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Peroxidases  are  considered  essential  agents  of  lignin  degrada-
tion  by  white-rot  basidiomycetes.  However,  low-molecular-
weight  oxidants  likely  have  a  primary  role  in  lignin  breakdown
because  many  of  these  fungi  delignify  wood  before  its  porosity
has  sufficiently  increased  for  enzymes  to  infiltrate.  It  has  been
proposed  that  lignin  peroxidases  (LPs,  EC  1.11.1.14)  fulfill  this
role  by  oxidizing  the  secreted  fungal  metabolite  veratryl  alcohol

    �(VA)  to its aryl cation radical  (VA �),  releasing  it  to  act  as  a
one-electron  lignin  oxidant  within  woody  plant  cell  walls.  Here,
we  attached  the  fluorescent  oxidant  sensor  BODIPY  581/591
throughout  beads  with  a  nominal  porosity  of  6  kDa  and  assessed
whether  peroxidase-generated  aryl  cation  radical  systems  could
oxidize  the  beads.  As  positive  control,  we  used  the  1,2,4,5-tetra-
methoxybenzene  (TMB)  cation  radical,  generated  from  TMB  by
horseradish  peroxidase.  This  control  oxidized  the  beads  to
depths  that  increased  with  the  amount  of  oxidant  supplied,  ulti-
mately  resulting  in  completely  oxidized  beads.  A  reaction–
diffusion  computer  model  yielded  oxidation  profiles  that  were
within  the  95%  confidence  intervals  for  the  data.  By  contrast,
bead  oxidation  caused  by  VA  and  the  LPA  isozyme  of  Phanero-
chaete  chrysosporium  was  confined  to  a  shallow  shell  of  LP-ac-
cessible  volume  at  the  bead  surface,  regardless  of  how  much
oxidant  was  supplied.  This  finding  contrasted  with  the  modeling
results,  which  showed  that  if  the  LP/VA  system  were  to  release

�VA �,  it  would  oxidize  the  bead  interiors.  We  conclude  that
LPA  releases   �insignificant quantities  of  VA �  and  that  a  dif-
ferent  mechanism  produces  small  ligninolytic  oxidants  dur-
ing  white  rot.  

The  oxidative  degradation  of  lignin  by  white-rot  basidiomy-
cetes  that  decay  wood  is  an  important  component  of  global
carbon  cycling,  but  remains  poorly  understood  in  mechanistic
detail.  On  one  hand,  there  is  considerable  evidence  that  special-

 

ized  peroxidases  have  an  important  role.  In  particular,  a  subset
of  them  termed  lignin  peroxidases  (LPs)4  (EC  1.11.1.14)  cleaves
the  principal  nonphenolic  structures  of  lignin  regioselectively
(1–3).  Moreover,  the  LPs,  along  with  structurally  related
Mn(II)-oxidizing  peroxidases  (manganese  peroxidases,  EC  
1.11.1.13;  and  versatile  peroxidases,  EC  1.11.1.16)  are  unique  to
the  genomes  of  most  white-rot  fungi  while  being  absent  from
other  fungal  genomes  (1,  4,  5).

On  the  other  hand,  many  white-rot  fungi  begin  to  delignify
the  wood  cell  wall  before  its  porosity  has  increased  enough  for
enzymes  to  infiltrate,  in  the  process  removing  lignin  faster  than
they  remove  polysaccharides  (1,  6,  7).  This  observation  of  selec-
tive  delignification  suggests  that  for  many  fungi  the  proximal
oxidants  of  lignin,  at  least  during  early  white  rot,  are  low-mo-
lecular-weight  agents  rather  than  enzymes.  However,  the  only
small  oxidants  that  white-rot  fungi  indisputably  produce  are
Mn(III)  chelates,  which  are  generated  by  some  of  the  above-
mentioned  peroxidases  but  are  insufficiently  reactive  to  attack
nonphenolic  lignin  structures  (2,  3,  8  –10).

It  has  been  proposed  that  some  white-rot  fungi  circumvent
this  problem  by  using  LPs  to  oxidize  secreted  low-molecular-
weight  metabolites  to  reactive-free  radicals,  which  might  then
diffuse  into  the  wood  cell  wall  and  cleave  lignin  oxidatively  (11,  
12).  LPs  are  remarkable  among  peroxidases  in  their  efficient
oxidation  of  aromatic  compounds  that  resemble  the  major
nonphenolic  structures  of  lignin  (2),  although  the  versatile  per-
oxidases  also  have  this  ability  to  some  extent  (8,  9).  Substrate
oxidation  occurs  by  a  classic  heme  peroxidase  mechanism  in
which  compounds  I  and  II  of  the  enzyme  catalyze  single  elec-
tron  transfers  (SETs,  Fig.  1) (13),  which  are  mediated  by  a  sol-
vent-exposed  tryptophan  residue  (14  –16).  When  LPs  react
with  nonphenolic  lignin  structures,  the  immediate  oxidation
products  are  aryl  cation  radicals  that  spontaneously  fragment
between  C1  and  C2  of  the  lignin  propyl  side  chain.  This  oxida-
tive  sequence  is  thought  to  be  the  route  by  which  LPs  catalyze
ligninolysis  directly  when  diffusible  mediators  are  not  involved
(17,  18).

The  chief  candidate  for  a  mediator  that  would  operate  in
conjunction  with  LP  is  veratryl  alcohol  (VA,  3,4-dimethoxy-
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benzyl  alcohol),  a  secondary  metabolite  secreted  by  many  white-
rot  fungi  (19).  The  best-known  species  is  Phanerochaete  chrys-
osporium,  some  isolates  of  which  probably  employ  low-
molecular-weight  oxidants  because  they  have  been  observed  to
remove  lignin  from  wood  faster  than  they  remove  cellulose  (6).
LP  oxidizes  VA  to  veratraldehyde  (3,4-dimethoxybenzalde-
hyde)  by  the  same  SET  mechanism  that  it  employs  on  nonphe-
nolic  lignin  structures  (13),  producing  the  veratryl  alcohol  cat-
ion  radical  (VA��)  as  an  intermediate  that  has  been  detected  by
ESR  spectroscopy  (20).  Conceivably,  VA��  might  escape  into
solution  and  then  extend  the  spatial  range  of  LP  activity  by
acting  as  a  SET  oxidant  of  occluded  lignin  structures  (11,  12).  

In  support  of  this  hypothesis,  VA��  is  stable  enough  in  water
to  diffuse  several  micrometers,  hydrolyzing  with  a  rate  constant
of  17  s�1  (11,  21,  22).  Furthermore,  the  oxidation  of  VA  by  LP  in
air  at  physiological  pH  (4.5)  consumes  O  and produces �1.1 2    
veratraldehyde  per  H2O2  supplied  (23).  This  finding  suggests  
that  some  VA��  may  escape  oxidation  at  the  LP  active  site,
hydrolyzing  instead  to  give  benzylic  radicals  that  rapidly  add
O .  The  resulting  �-hydroxyperoxyl  radicals  would  in  turn  2
eliminate  the  H O precursor HO� 

2 2     
2,  thus  accounting  for  the

enhancement  in  veratraldehyde  yield  (24).  Finally,  VA  has  been
shown  to  enhance  some  LP-catalyzed  oxidations  (12,  25–27),
and  is  required  for  LP  to  depolymerize  colloidal  synthetic
lignins  (28).  In  some  cases,  there  is  good  evidence  that  this
stimulation  results  from  mediation  by  VA��.  For  example,  VA
is  required  for  LP  to  oxidize  4-methoxymandelic  acid,  which
quenches  the  ESR  signal  of  the  VA��  produced,  and  veratralde-
hyde  production  during  these  reactions  occurs  only  after  all  of
the  4-methoxymandelic  acid  has  been  consumed.  Moreover,
the  rate  of  4-methoxymandelic  acid  oxidation  by  LP  exhibits
saturation  kinetics  as  the  concentration  of  VA  is  increased  (27).

