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Abstract:	
  Myco/c	
  infec/on	
  is	
  becoming	
  a	
  serious	
  health	
  problem	
  since	
  effec/ve	
  an/fungal	
  
agents	
  for	
  control	
  of	
  pathogenic	
  fungi,	
  especially	
  drug-­‐resistant	
  pathogens,	
  are	
  oUen	
  very	
  
limited.	
  Fungal	
  resistance	
  to	
  an/myco/c	
  agents	
  frequently	
  involves	
  muta/ons	
  caused	
  by	
  
environmental	
  stressors.	
  In	
  fungal	
  pathogens,	
  stress	
  signals	
  resul/ng	
  from	
  oxida/ve,	
  cell	
  
wall	
  stress,	
  etc.,	
  are	
  integrated	
  into	
  the	
  upstream	
  mitogen-­‐ac/vated	
  protein	
  kinase	
  (MAPK)	
  
pathways	
  that	
  regulate	
  genes	
  countering	
  the	
  stress.	
  Noteworthy	
  is	
  that	
  muta/ons	
  in	
  MAPK	
  
signaling	
  system	
  result	
  in	
  fungal	
  tolerance	
  to	
  cell	
  wall	
  disrup/ng	
  agents	
  or	
  phenylpyrrole.	
  In	
  
a	
  chemo-­‐biological	
  pla]orm	
  to	
  achieve	
  targeted	
  an/fungal	
  interven/on,	
  the	
  model	
  yeast	
  
Saccharomyces	
  cerevisiae	
  served	
  as	
  a	
  tool	
  for	
  iden/fying	
  mechanisms	
  of	
  ac/on	
  of	
  redox-­‐
ac/ve	
  or	
  cell	
  wall	
  disrup/ng	
  agents.	
  This	
  also	
  enabled	
  the	
  iden/fica/on	
  of	
  new	
  u/lity	
  of	
  
known	
  compounds	
  or	
  the	
  u/liza/on	
  of	
  natural	
  products/deriva/ves	
  as	
  chemosensi/zing	
  
agents	
  to	
  intensify	
  the	
  efficacy	
  of	
  conven/onal	
  an/myco/c	
  agents.	
  Compounds	
  targe/ng	
  
cellular	
  an/oxidant,	
  mitochondrial	
  or	
  cell	
  wall	
  integrity	
  systems	
  effec/vely	
  inhibited	
  the	
  
growth	
  of	
  pathogens	
  and/or	
  overcame	
  fungal	
  tolerance	
  to	
  an/myco/c	
  agents.	
  Therefore,	
  
chemo-­‐biological	
  approaches	
  lead	
  to	
  the	
  development	
  of	
  novel	
  interven/on	
  strategies,	
  such	
  
as	
  an/fungal	
  chemosensi/za/on,	
  which	
  enhance	
  the	
  drug	
  suscep/bility	
  of	
  targeted	
  fungi,	
  
and	
  ensure	
  the	
  maintenance	
  of	
  healthy	
  microbiome	
  dynamics.	
  
	
  
Keywords:	
  An/fungal;	
  Cell	
  wall	
  integrity;	
  Chemosensi/za/on;	
  Drug	
  resistance;	
  Signaling	
  
pathway	
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Introduc'on	
  
Chemical	
  biology	
  is	
  powerful	
  approach	
  for	
  the	
  discovery	
  of	
  novel	
  an/fungal	
  agents	
  and/or	
  
their	
  mechanisms	
  of	
  ac/on.	
  With	
  recent	
  advances	
  in	
  biological	
  and	
  chemical	
  tools,	
  such	
  as	
  
relevant	
  phenotypic	
  systems	
  for	
  drug/compound	
  screening,	
  bio-­‐	
  and	
  chemoinforma/cs,	
  
etc.,	
  rapid	
  iden/fica/on	
  of	
  an/fungal	
  agents	
  or	
  novel	
  targets	
  is	
  possible.	
  For	
  instance,	
  the	
  
