQSMMTSIS A  T F   G     A   KR  LE  A ALTYVNAAER 
3RRO                                              G    IG          GA                                        M LEGKVALVT ASRG   AIA  LA     V I  A  E  A................SNAM....SQF N                K   EL  ER  K . GT TS SG 
3RSH                                              G    IG          GA                                        M LEGKVALVT ASRG   AIA  LA     V I  A  E  A................SNAM....SQF N                K   EL  ER  K . GT TS SG 
3TZK                                              G    IG          GA                                        M LEGKVALVT ASRG   AIA  LA     V I  A  E  A................SNAM....SQF N                K   EL  ER  K . GT TS SG 
3TZH                                              G    IG          GA                                        M LEGKVALVT ASRG   AIA  LA     V I  A  E  A................SNAM....SQF N                K   EL  ER  K . GT TS SG 
3OP4                                              G    IG          GA                                        M LEGKVALVT ASRG   AIA  LA     V I  A  E  A...................M....SQF N                K   EL  ER  K . GT TS SG 
3FTP                                              G    IG          GA                                          LD  VA VT ASRG   AIA  LA     V I  A  E  AMAHHHHHHMGTLEAQTQGPG....SMDKT  KQ  I         R   LE  RR  M . GT TT AG 
4DMM                                              G    IG          GA                                        L L   IALVT ASRG   AIA  LA     V V  A     AMGSSHHHHHHSSGLVPRGSH....MTA P TDR            R   LE  AA  K A NY SSAGA 
1ULS                                              G    IG          GA                                        M L  K  LIT A  G   A     A       V     E   ........................... R KD AV     AH   R TLELF KE  RL. ACDIE GPL
3NUG                                              G    IG          GA                                          L GK ALVT A  G   AIA  LA     V V     E   ..........................TER A  T      AQ   K   AR  AD  T I SDINA GAK
3AWD                                              G    IG          GA                                        L LD  VA VT        A    LA     V I     E  A...............GSHMY....MEK R  NR  I   GAQN  L CVTA  EA  R . IADLD AM 
2WDZ                                              G    IG          GA                                          LDG  A VT A  G    I    A       I         .................MDY....RTVFR   AC A    GS   LE CRAF AS  RL. LIDREAAAL
3LQF                                              G    IG          GA                                          LDG  A VT A  G    I    A       I         .................MDY....RTVFR   AC A    GS   LE CRAF AS  RL. LIDREAAAL
3TOX                                              G    IG          GA                                          LEGKIA VT AS G   A A   A     V V  A      ........................MVMSR      I     S   R A LLF RE  K . VT RNGNAL
3AK4                                              G    IG          GA                                          L G  A VT  S G   AIA  L      V I         .................GSH...MAGIFD S RK I   G K   A   RA DKA  T A ADLDVMAAQ
consensus>50 ...........................m.legkval!tGasrgIG.aia..la..GA.v.i..a..e..a