On  the  other  hand,  none  of  the  above  observations  establish  
that  any  of  the  VA��  produced  during  LP  turnover  escapes  into  

free  solution.  An  alternative  explanation  is  that  SET  from  a
substrate  donor  to  LP  could  be  mediated  by  VA��  that  remains  
on  the  enzyme  surface  (27,  29).  In  this  case,  the  physiological
and  perhaps  critically  important  function  of  the  bound  VA��  

would  be  to  facilitate  contact  and  electron  transfer  between  the  
bulky,  stereoirregular  structures  of  lignin  and  oxidized  LP,  as
opposed  to  acting  as  a  diffusible,  remote  oxidant  of  lignin.  This
concept  of  VA��  as  a  bound  mediator  was  introduced  because  
one  research  group  reported  that  the  rate  constant  for  hydro-
lysis  of  VA��  is  too  high  for  it  to  diffuse  a  significant  distance  
(29),  and  also  because  chemically  generated  VA��  failed  to  oxi-
dize  4-methoxymandelic  acid  (12).  To  reconcile  these  observa-
tions  with  the  enzyme  kinetics  experiments  that  support  medi-
ation,  it  was  hypothesized  that  a  LP–VA��  complex  forms
during  catalysis  and  is  a  stronger  and  more  long-lived  oxidant
that  enables  the  oxidation  of  recalcitrant  substrates  (27,  29).  

However,  VA��  must  be  able  to  act  as  a  diffusible  oxidant  if  it  
is  released,  because  chemically  generated  VA��  was  shown  to  
oxidize  a  polymeric  dye  (12).  Moreover,  multiple  studies  con-
firmed  that  the  hydrolysis  rate  constant  for  VA��  is  in  fact  rel-
atively  low  at  17  s�1  (11,  21,  22).  The  problem  appears  to  be  that
the  original  research  conflated  two  issues:  the  redox  potential  of
VA��  and  whether  LP  releases  it  into  solution.  Certainly  the
redox  potential  of  VA��,  a  dimethoxylated  aromatic,  is  relevant
to  the  oxidation  of  the  monomethoxylated  aromatic  4-me-
thoxymandelic  acid,  whose  reaction  with  VA��  is  expected  to
be  thermodynamically  unfavorable.  However,  this  constraint
does  not  apply  to  the  oxidation  of  wood  lignin,  whose  rings
carry  two  or  three  methoxyl  groups,  and  thus  the  experiments
with  4-methoxymandelic  acid  and  other  recalcitrant  substrates
do  not  answer  the  remaining  question  of  whether  VA��  can  
escape  the  LP  active  site.

The  persistence  of  this  question  in  the  literature,  and  its
importance  for  our  understanding  of  which  small  diffusible  oxi-
dants  white-rot  fungi  actually  employ,  led  us  to  conclude  that
an  empirical  approach  was  needed:  if  some  of  the  VA��  pro-
duced  by  LP  can  escape  the  enzyme  and  oxidize  a  donor  at  a
distance,  then  it  should  be  possible  to  observe  the  oxidation  of  a
non-recalcitrant  substrate  immobilized  within  a  porous  mate-
rial  that  excludes  LP  (42  kDa)  while  admitting  VA��  (168  Da).
As  the  donor  substrate,  we  used  the  ratiometric  oxidation  sen-
sor  BODIPY  581/591,  which  unlike  4-methoxymandelic  acid
undergoes  facile  oxidation,  and  whose  fluorescence  shifts  from
red  to  green  once  its  conjugated  diene  side  chain  has  been  oxi-
datively  cleaved  (30).  BODIPY  581/591  is  directly  oxidized  by
LP,  and  VA  markedly  stimulates  the  reaction  by  a  mechanism
not  yet  determined  (31).  To  make  most  of  the  dye  inaccessible  
to  direct  enzymatic  oxidation,  we  attached  it  covalently
throughout  porous  polyacrylamide  beads  that  largely  exclude
LP.  In  the  presence  and  absence  of  VA,  we  treated  the  beads
with  LPA,  one  of  the  most  abundant  LP  isozymes  of  P.  chrys-
osporium  and  the  only  one  that  has  been  investigated  in  mech-
anistic  detail  (3,  32).  We  then  used  confocal  fluorescence
microscopy  to  determine  the  spatial  distributions  of  BODIPY
oxidation  in  the  beads,  comparing  the  results  with  computer
simulations  of  the  profiles  expected  if  free  VA��  is  the  oxidant.  
In  effect,  our  fluorescent  beads  serve  as  a  rough  model  of  the

            similarly semi-porous, lignocellulosic wood cell wall.

Figure  1.  Reactions  used  for  both  the  reaction–  diffusion  model  and  the  
solution–phase  model.  The  named  species  are:  Eo,  ferric  resting  state  perox- 
idase;  O  �  Ei,  two-electron-oxidized  peroxidase  compound  I;  HO-Eii,  one-elec-
tron-oxidized  peroxidase  compound  II;  HO-E -M��

ii ,  peroxidase  compound  II  
associated  with  mediator  cation  radical;  M,  mediator  (TMB  or  VA);  M��,  medi-
ator  cation  radical;  A,  two-electron-oxidized  product  derived  from  mediator  
(2,5-dimethoxybenzoquinone  or  veratraldehyde);  R,  native  red  BODIPY  dye;  
G,  oxidized  green  BODIPY  dye;  H O  and  

2 2;   HO� 
2  .  Values  for  the  rate  constants  

are  given  in  Table  1.  
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Figure  2.  Confocal  fluorescence  images  of  a  BODIPY-functionalized  bead  in  a  solution  of  fluorescein-labeled  ovalbumin.  The  red  channel,  detecting  
native  nonoxidized  BODIPY,  is  shown  at  the  top  and  the  green  channel,  detecting  fluorescein,  is  shown  at  the  bottom.  The  green  channel  is  shown  in  false  color  
(cyan)  to  avoid  confusion  with  the  green  fluorescence  of  oxidized  BODIPY  that  appears  in  the  following  figures.  The  small  boxes  in  the  images  on  the  left  are  
10  �  10  �m  in  size,  and  are  shown  magnified  on  the  right.  

Results  

Properties  of  dye-functionalized  beads  

The  upper  panels  of  Fig.  2  show  red  channel  confocal  fluo-
rescence  images  of  a  92-�m  diameter  polyacrylamide  bead  con-
taining  pores  with  a  nominal  6-kDa  molecular  mass  exclusion,
after  covalent  attachment  of  BODIPY  581/591  via  amide  link-
ages.  The  distribution  of  dye  throughout  the  bead  is  fairly  uni-
form,  although  a  decrease  at  its  center  can  be  discerned.  This
inhomogeneity  in  the  beads  was  acceptable  for  our  purposes
because  the  method  for  measuring  dye  oxidation  is  ratiometric,
and  thus  independent  of  dye  concentration.  