yeast	
  Saccharomyces	
  cerevisiae	
  is	
  a	
  useful	
  model	
  system	
  for	
  iden/fying	
  an/fungal	
  agents	
  
and	
  their	
  gene	
  targets	
  in	
  view	
  that:	
  (1)	
  the	
  genome	
  of	
  S.	
  cerevisiae	
  has	
  been	
  sequenced	
  and	
  
well	
  annotated	
  (www.yeastgenome.org),	
  (2)	
  S.	
  cerevisiae	
  gene	
  dele/on	
  mutant	
  collec/ons	
  
(~6,000	
  mutants)	
  have	
  proven	
  to	
  be	
  very	
  useful	
  for	
  genome-­‐wide	
  drug-­‐induced	
  
haploinsufficiency	
  screen	
  to	
  determine	
  drug	
  mode	
  of	
  ac/on,	
  and	
  (3)	
  many	
  genes	
  in	
  S.	
  
cerevisiae	
  are	
  orthologs	
  of	
  genes	
  of	
  fungal	
  pathogens.	
  
	
  	
  	
  	
  	
  	
  	
  Natural	
  compounds	
  that	
  pose	
  no	
  significant	
  medical	
  or	
  environmental	
  side	
  effects	
  are	
  
poten/al	
  sources	
  of	
  an/microbial	
  agents,	
  either	
  in	
  their	
  nascent	
  structure	
  or	
  as	
  leads	
  for	
  
more	
  effec/ve	
  deriva/ves.	
  For	
  example,	
  natural	
  benzo	
  analogs	
  (e.g.,	
  vanillic	
  or	
  caffeic	
  acid)	
  
not	
  only	
  inhibited	
  the	
  growth	
  of	
  fungal	
  pathogens	
  (Aspergillus	
  sp.,	
  Fusarium	
  sp.,	
  Penicillium	
  
sp.),	
  but	
  also	
  disrupted	
  the	
  synthesis	
  of	
  toxic	
  secondary	
  metabolites.	
  These	
  fungi	
  are	
  
causa/ve	
  agents	
  of	
  human	
  invasive	
  aspergillosis	
  or	
  are	
  producers	
  of	
  mycotoxins,	
  including	
  
gliotoxin,	
  aflatoxin,	
  patulin,	
  etc.	
  The	
  redox-­‐ac/ve	
  natural	
  compounds,	
  such	
  as	
  phenolic	
  
agents,	
  can	
  be	
  potent	
  redox	
  cyclers	
  that	
  prevent	
  fungal	
  growth	
  by	
  interfering	
  cellular	
  redox	
  
homeostasis	
  (resultantly,	
  triggering	
  fungal	
  oxida/ve	
  stress)	
  or	
  by	
  disrup/ng	
  the	
  integrity	
  of	
  
cellular	
  components.	
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Introduc'on	
  (con/nued)	
  
	
  
For	
  defense,	
  fungal	
  an/oxidant	
  system,	
  cell	
  wall/membrane	
  integrity	
  pathway,	
  etc.,	
  play	
  
important	
  roles	
  for	
  fungal	
  survival	
  against	
  redox-­‐ac/ve	
  compounds	
  administered.	
  	
  
	
  	
  	
  	
  	
  	
  	
  Chemosensi/za/on,	
  a	
  combined	
  applica/on	
  of	
  a	
  certain	
  natural	
  or	
  synthe/c	
  compound,	
  
i.e.,	
  a	
  chemosensi/zer,	
  with	
  a	
  conven/onal	
  an/myco/c	
  agent	
  significantly	
  enhances	
  the	
  
effec/veness	
  of	
  the	
  an/myco/c	
  agent	
  co-­‐applied,	
  and	
  mi/gates	
  pathogen	
  resistance	
  to	
  the	
  
conven/onal	
  an/myco/c	
  drug.	
  The	
  key	
  value/characteris/c	
  of	
  an/myco/c	
  