    50             60        70            80         90       100    

Bdca                                                       A                                   A  V  D  D D V           G  DILV N GI       L L  DD      KRLAQETG..... TA FT SA R A IDVVRKS.... AL    V    GVFG.EA E NA  IDRLFK
3V2G                                                       A                      Q V       G  A  I  D  D E IE       E  GG DILVN  GI             D  EVM  A VSEIEQA GR VA RA NR A A  QAIRETV AL  L     S   WHSA.PLEETTVA FD   A
3RRO                                                       A                      Q I       G N     LNVTN ESIEA    I D  GGVDILVNN GITRDN   M M EEEW DIME A S...DYL D GKGMA     P     VLKA T EF                .LL R K    S    
3RSH                                                       A                      Q I       G N     LNVTN ESIEA    I D  GGVDILVNN GITRDN   M M EEEW DIME A S...DYL D GKGMA     P     VLKA T EF                .LL R K    S    
3TZK                                                       A                      Q I       G N     LNVTN ESIEA    I D  GGVDILVNN  ITRDN   M M EEEW DIME A S...DYL D GKGMA     P     VLKA T EF          A     .LL R K    S    
3TZH                                                       A                      Q I       G N     LNVTN ESIEA    I D  GGVDILVNN GITRDN   M M EEEW DIME A S...DYL D GKGMA     P     VLKA T EF                .LL R K    S    
3OP4                                                       A                      Q I       G N     LNVTN ESIEA    I D  GGVDILVNN GITRDN   M M EEEW DIME A S...DYL D GKGMA     P     VLKA T EF                .LL R K    S    
3FTP                                                       A                      E I       G E     LNV D   VDA         G  NVLVNN GIT DQ   M M DDEW  V D G GAAFKQA L GRGAV   N ATA   LVESTLKEF AL          Q  .LA R K    DA I 
4DMM                                                       A                      D V       G EA  V  DV Q   VEA    V E  G  DVLVNN GITRD    L M  DDW  VLD E VAAIAAA G  FA KA  S ESE   LFAA I RW RL            T.LL R KR   QS   
1ULS                                                       A                                   A  V MDV D  SVE          G  D  V   GITRDN     M  EDW  VL RE.....AAEAVG HP V   A PA   RGFAEALAHL RL GV HY       .FHWK PL   EL  R
3NUG                                                       A                                G  A  I  DI D  SV A    I    GGIDILVNN  I            D W  I DAAA....ASI KK RA AA  S PG  K LFAE QALT          S VPFV.AWDDVDL H RK I 
3AWD                                                       A                                G D   V MDVTN ESVQ     V E  G VDILV   GI   E     M D QW    DTKAVEDLRME H VSS V     T    NAVRS H QE R     AC   CIS VKAED T G  LKQV 
2WDZ                                                       A                      D            A  I  DVTD E   A      E    V ILVN  GI R     L   D  W QVM  RAAQELGAAV.. AR VA    A AMT AAAEA. AVAP S    S   A LH.DA ETD AT R   A
3LQF                                                       A                      D            A  I  DVTD E   A      E    V ILVN  GI R     L   D  W QVM  RAAQELGAAV.. AR VA    A AMT AAAEA. AVAP S    S   A LH.DA ETD AT R   A
3TOX                                                       A                                G EA     DV D    EA         GG D   NN G          L  E W E LDAELTDEIAGG G  AALAG  G EALH  LVELAVRRF  L TAF    ALGAMGEISS SV G R T  
3AK4                                                       A                        V             V  DVT   SVDA      D  GG D L  N GV           DEEW    DAV ....AGLENGGFA EV   KRA    AMQKAI AL  F L CA    STMR.PAVDIT    DFNF 
consensus>50 q.i.......g.na..v.l#vtd.esvea....i.d..ggvdilvnnAgitrdn...m.m.eeew.dvmd

   110       120          130       140        150       160       170

Bdca         N                                           Y                        I     Y  S    R M      GRI  IGSV G         A  AA K    GM   LARD   RGIT  IHAP HA VEAA Q PE...G   LI    N DRMPVAGM. A   S SALQ  ARG    FGP    
3V2G         N                                           Y                        V     F       R L      GRII IGS    L           A KA   GLT  LARD   RGIT  FRAP VAIRSAS H GD...G    T   NLAE VPWPGI.SL S S  ALA   KG    LGP    
3RRO         N                                           Y                          LT IF  S A  R MM     GRIINVGSVVGTMGN GQ  AN AAAKAGVIG T  MARE A RGVTT   S  RL K VL G  KK.RQ               A  ..            F KS    V S    
3RSH         N                                           Y                          LT IF  S A  R MM     GRIINVGSVVGTMGN GQ  AN AAAKAGVIG T  MARE A RGVTT   S  RL K VL G  KK.RQ               A  ..            F KS    V S    
3TZK         N                                           Y                          LT IF  S A  R MM     GRIINVGSVVGTMGN GQ  AN AAAKAGVIG T  MARE A RGVTT   S  RL K VL G  KK.RQ               A  ..            F KS    V S    
3TZH         N                                           Y                          LT IF  S A  R MM     GRIINVGSVVGTMGN GQ  AN AAAKAGVIG T  MARE A RGVTT   S  RL K VL G  KK.RQ               A  ..            F KS    V S    
3OP4         N                                           Y                          LT IF  S A  R MM     GRIINVGSVVGTMGN GQ  AN AAAKAGVIG T  MARE A RGVTT   S  RL K VL G  KK.RQ               A  ..            F KS    V S    
3FTP         N                                           Y                          L  VF  S A  R MM     GRIVNI SVVG  GN GQ   N AAAKAGV GMT  LARE   RGITT  KA  RL R VL P  KA.RG      T    SA  P  ..V         A   RA    IGS    
4DMM         N                                           Y                          L  VF  S A    ML     GRIINI SVVG MGN GQ  AN  AAKAGVIGLT   A E A RGITL  GG  LC R AAKI  KQ.RS      A    E   P  ..   S          KTV K L S    
1ULS         N                                           Y                        V LT  F    A    M      G IV   S V  LGN GQ  AN AA  AGVVGLT  LA E    GI     GS LVAK ASEA REK.NP S  LTA R .Y   L  ..     SM       RT  L LGRW  R
3NUG         N                                           Y                        V LT  F    A    M      GRVI I S     G      A   AAK GVIG T  LA E     IT    GT IVTR GTDQ RAAGKA    S A NTFFA TPNM.. A V   G    F RA  T LGKYN  
3AWD         N                                           Y                        I L   F    A  R ML     G IV IGS  G   N  Q  A   A KAGV      LA E A  GI    NGM RSCQ VG I  EQ.KQ V  A   MS LIV RP QQ A N S    HQYIRS  A W PH  R
2WDZ         N                                           Y                        V     F  S A  R M      G IVN GS  GT  N  Q      A K  V  LT  LA E A RGV   VDGM WA R FG A VAR.GA A   L  MS  IV RP FASS M S GA HQ  RA  A W G   R
3LQF         N                                           Y                        V     F  S A  R M      G IVN GS  GT  N  Q      A K  V  LT  LA E A RGV   VDGM WA R FG A VAR.GA A   L  MS  IV RP FASS M S GA HQ  RA  A W G   R
3TOX         N                                           Y                          LT  F                        V  T G  G   A  AA KAG IGL   LA E   RGI T   SA LAAKYQVPAIAALGGGSLTFTSSF GH A FA V.. P   S   L   VQA  V LGA   R
3AK4         N                                           Y                        V    VF       R  L     G IVN  S     G      A                            ARG  LANQIAC HF ASNTK V   TA LAAKV APLL.. H S.......................
consensus>50 vNlt.i%..s.a..r.mm.....griinigsvvgtmgn.gq..anYaaakagviglt..lare.a.rgit