Close  inspection  of  the  bead’s  edge  additionally  shows  that  
some  BODIPY-labeled  polymer  extends  1–2  �m  into  the  sur-
rounding  solution.  The  lack  of  a  sharp  edge  is  expected  because  
adsorption  of  the  surfactant  used  when  the  beads  are  manufac-
tured  by  inverse  phase  suspension  polymerization  leads  to  the  
formation  of  larger  pores  near  their  surfaces  (33,  34).  However,  
this  feature  leads  to  an  uncertainty  of  less  than  0.25  �m in the   
position  of  the  edge  (see  “Experimental  procedures”).  

Before  using  the  beads  in  oxidation  experiments,  we  made  a  
preliminary  estimate  of  how  deeply  LPA  (42  kDa)  could  pene-
trate.  This  assessment  was  necessary  because  beads  produced  

Veratryl alcohol radical not released by lignin peroxidase 
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Figure  3.  Green  fluorescence  intensity  of  BODIPY-functionalized  beads  
when  immersed  in  a  solution  of  fluorescein-labeled  ovalbumin.  The  
intensity  within  the  beads  is  expressed  as  a  fraction  of  the  intensity  in  the  
surrounding  solution.  The  data  points  are  from  image  analyses  of  nine  beads.  

by  inverse  phase  polymerization  do  not  exhibit  an  absolute
molecular  mass  exclusion  limit,  but  rather  contain  a  gradient  of
porosity  that  decreases  from  the  edge  to  the  core  (33,  34).  Con-
sequently,  the  beads  were  expected  to  contain  a  peripheral  zone
where  direct  oxidation  of  the  BODIPY  by  LP  could  occur  with-
out  the  participation  of  a  diffusible  mediator.

To  estimate  the  size  of  this  zone,  we  suspended  beads  in  a
solution  of  fluorescein-labeled  ovalbumin  (45  kDa)  and
obtained  both  red  channel  images  to  visualize  the  beads  (Fig.  2,  
upper)  and  green  channel  images  to  visualize  the  surrounding
solution  (Fig.  2,  lower).  A  comparison  of  the  images  reveals  a
gradient  of  green  pixels  due  to  fluorescein  that  diminishes
inwards  from  the  edge  of  the  bead.  Adjacent  to  the  edge,  this
green  emission  appears  more  intense  than  it  actually  is,  because
the  volume  sampled  by  the  microscope  is  not  small  enough  to
avoid  capturing  some  of  the  extremely  bright  fluorescence  from
the  surrounding  solution.  However,  within  the  bead  the  green
pixels  indicate  the  presence  of  the  ovalbumin  probe.

To  quantify  this  gradient,  we  conducted  image  analyses  on
nine  replicate  beads.  The  data  are  represented  as  green  fluores-
cence  intensity  relative  to  the  intensity  in  the  solution  sur-
rounding  the  beads  (Fig.  3),  and  show  that  95%  of  the  45-kDa
protein  was  excluded  at  a  depth  of  7  �m.  This  result  suggested
that  the  beads  could  serve  our  purpose,  provided  infiltration  of
their  outermost  volume  by  LP  was  taken  into  account.  

Proof  of  principle  for  mediated  bead  oxidation  

As  a  test  of  whether  BODIPY  581/591  molecules  immobi-
lized  within  the  derivatized  beads  could  detect  small,  diffusible  
cation  radical  oxidants,  we  began  with  the  oxidation  of  1,2,4,5-
tetramethoxybenzene  (TMB),  a  synthetic  compound  that  white-
rot  fungi  do  not  secrete,  by  LP  and  by  the  similarly  sized  enzyme
horseradish  peroxidase  (HRP,  44  kDa).  Both  enzymes  oxidize
TMB  to  its  cation  radical  (TMB��),  which  is  released  into  solu-
tion  and  hydrolyzes  slowly  with  a  half-life  of  minutes  (35,  36).  
TMB��  is  not  only  relatively  stable,  but  is  also  predicted  to  be  a
good  oxidant  with  E0  ��1.30 V in H O (37).  These  2 properties
suggest  that  it  could  mediate  SET  oxidations  at  a  distance  from
the  peroxidase  from  which  it  was  generated.  

Figure  4.  Imaging  data  for  beads  treated  with  peroxidases,  TMB,  and  
H2O2.  A,  confocal  fluorescence  images  of  beads  treated  with  various  levels  of  
H2O2,  using  excess  TMB  (4  mM)  and  LP.  The  image  sequence,  from  left  to  right,  
is  for  0.00,  0.05,  0.10,  and  0.40  mM  H2O2.  The  images  have  been  adjusted  to  
represent  constant  excitation  laser  power.  The  scale  bar  is  10  �m.  B,  experi-
mental  dye  oxidation  profiles  (data  points  for  triplicate  beads)  and  modeled  
dye  oxidation  profiles  (lines)  for  beads  treated  with  increasing  levels  of  TMB,  
using  excess  H2O2  (286  �M)  and  HRP.  Blue,  1.4  �M  TMB;  red,  2.8  �M  TMB;  green,  
4.3  �M  TMB.  C,  comparison  of  experimental  data  (closed  circles)  and  reaction–  
diffusion  model  (open  circles)  for  the  depth  into  the  beads  at  which  50%  oxi-
dation  occurred  after  treatment  with  the  HRP/H2O2/TMB  system.  Results  are  
shown  as  a  function  of  oxidant  dosage,  i.e.  the  amount  of  TMB  supplied.  Error  
bars  on  the  experimental  values  indicate  95%  confidence  intervals.  The  col-
ored  arrows  indicate  the  correspondence  to  the  data  in  plot  B.  

In  preliminary  experiments  with  LP,  we  exposed  the  dye-
unctionalized  beads  to  various  levels  of  H O   2 2 in the  presence
f  excess  TMB,  waited  until  spectrophotometric  observation  at
50  nm  showed  that  TMB��  production  had  ceased  (35,  36),
nd  then  examined  the  beads  by  confocal  fluorescence  micros-
opy.  As  shown  by  the  representative  images  of  beads  in  Fig.  4A,  
he  initial  red  emission  was  replaced  from  the  periphery
nwards  by  green  emission,  and  the  beads  became  entirely  green
hen  sufficient  H O   had  been  added.   2 Our supply  of  LP  2 being

imited,  we  then  performed  a  larger  number  of  quantitative
xperiments  using  HRP,  exposing  the  beads  to  various  levels  of
MB  in  the  presence  of  excess  H    2O  2. This experiment revealed

he  presence  of  a  distinct  advancing  front  of  oxidation  that  pro-
ressed  toward  the  bead  center  as  a  function  of  the  amount  of
MB��  supplied  (Fig.  4B),  which  established  that  our  beads
ere  a  suitable  reporter  for  small  aryl  cation  radical  oxidants.  

evelopment  of  a  reaction–  diffusion  model  

We  next  developed  a  mathematical  model  for  bead  oxidation
nd  checked  its  validity  against  the  experimental  results  
btained  with  HRP  and  TMB.  The  model  handles  the  varying
ermeability  of  the  beads  to  the  peroxidase,  rate  constants  for
ll  of  the  relevant  reactions,  and  diffusion  coefficients  for  all  of  
he  moving  species.  The  theory  of  diffusion  and  reaction  in
pherical  particles  is  well-developed  and  provides  the  basis  for
ur  model  (38).  As  there  are  11  species  to  follow  (Fig.  1,  Table  1)
e  used  a  finite-volume  numerical  method  to  solve  the  balance  

quations  simultaneously  (Data  Set  S1).
The  model  reveals  that  diffusion  rates  have  a  relatively  low

mpact  in  our  system.  The  diffusion  of  HRP  can  be  disregarded  
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Table  1  
Reaction  rate  constants  used  in  this  study  
Reactions  to  which  the  values  apply  are  shown  in  Fig.  1.  