chemosensi/za/on	
  is	
  that,	
  in	
  contrast	
  to	
  combina/on	
  therapy	
  (administra/on	
  of	
  two	
  or	
  
more	
  an/myco/c	
  drugs),	
  a	
  chemosensi/zer,	
  itself,	
  does	
  not	
  necessarily	
  possess	
  a	
  high	
  level	
  
of	
  an/fungal	
  potency.	
  However,	
  chemosensi/za/on	
  in	
  pathogen	
  control	
  renders	
  the	
  target	
  
microorganism	
  more	
  suscep/ble	
  to	
  the	
  conven/onal	
  drug/agent	
  in	
  use,	
  since	
  the	
  
chemosensi/zer	
  mainly	
  debilitates	
  a	
  defense	
  response	
  of	
  a	
  target	
  pathogen	
  to	
  the	
  
conven/onal	
  drug/agent.	
  Accordingly,	
  chemosensi/za/on	
  strategy	
  further	
  helps	
  the	
  
maintenance	
  of	
  healthy	
  mycobiome	
  dynamics.	
  
	
  	
  	
  	
  	
  	
  	
  In	
  this	
  in	
  vitro	
  chemosensi/za/on	
  study,	
  strategies	
  for	
  control	
  of	
  fungal	
  pathogens	
  by	
  
targe/ng:	
  (1)	
  the	
  an/oxidant,	
  (2)	
  mitochondrial	
  respira/on,	
  or	
  (3)	
  cell	
  wall	
  integrity	
  system	
  
of	
  fungi	
  are	
  presented.	
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Benzaldehyde	
  analogs	
  were	
  examined	
  as	
  natural	
  an/fungal	
  agents	
  against	
  S.	
  cerevisiae,	
  a	
  
model	
  system	
  for	
  iden/fying	
  molecular	
  targets	
  of	
  benzaldehydes,	
  and	
  strains	
  of	
  Aspergillus	
  
fumigatus,	
  a	
  causa/ve	
  agent	
  of	
  human	
  invasive	
  aspergillosis.	
  Seven	
  benzaldehydes	
  exhibited	
  
potent	
  an/fungal	
  ac/vity.	
  	
  

Results	
  and	
  discussion:	
  	
  
I.	
  An/fungal	
  ac/vity	
  of	
  redox-­‐potent	
  benzaldehyde	
  analogs	
  that	
  target	
  
cellular	
  an/oxidant	
  system	
  

 
HO

 
HO

OH

H3CO

 
O H

OCH3H3CO

 
HO

OCH3

H3CO

 
HO

OCH3

 
O H

OCH3

OCH3

	
  Cinnamaldehyde	
   2-­‐Hydroxy-­‐5-­‐methoxy	
  
benzaldehyde	
  

 
O H

OH

 OCH3

o-­‐Vanillin	
  

3,5-­‐Dimethoxy	
  
benzaldehyde	
  

2,5-­‐Dimethoxy	
  
benzaldehyde	
  

2-­‐Methoxy	
  
benzaldehyde	
  

2,3-­‐Dimethoxy	
  
benzaldehyde	
  

 
HO

	
  Benzaldehyde	
  
(Basal	
  structure)	
  



Structures	
   sod1Δ	

 sod2Δ	

 glr1Δ	



Cinnamaldehyde	
   X	
   X	
  

2-­‐Hydroxy-­‐5-­‐methoxy-­‐
benzaldehyde	
  

X	
   X	
  

o-­‐Vanillin	
   X	
  

3,5-­‐Dimethoxy-­‐
benzaldehyde	
  

X	
   X	
   X	
  

2,5-­‐Dimethoxy-­‐
benzaldehyde	
  

X	
   X	
  

2-­‐Methoxy-­‐
benzaldehyde	
  

X	
  

2,3-­‐Dimethoxy-­‐
benzaldehyde	
  

X	
  

Structure-­‐ac/vity	
  rela/onship	
  of	
  benzaldehydes	
  in	
  targe/ng	
  the	
  