       180       190            200       210        220       230    

Bdca        IN V PG IDTD         D      L    A    GQP EVA  VA LA  PEA FVTG    IDG   V Q  P    ANPANGPMR .....M HSLM IKRH   E   GM  W  G.   S    AMHT   A
3V2G        VN V PG  DTDM        E           A    GEP DIA  VA LA  PQ  FVTG  L IDGG  I H  ST    NPADGDHA .....AQRERI TGSY   Q   GL  W  G.  GK    AS T    
3RRO        VN VAPGFIETDMT   L DEQ      L   PAGR  GDP EIA AVAFLAS PEA YITGE L VNGG  T           .KA N   R..TAT AQV    .L   R   S       .   A     T H    
3RSH        VN VAPGFIETDMT   L DEQ      L   PAGR  GDP EIA AVAFLAS PEA YITGE L VNGG  T           .KA N   R..TAT AQV    .L   R   S       .   A     T H    
3TZK        VN VAPGFIETDMT   L DEQ      L   PAGR  GDP EIA AVAFLAS PEA YITGE L VNGG  T           .KA N   R..TAT AQV    .L   R   S       .   A     T H    
3TZH        VN VAPG IETDMT   L DEQ      L   PAGR  GDP EIA AVAFLAS PEA YITGE L VNGG  T    A      .KA N   R..TAT AQV    .L   R   S       .   A     T H    
3OP4        VN VAPGFIETDMT   L DEQ      L   PAGR  GDP EIA AVAFLAS PEA YITGE L VNGG  T           .KA N   R..TAT AQV    .L   R   S       .   A     T H    
3FTP        VN VAPGFIDTDMT   L QEQ          P GR  G P DIA AVAFLAS PQA YITG  L VNGG  C           .KG P   Q..TALKTQI L  .L S E   H       .   G    TT H    
4DMM        VN VAPGFI TDMT   L  E       L   P GR  GE  EVA  V FLA  P A YITGQ   IDGG  A      A    .SE AA K.....L EVI L  .Y  AA   GV R   AD A A     VIN    
1ULS        VN  APGFIET MT     E            P GR  G P EVA A  FL S  E  FITGQ L VDGG  TL       R  .AKVP KVR..EKAIAAT L  .A K L   Y AL  L .D SS     V F    
3NUG         N V PG IE D        NE           A    GQP  IA  V FLAS  DA  ITGQ L VD GA A T  L  S GV.KASPH  A..FGFVEMLQ MKGK   EH  DV S    .D  RW    T N  A 
3AWD         N VAP YIET LT     E            P GR  GQP EVA  V FLAS   A   TG    VD GA A   T    T  .RFGM KPELYDAWIAGT M  .V   D   SV Q    .DA SLM  AIVN  A 
2WDZ        VN  APGYV TEMT   M E        L   P GR  GEP EIA A  FLAS P A YVTG  L VDGG  AL     A    .LK R RPELFETW DMT M  .C   S   A AL    . A S    AI A    
3LQF        VN  APGYV TEMT   M E        L   P GR  GEP EIA A  FLAS P A YVTG  L VDGG  AL     A    .LK R RPELFETW DMT M  .C   S   A AL    . A S    AI A    
3TOX        VN   PG  DT      L               A      P EIA A  YLAS   A FVTG  L  DGG  ALL  GT  PANFAN PGAAPETRGFVEGLH LKRIAR E   E AL    .DG S    AA LA   
3AK4        ......................................................................
consensus>50 vn.vapgfietdmt...l.deq......l...pagr..gdp.eia.avaflas.pea.yitge.l.vdgg
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Figure	
  S1.	
  Sequence	
  alignment	
  of	
  BdcA	
  with	
  top	
  hits	
  from	
  DALI21	
  search.	
  