Name Value Notes and references 

k1 (LP/VA) 580 mM�1 s�1 Ref. 13 
k1 (HRP/TMB) 14,100 mM�1 s�1 Ref. 39 
k2 (LP/VA) 90 mM�1 s�1 Ref. 40 
k2 (HRP/TMB) 0 mM�1 s�1 Pathway inoperative because TMB�� is released quantitatively (35, 36) 
k3 (LP) 720 mM�1 s�1 Calculated from extents of LP-catalyzed BODIPY bead oxidation without VA 
k3 (HRP) 1200 mM�1 s�1 Calculated from extents of HRP-catalyzed BODIPY bead oxidation without TMB 
k4 (LP/VA) 330 mM�1 s�1 Ref. 41 
k4 (HRP/TMB) 396 mM�1 s�1 k6 assumed to be rate-limiting 
k5 (LP) 0.78 s�1 Calculated from rate of VA oxidation, assuming k5 � k2 (Fig. S2) 
k5 (HRP) 0 mM�1 s�1 Pathway inoperative because TMB�� is released quantitatively (35, 36) 
k6 (LP/VA) 10 mM�1 s�1 Assumed to be rate-limiting in the pathway that releases VA�� (k6 � k4). Assumed that 10% 

of LP turnovers involving VA proceed via this pathway (23, 40) 
k6 (HRP/TMB) 396 mM�1 s�1 Measured from rate of TMB oxidation, assuming k6 � k4 (Fig. S1) 
k7 (LP/VA) 17 s�1 Refs. 11, 21, 22 
k7 (HRP/TMB) 0.03 s�1 Measured (Fig. S1) 
k8 106 mM�1 s�1 Diffusion-limited 
k9 600 mM�1 s�1 Set to give best fit of model to data 

     

       
       
       
             
               
               
       
      

     
               
             
               

     
           

                
        
       
 

    
             

because  it  is  preloaded  into  the  beads.  Although  diffusion  is  a
factor  for  H2O               2  and TMB, because they continue to enter the
beads  as  the  peroxidase  consumes  them,  this  phenomenon  has
little  influence  on  the  shapes  of  the  oxidation  profiles  because
diffusion  is  rapid  relative  to  the  duration  of  the  reaction.  This  is
evident  from  the  characteristic  times  (t)  for  diffusion  of  H2O2  

and  TMB,  where  t  � R2/D,  R  being  the  bead’s  radius  and  D  
being  the  diffusion  coefficient  for  the  substrate.  The  average
value  of  R  for  the  beads  is  35  �m,  whereas  D  is  �5  � 10�6  cm2  

s�1  for  H O and  3  � 10�6  cm2  s�1  
 for  TMB    2 2 (42, 43).  Consid-

ering  just  the  case  of  TMB,  the  slower-moving  substrate,  the
resulting  t  of  4  s  indicates  that  within  16  s  of  its  addition  TMB  
arrives  to  98%  of  the  equilibrium  concentration  it  would  have  in
the  absence  of  reactions  that  consume  it  (38).  Likewise,  the  
TMB��  produced  by  HRP  quickly  attains  its  concentration  pro-
file  within  the  bead,  as  its  expected  diffusion  coefficient  is
essentially  the  same  as  that  for  TMB.  In  contrast  to  this  rapid
equilibration  of  all  the  small  molecules  in  our  system,  the  dura-
tion  of  the  reaction  for  bead  oxidation  is  relatively  long  at  6  min.

Given  the  relatively  low  impacts  of  diffusion  rates,  the  oxida-
tion  profiles  in  the  beads  are  governed  chiefly  by  the  rates  for
production  and  reaction  of  TMB��.  TMB��  production  by  the
peroxidase  is  rapid  under  our  conditions,  with  a  rate  constant  of
3.96  � 105  M�1  s�1  (Fig.  S1),  and  obviously  affects  the  rate  of
bead  oxidation,  but  it  does  not  affect  the  shapes  of  the  profiles
that  appear  in  partially  oxidized  beads.  Instead,  the  computer
model  reveals  that  the  shape  of  the  oxidation  profiles  is  largely
determined  by  the  rates  for  TMB��  reaction  with  the  dye  and  
for  TMB��  hydrolysis.  For  a  given  rate  of  reaction  with  the  dye,
a  higher  hydrolysis  rate  will  result  in  oxidation  that  penetrates
the  bead  less  deeply.  For  a  given  hydrolysis  rate,  a  higher  rate  of
reaction  with  the  dye  will  steepen  the  advancing  front.

The  relative  rates  at  which  the  cation  radical  oxidizes  the  dye
or  hydrolyzes  can  be  assessed  by  determining  the  apparent
first-order  rate  constants  for  the  two  processes.  Dye  oxidation
probably  begins  with  a  reversible  outer  sphere  SET  to  TMB��,  
which  is  expected  to  be  a  very  rapid  (diffusion-limited)  process
with  a  second-order  rate  constant  around  109  �1  s�1  M (44).
However,  this  initial  SET  cannot  be  the  rate-limiting  step.  If  it
were,  plots  of  fraction  green  versus  radius  of  the  beads  would  
show  abrupt  oxidation  fronts  rather  than  the  gradients  we  

observed.  It  appears  that  some  subsequent  irreversible  reaction
associated  with  cleavage  of  the  BODIPY  581/591-conjugated
diene  side  chain  is  likely  rate-limiting  (30).  To  estimate  the  
actual  rate  constant  (k )  for  dye  9 oxidation,  we  iteratively  varied
it  until  the  model  matched  the  observed  oxidation  gradients.
This  approach  gave  a  value  of  6  � 105  �1  s�1  M for  k   that  fits  all  9
the  data  (Table  1).  Because  the  concentration  of  the  dye  in  the
beads  was  0.5  mM,  the  apparent  first-order  rate  constant  for  
reaction  of  TMB��  with  the  dye  is  then  300  s�1.  By  contrast,  the  
rate  of  TMB��  hydrolysis  as  determined  from  our  spectropho-
tometric  observations  (Fig.  S1)  is  much  lower  at  0.03  s�1.    

These  two  rate  constants  determine  that  the  advance  of  
green  fluorescence  into  the  beads  appears  as  a  gradually  sloped
front:  as  long  as  dye  molecules  are  available,  most  TMB��  mol-
ecules  react  preferentially  with  them  instead  of  hydrolyzing,  but
as  more  of  the  dye  is  oxidized  an  increasing  proportion  of  the
TMB��  molecules  is  able  to  advance  deeper  into  the  bead.  The
results  of  the  model,  shown  in  Fig.  4B,  generate  predicted  oxi-
dation  profiles  that  agree  well  with  the  experimental  data
obtained  using  HRP  and  TMB.  To  assess  the  statistical  signifi-
cance  of  this  finding,  we  compared  the  positions  in  the  experi-
mental  and  modeled  oxidation  fronts  at  which  the  BODIPY  dye
was  50%  oxidized.  The  results  show  that  the  model  is  within  the  
95%  confidence  intervals  for  the  data  (Fig.  4C).  