an/oxidant	
  system	
  of	
  fungi	
  

Yeast	
  dilu/on	
  bioassays	
  showed	
  S.	
  cerevisiae	
  sod1∆	
  (cytosolic	
  superoxide	
  dismutase,	
  Cu,Zn-­‐
SOD),	
  sod2∆	
  (mitochondrial	
  superoxide	
  dismutase,	
  Mn-­‐SOD),	
  or	
  glr1∆	
  (glutathione	
  
reductase)	
  were	
  sensi/ve	
  to	
  the	
  seven	
  most	
  ac/ve	
  benzaldehyde	
  analogs	
  with	
  structure-­‐
ac/vity	
  rela/onship	
  (X	
  =	
  Sensi/ve	
  response).	
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100	
  10-­‐110-­‐210-­‐310-­‐410-­‐5	
  

WT	
  
sod2Δ	


sod1Δ	


	
  glr1Δ	



No	
  treatment	
  

A	
  
3,5-­‐D	
  (0.8	
  mM)	
  

100	
  10-­‐110-­‐210-­‐310-­‐410-­‐5	
  

B	
  

GSH	
  

	
  GSSG	
  

	
  No	
  treatment	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  3,5-­‐D	
  (1.0	
  mM)	
  

WT	
  

	
  glr1Δ	



No	
  GSH/GSSG	
  
100	
  10-­‐110-­‐210-­‐310-­‐410-­‐5	
   100	
  10-­‐110-­‐210-­‐310-­‐410-­‐5	
  

GSH	
  

	
  GSSG	
  

No	
  GSH/GSSG	
  

8	
  

In	
  par/cular,	
  one	
  of	
  them,	
  3,5-­‐dimethoxybenzaldehyde	
  (3,5-­‐D)	
  further	
  
targeted	
  glutathione	
  reductase	
  (GLR1)	
  	
  

(A)	
  Responses	
  of	
  S.	
  cerevisiae	
  an/oxidant	
  mutants	
  to	
  3,5-­‐D.	
  (B)	
  Recovery	
  of	
  the	
  growth	
  of	
  
yeast	
  cells	
  treated	
  with	
  3,5-­‐D	
  by	
  reduced	
  glutathione	
  (GSH,	
  an/oxidant),	
  but	
  not	
  by	
  
oxidized	
  glutathione	
  (GSSG).	
  Result	
  indicated	
  that	
  cellular	
  target	
  of	
  3,5-­‐D	
  is	
  also	
  fungal	
  
GSH	
  homeostasis.	
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AF293	
  	
  	
  	
  	
  	
  sakAΔ	
  	
  	
  	
  	
  mpkCΔ	
  

100%	
  	
  	
  	
  	
  	
  	
  	
  	
  100%	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  100%	
  

	
  	
  34%	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0%	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0%	
  

3,
5-­‐
D	
  

Enhanced	
  suscep/bility	
  of	
  A.	
  fumigatus	
  oxida/ve	
  MAPK	
  signaling	
  
mutants	
  (sakA∆,	
  mpkC∆)	
  to	
  3,5-­‐dimethoxybenzaldehyde	
  (3,5-­‐D),	
  
demonstra/ng	
  3,5-­‐D	
  targets	
  pathogen’s	
  an/oxidant	
  system.	
  	
  

In	
  yeasts,	
  i.e.,	
  S.	
  cerevisiae	
  and	
  Schizosaccharomyces	
  pombe,	
  SOD1,	
  SOD2	
  and	
  
GLR1	
  are	
  under	
  MAPK	
  control.	
  These	
  systems	
  in	
  fungi	
  play	
  an	
  important	
  role	
  
in	
  responding	
  to	
  and/or	
  detoxifying	
  the	
  benzaldehyde	
  administered.	
  