	
  

Figure	
  S2.	
  Alignment	
  of	
  BdcA	
  with	
  structurally	
  similar	
  proteins	
  show	
  a	
  32%	
  identity	
  with	
  
3SJ7	
  and	
  a	
  34%	
  identity	
  with	
  3OP4	
  
	
  

	
  

                                                                      

Bdca        FGA...................................................................
3V2G        ANAASKFAVFGWTQALAREMAPKNIRVNCVCPGFVKTAMQEREIIWEAELRGMTPEAVRAEYVSLTPLGR
3RRO        M                                                                      .YMI.................................................................
3RSH        M                                                                      .YMI.................................................................
3TZK        M                                                                      .YMI.................................................................
3TZH        M                                                                      .YMI.................................................................
3OP4        M                                                                      .YMI.................................................................
3FTP        M                                                                      .FMS.................................................................
4DMM        L                                                                      .VMA.................................................................
1ULS        R.TIGAAPA.............................................................
3NUG        M                                                                      .VRH.................................................................
3AWD        F.TVW.................................................................
2WDZ        Y.TVW.................................................................
3LQF        Y.TVW.................................................................
3TOX        A.SVTKAAENLYFQSHHHHHHWSHPQFEK.........................................
3AK4        ......................................................................
consensus>50 m.....................................................................

                                                                      

Bdca        ....................................                                  
3V2G        IEEPEDVADVVVFLASDAARFMTGQGINVTGGVRMD                                  
3RRO        ....................................                                  
3RSH        ....................................                                  
3TZK        ....................................                                  
3TZH        ....................................                                  
3OP4        ....................................                                  
3FTP        ....................................                                  
4DMM        ....................................                                  
1ULS        ....................................                                  
3NUG        ....................................                                  
3AWD        ....................................                                  
2WDZ        ....................................                                  
3LQF        ....................................                                  
3TOX        ....................................                                  
3AK4        ....................................                                  
consensus>50 ....................................                                  

    1       10        20        30        40        50      

BdcA                  K  L  G SRGIG  I       G  V    A S   A                     G    I         A       D AN    Y G KD      QE      ....MGAFT  TV  L G     A  VRRFVT     RFT      A KRLA  T.....
3SJ7                  K  L  G SRGIG  I       G  V    A S   A                        A VT A        A  LAEE  N  V Y G KE  EAV EE    G HHHHHHGSMT S           RS  LQ     Y  A N      K    V  IKAK V
3OP4                  K  L  G SRGIG  I       G  V    A S   A                     G  A VT A      A A  LAE  A   I         QAI D     G .MSQFMNLE  V           K   EL   R  K . GT T ESG    S YL... D
consensus>50 .........gK.aL!tGaSRGIG.aIa..laedGanV.v.yAgSkd.Aeav.#e....g. 

          60         70        80        90       100       

BdcA                        A         G  D LV NAGI                    N    G  A  TD  D D VI DVV     L I             L L  DD D       ... AT VF  SA R    .   RKS A     V    GVFGEA E NA  I RLFKI I
3SJ7                        A         G  D LV NAGI                    N D     ANV D DEV   IKEVV QF  L V  N    TRDNLLMRMKEQEWDDV DT L SFAIQ   A A   K M     S   S                           I    
3OP4                        A         G  D LV NAGI                    N N  G   NVTN E IE V K I  EF    I  N    TRDNLLMRMKEEEW DI ET L GK MAL    P S    L A TD   GV                       S  M    
consensus>50 d..g..anvt#.ddvdAvikd!v.qfG.lD!LVnNAGItrdnll$r$ke##wddv.dtNl 