Test  of  veratryl  alcohol  as  a  mediator  

Because  VA��,  with  E0  ��1.36 V in H2O (37),  is  a  stronger  
oxidant  than  TMB��,  the  foregoing  results  suggested  that
BODIPY  581/591  immobilized  within  small  pores  should  also
serve  as  a  probe  to  detect  VA��  if  this  cation  radical  escapes
from  the  LP  that  produces  it.  The  principal  difference  expected
with  the  LP/VA  system  is  that  it  would  produce  a  less  diffusible
oxidation  system  that  exhibits  a  sharper  advancing  front,
because  the  rate  constant  for  hydrolysis  of  VA��  is  17  s�1  (11,  
21,  22),  in  contrast  to  our  observed  value  of  0.03  s�1  for  TMB��  

hydrolysis  (Table  1,  Fig.  S1).  To  look  for  evidence  of  VA-derived
diffusible  oxidants,  we  began  by  comparing  the  spatial  distribu-
tion  of  oxidized  dye  in  beads  that  had  been  oxidized  by  LP  with
and  without  VA.  Fig.  5A  shows  representative  images  of  the  
beads,  and  Fig.  5B  shows  the  fraction  of  green  intensity  versus  
distance  from  the  surface  for  replicate  beads.  The  data  show  
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Figure  5.  Imaging  data  for  beads  treated  with  LP,  VA,  and  H2O2.  A,  confo-
cal  fluorescence  images  of  beads  exposed  to  the  following  treatments,  from  
left  to  right:  H2O2  alone  (0.8  mM);  LP  and  H2O2  (0.8  mM);  LP,  VA  (12  mM),  and  
H2O2  (0.8  mM).  The  images  have  been  adjusted  to  represent  constant  excita-
tion  laser  power.  The  scale  bar  is  10  �m.  B,  quantitative  analyses  of  eight  
images  each  of  beads  exposed  to  LP  and  0.8  mM  H2O2,  with  and  without  12  
mM  VA.  

that,  although  VA  stimulated  the  extent  of  BODIPY  dye  oxida-
tion  at  the  bead  periphery  as  expected  (31),  the  depth  of  the
reaction  was  no  different  with  and  without  VA.  In  both  cases,  
the  extent  of  oxidation  at  a  depth  of  7  �m  into  the  bead  was  
about  5%  of  the  extent  observed  at  the  periphery.  The  close
correspondence  between  this  result  and  the  depth  of  labeled
ovalbumin  infiltration  into  the  beads  (Fig.  3)  suggests  that  dye
oxidation  occurred  only  in  the  space  available  to  LP.

However,  it  was  necessary  to  consider  an  alternative  possi-
bility,  namely  that  the  depths  of  bead  oxidation  with  and  with-
out  VA  were  the  same  simply  because  the  amount  of  H2O2  

added  was  insufficient  under  our  reaction  conditions.  There-
fore,  we  performed  additional  experiments  with  LP  in  the  pres-
ence  of  excess  VA,  using  a  series  of  increasing  H2O2  concentra-
tions.  A  technical  difficulty  with  this  approach  is  that  some  LP
inactivation  is  unavoidable  at  high  levels  of  H O   (45).  2 2 Never-
theless,  we  were  able  to  obtain  progressively  increasing  extents
of  veratraldehyde  production  in  the  range  of  0.5–  4.0  mM  H2O2  

(Table  S1).  If  a  significant  fraction  of  the  VA��  molecules  that  
are  precursors  for  this  veratraldehyde  can  escape  from  the
enzyme,  it  follows  that  the  depth  of  bead  oxidation  should
increase  as  the  veratraldehyde  yield  increases.

The  image  analysis  of  beads  treated  according  to  this  regime  
(Fig.  6,  A  and  B)  shows  that  oxidation  initially  extended  deeper
into  the  LP-accessible  periphery  of  the  beads  as  the  H2O2  con-
centration  was  raised  from  0.5  to  1.0  mM.  However,  no  deeper
advance  of  the  oxidation  front  into  the  LP-inaccessible  region
was  obtained  when  the  H O   concentration  was  increased  2 2 pro-
gressively  to  4.0  mM,  even  though  the  veratraldehyde  yields
indicate  that  the  additional  H2O2  gave  a  3.6-fold  increase  in  the
number  of  LP  turnovers.  Moreover,  the  final  depth  of  oxidation
appeared  no  greater  than  that  obtained  via  direct  oxidation  by
LP  without  VA  in  the  experiment  shown  in  Fig.  5.  The  only
apparent  change  in  the  beads  treated  with  the  highest  level  of
H2O2  was  that  the  intensity  of  their  peripheral  green  fluores-

Figure  6.  Imaging  data  for  beads  treated  with  LP  and  VA  using  increasing  
doses  of  H2O2.  A,  confocal  fluorescence  images  of  beads  exposed  to  12  mM  

VA  and  LP,  using  the  following  H2O2  concentrations,  from  left  to  right:  0.5,  1.0,  
2.0,  and  4.0  mM.  The  images  have  been  adjusted  to  represent  constant  exci-
tation  laser  power.  The  scale  bar  is  10  �m.  B,  experimental  dye  oxidation  
profiles  (data  points  for  eight  replicate  beads)  and  modeled  dye  oxidation  
profiles  (lines)  for  beads  treated  with  increasing  levels  of  H2O2,  using  excess  
VA  (12  mM)  and  LP.  Yellow,  0.5  mM  H  2O2;  blue,  1.0  mM H  2O2;  red,  2.0  mM H2O2;  
green,  4.0  mM  H2O2.  C,  comparison  of  experimental  data  (closed  circles)  and  
reaction–  diffusion  model  (open  circles)  for  the  depth  into  the  beads  at  which  
50%  oxidation  occurred  after  treatment  with  the  LP/H2O2/VA  system.  Results  
are  shown  as  a  function  of  oxidant  dosage,  i.e.  the  amount  of  H2O2  supplied.  
Error  bars  on  the  experimental  values  indicate  95%  confidence  intervals.  The  
colored  arrows  indicate  the  correspondence  to  the  data  in  plot  B.  

cence  dropped  slightly,  perhaps  due  to  bleaching  of  the  oxi-
dized  BODIPY  dye  via  additional  LP-catalyzed  reactions.

This  result  contrasts  with  the  data  obtained  using  TMB  as
the  substrate,  where  TMB��  clearly  acts  as  a  diffusible  mediator  
(Fig.  4),  but  the  question  remains  as  to  how  the  oxidation  pro-
files  would  appear  if  the  VA��  produced  by  LP  did  escape  and
diffuse  into  the  beads.  Specifically,  is  the  relatively  high  rate  of
VA��  hydrolysis  by  itself  sufficient  to  explain  why  supplying  VA
did  not  increase  the  depth  of  bead  oxidation  by  LP?  To  address
this  question,  we  applied  our  computer  model,  as  it  had  given  a
good  fit  between  data  and  theory  for  bead  oxidation  mediated
by  TMB��.  The  apparent  rate  constant  for  oxidation  of  the
BODIPY  dye  by  VA��  (k ,  Table  1)  was  taken  to  9 be  the  same  as
that  for  oxidation  of  the  dye  by  TMB��,  because  it  appears  that
the  initial  SET  oxidation  of  the  dye  is  in  any  case  not  rate-
limiting.  Several  other  rate  constants  were  changed  to  match
independent  experimental  data  that  apply  to  VA��  and  LP  
(Table  1,  Fig.  S2),  but  the  only  one  to  have  a  large  effect  of  the
performance  of  the  model  was  the  VA��  hydrolysis  rate  con-
stant  (k ),  which  was  set  per  the  literature  at  17  1  