0.
8	
  
m
M
	
  

N
on

e	
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  10	
  10	
  

No	
  treat.	
  	
  	
  	
  DDC	
  	
  	
  	
  	
  	
  	
  3,5-­‐D	
  	
  	
  	
  	
  3,5-­‐D	
  +	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.5	
  mM	
  	
  	
  0.6	
  mM	
  	
  	
  	
  	
  DDC	
  

	
  	
  100%	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  98%	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  90%	
  	
  	
  	
  	
  	
  	
  	
  	
  ~20%	
  

	
  	
  100%	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  94%	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  60%	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0%	
  

	
  sakAΔ	



A.	
  fumigatus	
  
(wild	
  type)	
  

	
  mpkCΔ	


	
  	
  100%	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  96%	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  34%	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0%	
  

DDC	
  (0.1	
  mM)	
  
	
  	
  100	
  10-­‐110-­‐210-­‐310-­‐410-­‐5	
   100	
  10-­‐110-­‐2	
  10-­‐3	
  10-­‐4	
  10-­‐5	
  

Wild	
  type	
  

sod2Δ	



sod1Δ	



	
  glr1Δ	



No	
  treatment	
  

DDC	
  =	
  Dimethyldithiocarbamate	
  

A	
   B	
  

Co-­‐applica/on	
  of	
  benzaldehyde	
  deriva/ves,	
  e.g.,	
  3,5-­‐D,	
  with	
  
dimethyldithiocarbamate	
  (DDC;	
  Cu,Zn-­‐SOD	
  inhibitor)	
  	
  increased	
  the	
  
inhibi/on	
  of	
  fungal	
  growth	
  by	
  the	
  compounds	
  	
  

(A)	
  Sensi/ve	
  responses	
  of	
  S.	
  cerevisiae	
  an/oxidant	
  mutants	
  to	
  DDC.	
  (B)	
  Co-­‐applica/on	
  of	
  
3,5-­‐D	
  and	
  DDC	
  resulted	
  in	
  enhanced	
  growth	
  inhibi/on	
  in	
  A.	
  fumigatus.	
  	
  



MAPK	
  pathway:	
  SakA,	
  MpkC	
  

Fungal	
  control	
  

Escape	
  
fludioxonil	
  
toxicity	
  

	
  sakAΔ 
mpkCΔ 

Fludioxonil	
  

Chemo-­‐	
  
sensi/zers	
  
(Benzald)	
  

A	
   B	
  

	
  sakAΔ 

Wild	
  type	
  
(AF293)	
  

	
  mpkCΔ 

	
  No	
  treat.	
  	
  Benzald	
  	
  	
  	
  	
  Flud.	
  	
  	
  	
  	
  	
  Benzald	
  +	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  50	
  µM	
  	
  	
  	
  	
  	
  	
  Flud.	
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(A)	
   Exemplary	
   chemosensi/za/on	
   bioassay	
   to	
   overcome	
   Flud	
   resistance	
   of	
   MAPK	
  
mutants	
  by	
  using	
  benzaldehyde	
  analog.	
  (B)	
  Diagram	
  showing	
  the	
  strategy	
  for	
  overcoming	
  
Flud	
  resistance	
  of	
  fungal	
  pathogens	
  by	
  using	
  chemosensi/zers.	
  	
  

Overcoming	
  fludioxonil	
  (Flud;	
  phenylpyrrole)	
  resistance	
  of	
  MAPK	
  
mutants,	
  e.g.,	
  A.	
  fumigatus	
  sakAΔ	
  and	
  mpkCΔ,	
  via	
  chemosensi/za/on.	
  	