110       120         130       140       150       160     

BdcA                     M     G I    SV G      G A Y A K    G     AR      Y  S  A RQ       R   IG      M  A     A        M   L  D  HAP HA VE A   ..PEG   LI    N DR PV  M A   S SALQ  ARG    FG
3SJ7                     M     G I    SV G      G A Y A K    G     AR     VF     A  Q L  R    IN    V    GN  Q N     AGVI LTKS   E AKG  NCIQK TP   RQ S A   LS    .AV  P     V T          A   L 
3OP4                     M     G I    SV G      G A Y A K    G     AR     IF  S    R  M  R  R INVG  V   MGNA Q N A   AGVI  TKSM  E ATS  RL KAVL G  KK Q           .T           A      F       V 
consensus>50 ..v%..s..a.rqMl..r.GrIinigSVvG..mgnaGqAnYaA.KagviGmtkslAR#.a 

  170       180        190       200       210       220    

BdcA         RG T N V PG I  D   A                R G     A  VA LA   A      I I        DT      N  MRD L          QP EV         PE  FVP      V Q  P    ANP . GP   M HSLMAIK H   E   GM  W  G   S  
3SJ7         RG T N V PG I  D   A                R G     A  VA LA   A   S  I V   A  F    MT  L DEL E ML QIP     Q  DI     F  S    YI       A      VS   D  S   K Q  T   LA F  DT   NT      DK K  
3OP4         RG T N V PG I  D   A                R G     A  VA LA   A   S  V V   A  F ET MT  LNDE R   L QVP     DP EI     F  SPE  YI       T           K     Q TAT A   AG L   R   SA         A  
consensus>50 sRG!T!N.VaPGfIdtDmt.Alndemrd.ll.qip..R.G#p.#!A..VAfLAspeA.%! 

   230                                                      

BdcA        TG      G                                                         ID                                                      AMHT   AFGA.                                              
3SJ7        TG      G                                                     QT HVN GMYM                                                   I        .                                              
3OP4        TG      G                                                     ET HVN GMYM                                                   L        I                                              
consensus>50 TGqt.h!#Ggmym. 
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Figure	
  S3.	
  PCR	
  amplification	
  of	
  the	
  BdcA	
  gene	
  from	
  final	
  plasmid	
  product	
  followed	
  by	
  gel	
  
electrophoresis	
  verifies	
  that	
  the	
  gene	
  was	
  successfully	
  cloned.	
  Multiple	
  aliquots	
  are	
  shown.	
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Table	
  S1.	
  Primers	
  used	
  for	
  cloning	
  and	
  site-­‐directed	
  mutagenesis,	
  listed	
  5’	
  to	
  3’	
  

Cloning	
  
Forward	
   GACTGGATCCATGGGCGCTTTTACAGGTAAGACA	
  

Reverse	
   GACTCTCGAGCGTAGTCGGTTATGCGCCAAA	
  

G14V	
  
Forward	
   CAGTTCTCATCCTCGGTGTCAGTCGTGGTATCGGTG	
  

Reverse	
   CACCGATACCACGACTGACACCGAGGATGAGAACTG	
  

E50Q	
  
Forward	
   CTAAACGCCTGGCACAACAGACTGGAGCGACAGC	
  

Reverse	
   GCTGTCGCTCCAGTCTGTTGTGCCAGGCGTTTAG	
  

D59A	
  
Forward	
   CGACAGCAGTATTCACAGCTAGTGCTGACAGAGACGC	
  

Reverse	
   GCGTCTCTGTCAGCACTAGCTGTGAATACTGCTGTCG	
  

E90A	
  
Forward	
   GTATTGGCGTCTTTGGCGCGGCCCTGGAATTAAATG	
  

Reverse	
   CATTTAATTCCAGGGCCGCGCCAAAGACGCCAATAC	
  

D136T	
  
Forward	
   GGCTCCGTGAATGGCACTCGTATGCCTGTTGC	
  

Reverse	
   GCAACAGGCATACGAGTGCCATTCACGGAGCC	
  

K150I	
  
Forward	
   GCTTATGCCGCCAGCATATCTGCCCTGCAAGG	
  

Reverse	
   CCTTGCAGGGCAGATATGCTGGCGGCATAAGC	
  

D180A	
  
Forward	
   GCCAGGGCCAATTGCTACCGACGCTAATC	
  

Reverse	
   GATTAGCGTCGGTAGCAATTGGCCCTGGC	
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Figure	
  S4.	
  Products	
  from	
  each	
  step	
  of	
  the	
  protein	
  purification	
  process.	
  Lane	
  1:	
  Ladder;	
  
Lane	
  3:	
  pellet	
  after	
  large	
  cell	
  culture;	
  Lane	
  5:	
  cell	
  lysate	
  after	
  homogenization;	
  Lane	
  6:	
  
Column	
  wash;	
  Lane	
  8:	
  collected	
  fraction	
  from	
  the	
  column	
  containing	
  purified	
  protein.	
  	
  