7 s� (11,  21,  22).  
The  model  assumes  that  10%  of  LP  turnovers  release  VA��  

into  solution,  thus  accounting  for  published  results  on  the  stoi-
chiometry  of  veratraldehyde  production  by  the  enzyme  (23).  
The  results  are  included  with  the  experimental  data  in  Fig.  6B,  
and  it  is  clear  that  there  is  a  marked  difference  between  the  
observed  and  modeled  depths  of  oxidation.  At  0.5  mM  H O2,  2
the  fit  between  the  model  and  data  is  very  good,  which  validates
the  value  of  k9  we  carried  over  from  the  HRP/TMB  model.
However,  at  higher  H2O2  concentrations,  the  model  indicates  a  
continued  advance  of  oxidation  into  the  bead,  in  contrast  to  the  
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lack  of  deeper  oxidation  found  experimentally.  For  statistical
analysis,  we  again  compared  the  observed  and  modeled  posi-
tions  in  the  advancing  oxidation  fronts  at  which  the  BODIPY
dye  was  50%  oxidized  (Fig.  6C).  Although  the  depth  of  50%
oxidation  increased  in  the  LP-accessible  periphery  when  the
H O   concentration  was  raised  from  0.5  to  1.0      2 2 mM, the data do 
not  support  deeper  oxidation  into  the  LP-inaccessible  volume
with  increasing  levels  of  H O .  Instead,  the    2 2 depth  of 50% oxi-
dation  appeared  to  approach  an  asymptotic  value  near  4.3  �m.  

Discussion  

VA  did  not  enable  LPA,  the  major  isozyme  of  the  LP  H8
family  (3,  32),  to  oxidize  BODIPY  581/591  that  was  immobi-
lized  within  beads  containing  pores  too  small  for  the  enzyme  to
infiltrate.  Given  the  marked  disparity  between  the  data  and  the
computer  simulations,  the  observed  oxidation  profiles  within
the  beads  cannot  be  attributed  to  the  diffusion  and  reaction  of  
VA��.  Instead,  the  profiles  fit  the  progressively  lower  porosity
that  occurs  with  increasing  depth  into  the  beads,  such  that  dye
oxidation  was  possible  only  where  LP  was  present.  We  con-
clude  from  these  results  that  LPA  does  not  deploy  VA��  to  act  
as  a  diffusible  oxidant.  However,  a  role  for  VA��  as  a  SET  medi-
ator  that  remains  bound  to  LP  continues  to  be  a  valid  hypoth-
esis,  and  appears  consistent  with  our  observation  that  VA
enhanced  dye  oxidation  by  LP  at  the  bead  periphery.

A  pertinent  question  is  whether  any  of  the  other  nine  LPs
encoded  in  the  P.  chrysosporium  genome  might  employ  VA��  

as  a  remote  oxidant.  A  definitive  answer  is  not  yet  available,
because  none  of  these  isozymes  were  available  for  this  study,
and  none  have  been  investigated  in  enough  mechanistic  detail
to  obtain  the  kinetic  constants  needed  for  our  reaction–  
diffusion  model.  However,  it  is  worth  noting  that  all  of  the  LP
isozymes  have  similar  steady-state  catalytic  properties  toward
VA  (46),  and  all  display  a  high  degree  of  sequence  identity  (Fig.  
S3) (3).  Moreover,  although  computational  simulations  of  
VA��  binding  to  LP  have  not  yet  been  reported,  comparisons  of
the  VA-binding  surface  environment,  which  comprises  20
amino  acid  residues  near  the  catalytic  tryptophan  residue  (Trp-
171  in  LPA),  indicate  only  small  variations  (Fig.  S4) (14,  47).  In
particular,  most  of  the  acidic  and  aromatic  residues  that  might
interact  with  an  aryl  cation  radical  are  conserved.  Thus,  
although  VA��  in  free  solution  is  a  reasonable  oxidant  of  lignin
from  a  chemical  standpoint,  the  available  data  indicate  that  LPs
are  unlikely  to  produce  it.  Additional  work  with  other  LP
isozymes  is  needed,  but  the  explanation  for  initial  attack  by
P.  chrysosporium  on  lignin  in  the  cell  wall  of  sound  wood  prob-
ably  lies  elsewhere.

The  best  available  alternative  hypothesis  involves  sequential
action  by  two  secreted  enzymes  whose  genes  are  transcribed  at
high  levels  during  the  growth  of  P.  chrysosporium  on  wood:  
cellobiose  dehydrogenase  and  manganese  peroxidase  (32).  In
the  first  step,  the  former  enzyme  reduces  Fe(III),  thus  generat-
ing  Fe(II)  chelates  that  drive  Fenton  chemistry  (48  –50).  Autox-
idation  of  some  of  this  Fe(II),  as  well  as  the  action  of  fungal
oxidases  on  secreted  metabolites  such  as  glyoxal,  generate  the
H O   that  is  also  required  (1,  32).  Because  2 2 Fenton  oxidation  of  
lignin  is  expected  to  result  in  the  O-demethylation  of  some  of  its
aromatic  rings,  the  polymer  is  predicted  to  become  enriched  in  

phenolic  substructures  (51,  52).  These  phenolic  units,  unlike
the  nonphenolic  aryl  ether  units  that  predominate  in  native
lignin,  can  be  oxidatively  cleaved  by  Mn(III)  chelates,  which  are
generated  by  manganese  peroxidase  in  the  second  step  (2,  3,  
50).  Although  this  sequence  of  events  remains  to  be  demon-
strated  for  wood  undergoing  white  rot,  there  is  no  question  that
the  proposed  reagents  (Fe(II)  chelates,  H2O2,  and  Mn(III)  che-
lates)  are  all  small  enough  to  infiltrate  the  wood  cell  wall  (53).  

Experimental  procedures  

Synthesis  of  dye-functionalized  beads  

Porous  polyacrylamide  beads  with  a  nominal  6-kDa  exclu-
sion  limit  (Bio-Gel  P-6  fine,  Bio-Rad)  were  used.  They  had  a
mean  diameter  of  72  	 14  �m  and  a  48  –104  �m  diameter  
range  (n  �  150).  Preparatory  to  BODIPY  attachment, 2 g dry
weight  of  the  beads  was  first  aminoethylated  by  the  method  of
Inman  and  Dintzis  (54).  The  derivatized  beads  were  found  by
conductimetric  titration  to  contain  245  �mol  of  NH2  groups/g
dry  weight,  and  were  stored  in  water/ethanol,  4:1,  at  4  °C.

Aminoethylated  beads  (100  �l  settled  volume,  1.3  �mol  of  
NH   groups  2 assuming  random  close  packing,  defined  as  1  eq)
were  transferred  to  an  Eppendorf  centrifuge  filter  (0.4  �m  pore  
size)  and  equilibrated  with  0.1  M  NaHCO3  (pH  8.2,  100  �l)  by
several  cycles  of  low  speed  centrifugation  (700  rpm,  1  min),
with  repeated  addition  of  the  NaHCO     3 solution. After a final  
centrifugation  step,  0.17  eq  of  BODIPY  581/591  C11  SE  (4,4-
difluoro-5-(4-phenyl-1,3-butadienyl)-4-bora-3a,4a-diaza-s -
indacene-3-undecanoic  acid  succinimidyl  ester,  Thermo  Fisher
Scientific)  was  added  in  sufficient  N,N-dimethylformamide  to
wet  the  beads  throughout.  The  mixture  was  allowed  to  react  for
3  h  at  room  temperature  and  then  stored  at  4  °C  overnight.
Removal  of  the  supernatant  fraction  by  centrifuge  filtration
showed  that  it  was  colorless,  whereas  the  beads  were  bright  red,
indicating  that  all  the  dye  had  attached  to  them.  The  final
inferred  concentration  of  amide-linked  BODIPY  581/591  in  the
beads  was  0.5  mM.  

The  above  derivatization  procedure  was  then  repeated  using
2  eq  of  the  succinimidyl  ester  of  carboxyl-terminated  40-kDa
polyethylene  glycol  monomethyl  ether  (Nanocs,  New  York).
This  step  was  included  because  we  found  that  it  somewhat
decreased  the  permeability  of  the  beads’  outer  surface  to  pro-
teins.  Finally,  any  remaining  NH2  groups  on  the  beads  were
capped  by  a  third  cycle  of  derivatization  with  10  eq  of  succin-
imidyl  acetate  (TCI  America,  Portland,  OR),  using  the  above
procedure.  The  beads  were  rinsed  with  water  and  stored  in
water/ethanol,  4:1,  at  4  °C.  

Enzymes  and  reagents  

HRP  was  Type  VI  from  Sigma.  TMB  was  a  generous  contri-
bution  from  P.  J.  Kersten  (Forest  Products  Laboratory,  Madi-
son,  WI).  VA  (Sigma)  was  purified  by  vacuum  distillation  as
described  earlier  (55).  

LPA  was  expressed  heterologously  in  Escherichia  coli  
W3110.  The  mature  protein-coding  sequence  of  the  encoding
gene  (GenBankTM  Y00262;  corresponding  to  LPA  in  the  
P.  chrysosporium  genome,  with  JGI  ID  2989894)  was  manually
curated  and  then  synthesized  by  ATG:biosynthetics  (Mer-
zhausen,  Germany),  after  checking  whether  all  the  codons  had  
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previously  been  used  to  express  other  genes  in  E.  coli  W3110,  
and  substituting  them  where  required.  This  sequence  was  
cloned  in  the  expression  vector  pFLAG1  (International  Bio-
technologies,  Cambridge,  UK)  and  the  resulting  plasmid
pFLAG1-Y00262  was  directly  used  for  expression.  E.  coli  DH5�  
was  used  for  plasmid  propagation.

To  produce  the  LP,  cells  of  transformed  E.  coli  W3110  were  
grown  for 3 h in Terrific    Broth  (Sigma),  induced  with  1  mM  

isopropyl  � -D-thiogalactopyranoside,  and  grown  further  for
4  h.  The  apoenzyme  accumulated  in  inclusion  bodies,  as  
observed  by  SDS-PAGE,  and  was  solubilized  using  8  M  urea.  
Subsequent  in  vitro  refolding  of  the  LP  was  performed  using  2.1  
M  urea,  5  mM Ca2�

 , 10 �  M  hemin,  0.7  mM  oxidized  glutathione,  
0.1  mM dithiothreitol, and 0.2  mg ml�1  

    protein  (pH  8.0)  (56).
Active  enzyme  was  purified  by  Resource-Q  chromatography
(GE  Healthcare),  using  a  0  –300  mM  NaCl  gradient  (20  min,  2  
ml  min�1  flow  rate)  in  10  mM  sodium  tartrate  (pH  5.5)  contain-
ing 1 mM  CaCl2.  Previous  work  has  shown  that  the  kinetic  prop-
erties  of  heterologously  expressed  LPA  from  P.  chrysosporium
are  virtually  the  same  as  those  of  LPA  isolated  from  the  fungus
(1,  41).  

Enzymatic  oxidations  of  dye-functionalized  beads  

Oxidations  were  carried  out  in  1-ml  Eppendorf  tubes  at  room
temperature,  in  a  final  volume  of  200  �l.  When  the  role  of  TMB  
as  a  mediator  for  HRP  was  being  investigated,  complete  reac-
tions  contained  HRP  (0.3  �M),  H O   (286  �M),  and  2 2 fluoromet-
ric  beads  (16  �l  settled  volume)  in  sodium  tartrate  buffer  (20  
mM,  pH  4.5).  After  a  1-h  preincubation,  the  reaction  was  initi-
ated  with  0.71  �M  TMB  and  the  tube  was  mixed  by  continuous
vortexing.  At  6-min  intervals,  a  4-�l  aliquot  containing  beads
was  withdrawn  for  analysis  and  an  additional  0.71  �M  TMB  was  
added  in  4  �l  of  water.  Spectrophotometric  monitoring  at  450
nm  of  a  parallel  reaction  without  beads  indicated  that  6  min  was
sufficient  to  reach  an  end  point  after  each  addition  of  TMB,  i.e.  
that  production  of  the  TMB  cation  radical  (TMB��)  had  ceased  
before  this  time  (Fig.  S1) (35,  36).  We  used  limiting  TMB  in
these  experiments  because  the  low  quantity  of  oxidant  neces-
sary  for  bead  oxidation  dictated  that  the  limiting  substrate  had
to  be  added  at  a  low  concentration,  and  this  would  have  been  
difficult  with  the  needed  accuracy  using  H O ,  because   2 2 dilute 
solutions  of  it  are  susceptible  to  reaction  with  trace  metals.

When  the  role  of  TMB  or  VA  as  a  mediator  for  LP  was  being
investigated,  complete  reactions  (200  �l  in  Eppendorf  tubes)  
contained  LP  (3  �M),  TMB  (4  mM),  or  VA  (12  mM),  and  fluoro-
metric  beads  (3  �l  settled  volume)  in  sodium  tartrate  buffer  (20  
mM,  pH  4.5).  After  a  1-h  preincubation,  the  reactions  were  ini-
tiated  with  H O   (0.1–  4.0  mM)  and  the   2 tubes were  2 continuously
mixed  by  vortexing  for  30  min.  Spectrophotometric  monitoring
at  310  nm  of  parallel  reactions  without  beads  indicated  that  the
reactions  had  reached  an  end  point  before  this  time,  i.e.  that  
veratraldehyde  production  had  ceased  (Fig.  S2) (51).  We  used  
limiting  H O   in  these       2 2 experiments because the relatively high
quantity  of  oxidant  necessary  for  bead  oxidation  dictated  that
the  nonlimiting  substrate  had  to  be  added  at  a  concentration
much  higher  than  1  mM.  Because  LP  is  inactivated  by  millimolar  
concentrations  of  H O   2 2,  and donor  substrates  such  as  VA par-

tially  protect  the  enzyme  against  this  inactivation  (45),  a  design  
using  excess  electron  donor  appeared  most  prudent.  

Imaging  of  beads  

Confocal  imaging  was  done  on  a  Zeiss  510  Meta  confocal
laser  scanning  microscope,  using  a  1.2  numerical  aperture  �40  
water  objective.  Samples  were  in  water  at  20  °C.  Images  were
acquired  using  the  unit’s  integral  camera,  in  2-�m  thick  optical  
sections  and  a  pixel  width  of  0.11  �m.  Red  emission  due  to  
native  BODIPY  dye  was  collected  with  a  560-nm  long  pass  filter
and  543  nm  excitation,  and  green  emission  due  to  oxidized  dye
was  collected  at  500  –550  nm  with  488  nm  excitation.  Laser  
power  was  adjusted  for  each  image  to  use  the  full  dynamic  range
of  the  photomultiplier  tube  detectors.  Images  were  processed
using  Zeiss  LSM  software.  Fluorescence  resonance  transfer
(FRET)  between  dye  molecules  in  the  beads  was  not  a  technical
concern  in  this  study  because  the  concentration  of  attached
BODIPY  (0.5  mM)  corresponds  to  an  average  intermolecular
distance  greater  than  100  Å,  which  exceeds  the  30  –  60  Å  dis-
tance  over  which  significant  FRET  can  occur  (57).  

Measurements  of  ovalbumin  infiltration  into  beads  

Fluorescein-labeled  ovalbumin  (Thermo  Fisher  Scientific)
was  dissolved  in  sodium  borate  buffer  (200  mM,  pH  8.0)  at  a  
concentration  of  1  mg/ml.  A  portion  (8  �l)  of  this  solution  was
combined  with  BODIPY-functionalized  beads  (2  �l  settled  vol-
ume)  and  observed  at  3-min  intervals  by  confocal  microscopy
as  described  above  for  bead  oxidation  experiments,  the  only
difference  being  that  in  this  case  the  green  emission  was  due  to
labeled  ovalbumin  rather  than  to  oxidized  BODIPY.  The  final  
images  were  acquired  at  90  min,  when  it  was  clear  that  ovalbu-
min  movement  into  the  beads  had  ceased.  

Image  analysis  

Images  were  processed  using  Python  2.7  scripts,  based  on
functions  in  the  OpenCV  module,  version  2.4.10  (www.  
opencv.org).5  The  script  is  available  in  Data  Set  S1.  For  experi-
ments  on  BODIPY  dye  oxidation,  the  edge  of  the  bead  was
found  by  selecting  a  threshold  value  near  20%  of  the  maximum
fluorescence  intensity,  and  then  applying  it  to  a  gray-scale  com-
posite  image.  This  approach  leads  to  an  uncertainty  of  less  than
0.25  �m  in  the  position  of  the  edge.  The  beads  were  then  iso-
lated  using  a  contouring  routine.  Beads  that  touched  the  edge  of
the  image  or  another  bead  were  excluded  from  the  analysis.
From  the  contour,  the  centroid  of  the  bead  was  determined.  
The  pixels  2  to  5  �m  outside  the  bead  were  used  to  determine  
the  background  emission  for  each  color,  and  these  background
values  were  subtracted  from  the  respective  channels.  Next,
because  a  range  of  laser  powers  had  been  used  to  acquire  the
images,  the  apparent  intensities  of  all  images  were  adjusted  to
bring  all  the  data  to  constant  laser  power.  Finally,  the  average
fraction  of  green  intensity  was  tallied  for  all  the  pixels  in  a  series
of  annular  disks  centered  on  the  centroid  of  the  beads.  These  
data  are  presented  as  fraction  of  green  versus  distance  from  the  
center  of  the  beads.  

5  Please  note  that  the  JBC  is  not  responsible  for  the  long-term  archiving  and  
maintenance  of  this  site  or  any  other  third  party  hosted  site.  
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In  the  case  of  the  fluorescein-labeled  ovalbumin  experi-
ments,  we  defined  the  bead  edge  as  the  location  at  which  the  red
channel  fluorescence  intensity  due  to  native  BODIPY  dye  was
50%  of  the  background  intensity  in  the  surrounding  solution.
This  approach  leads  to  an  uncertainty  of  less  than  0.25  �m in   
the  position  of  the  edge.  

Computer  modeling  

Reaction–  diffusion  modeling  of  the  beads  was  accomplished
using  Python  2.7  and  the  FiPy  3.1  module  (https://www.ctcms.  
nist.gov/fipy/) (58),  which  is  an  implementation  of  the  finite
volume  method  for  solving  time-dependent  partial  differential
equations  (Data  Set  S1).  Because  the  beads  are  spherical,  the
mathematical  model  reduces  to  a  time-dependent,  one-dimen-
sional  set  of  equations.  The  chemical  reactions  allowed  are
shown  in  Fig.  1,  and  relevant  rate  constants  are  shown  in  Table  
1.  The  reaction–  diffusion  model  followed  11  species  during  the
course  of  the  reactions:  E ,  ferric  resting  state    o peroxidase;
O�E ,  two-electron-oxidized  peroxidase  compound  I;  HO-E ,  i ii
one-electron-oxidized  peroxidase  compound  II;  HO-Eii-M��,  
peroxidase  compound  II  associated  with  mediator  cation  rad-
ical;  M  �  mediator  (TMB  or  VA);  M��  �  mediator  cation  
radical;  A,  two-electron-oxidized  product  derived  from  media-
tor  (2,5-dimethoxybenzoquinone  or  veratraldehyde);  R,  native
red  BODIPY  dye;  G,  oxidized  green  BODIPY  dye;  H O ;  and  2 2
HO�  .  2 As  indicated  in  Fig.  1, HO�  production,  although  2 expected
at  some  level  following  VA  oxidation  (23,  24),  is  not  associated  
with  TMB  oxidation.  Therefore,  HO�     2 production  was preset to 
0  when  TMB  oxidation  was  modeled.  

Because  the  BODIPY  dye  was  covalently  attached  to  the
beads  and  the  peroxidases  were  pre-equilibrated  with  them
before  the  reactions,  only  M,  M��, H O ,  and  HO�  were   2 allowed 2 2
to  diffuse  in  the  model.  The  diffusion  coefficient  (D)  used  for  
H O   was  the  measured  literature     � 2 value (5  10�6  cm2  s�1  2 ) 
(43),  and  D  for  the  similarly  sized  HO�  molecule    to 2 was assumed  
be  the  same.  The  value  of  D  for  M  and  M��  was  assumed  to  be  
the  same  as  reported  earlier  for  similarly  sized  aromatic  mole-
cules  in  water  (3  �  10�6  cm2  s�1) (42).  For  purposes  of  the
model,  the  boundary  condition  at  the  surface  was  set  to  values
obtained  from  a  solution  phase  model  assuming  that  the  liquid
phase  was  well-mixed.  The  solution  phase  model  resulted  in  a
set  of  ordinary  differential  equations  that  were  solved  using
the  “Integrate”  functions  in  the  SciPy  module  (Data  Set  S1).
Consistent  with  the  spherical  symmetry,  the  boundary  condi-
tion  at  the  center  was  the  gradient  with  distance  set  to  zero.

Although  the  BODIPY  dye  was  not  allowed  to  diffuse  in  the
model,  its  concentration  was  allowed  to  vary  across  the  bead,
being  set  to  match  measured  values  that  were  determined  by
image  analysis  of  the  control  beads.  In  this  way,  the  model  took
account  of  the  fact  that  the  concentration  of  attached  dye  was
slightly  higher  at  the  bead  periphery  than  at  its  center.  Likewise,
although  the  peroxidase  was  not  allowed  to  diffuse  in  the
model,  its  concentration  across  the  bead  was  allowed  to  vary,
being  set  to  match  the  profiles  of  bead  oxidation  that  we
observed  when  LP  was  used  to  oxidize  the  beads  directly  with-
out  a  mediator.  That  is,  the  shape  of  the  gradient  in  dye  oxida-
tion  was  taken  to  indicate  the  shape  of  the  gradient  in  peroxi-
dase  infiltration,  this  approach  being  feasible  because  the  dye  

was  only  partially  oxidized,  even  at  the  outmost  edge  of  the
bead,  in  experiments  without  mediator.  We  used  these  mea-
surements  of  dye  oxidation  as  a  reporter  for  peroxidase  location
because  the  results  were  essentially  unaffected  by  background
fluorescence,  as  opposed  to  the  data  from  measurements  of
infiltration  using  fluorescently  labeled  ovalbumin,  which  con-
tained  signal  from  the  high  concentration  of  labeled  ovalbumin
that  was  present  in  the  buffer  surrounding  the  beads.  
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