  



SH3 

Plasma  
membrane  Sln1p 

Sho1p 

 Ypd1p 

 Ssk1p 

 Ssk22p  Ssk2p 

 Pbs2p 

 Hog1p 

 Ste11p 

 Ste50p  Ste20p 

 Cdc24  Cdc42 

MAPKKK 

Drug/oxidative/osmotic stress response 

Saccharomyces 

MAPKK 

MAPK 

SH3 

Plasma  
membrane  TcsB 

Sho1p 

 YpdA 

 SskA 

 SskB / SteB 

  PbsA / PbsB 

  SakA / HogA 

  SteC MAPKKK 

Drug/oxidative/osmotic stress response 

Aspergillus 

MAPKK 

? 
? 

? 

www.aspergillusgenome.org	
  www.yeastgenome.org	
  

Therefore,	
  oxida/ve	
  MAPK	
  signaling	
  systems	
  can	
  serve	
  as	
  an	
  effec/ve	
  	
  
an/fungal	
  drug	
  target	
  

MAPK mutant: 
Resistant to phenylpyrrole, 
Sensitive to benzaldehydes  
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II.	
  Chemosensi/za/on	
  to	
  disrupt	
  mitochondrial	
  respira/on	
  

The	
  mitochondrial	
  respiratory	
  chain	
  (MRC)	
  can	
  serve	
  as	
  a	
  molecular	
  target	
  
for	
  effec/ve	
  control	
  of	
  fungal	
  pathogens.	
  Conven/onal	
  inhibitors	
  of	
  MRC,	
  
such	
  as	
  an/mycin	
  A,	
  strobilurins,	
  mucidin,	
  etc.,	
  interfere	
  with	
  the	
  fungal	
  
energy	
  (ATP)	
  produc/on,	
  thus	
  debilitate	
  fungal	
  viability.	
  However,	
  
coinciding	
  with	
  this	
  interference	
  is	
  an	
  abnormal	
  escape	
  of	
  electrons	
  from	
  
MRC.	
  The	
  escaped	
  electrons	
  trigger	
  oxida/ve	
  damage/stress	
  to	
  essen/al	
  
components	
  in	
  fungal	
  cells,	
  such	
  as	
  DNAs,	
  cell	
  membranes	
  and	
  proteins,	
  
resul/ng	
  in	
  fungal	
  necrosis.	
  Consequently,	
  the	
  an/oxidant	
  system	
  in	
  fungi	
  
plays	
  a	
  crucial	
  role	
  in	
  such	
  cases,	
  maintaining	
  cellular	
  redox-­‐homeostasis	
  or	
  
integrity	
  from	
  reac/ve	
  oxygen	
  species.	
  Of	
  note,	
  fungi	
  can	
  also	
  overcome	
  the	
  
toxic	
  effect	
  of	
  MRC	
  inhibitors	
  via	
  the	
  func/on	
  of	
  alterna/ve	
  oxidase	
  (AOX),	
  
enabling	
  the	
  comple/on	
  of	
  electron	
  transfer	
  via	
  MRC	
  (AOX	
  is	
  insensi/ve	
  to	
  
MRC	
  inhibitors).	
  Therefore,	
  the	
  an/oxidant	
  system	
  and	
  AOX	
  can	
  be	
  
an/fungal	
  targets	
  of	
  chemosensi/zing	
  agents.	
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Scheme	
  of	
  mitochondrial	
  respiratory	
  chain	
  in	
  fungi	
  

Intermembrane	
  
space	
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membrane	
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   H+	
  

H+	
  
H+	
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e-­‐	
  2	
  

e-­‐	
  2	
   e-­‐	
  2	
   e-­‐	
  2	
   e-­‐	
  2	
  

2	
   ½	
  O2	
   H2O	
  
ATP	
  

ADP	
  +	
  Pi	
  

CoQ	
  

CoQ	
  

cytc	
   cytc	
  

e-­‐	
  2	
  

FAD	
  
AOX	
  

DRUGS 
inhibiting  

complex III 

e-­‐	
  

Fungal	
  detoxifica/on	
  	
  
of	
  escaped	
  radicals	
  

via	
  Mn-­‐SOD	
  

CHEMOSENSITIZERS 
inhibiting Mn-SOD 

AOX	
  overcomes	
  	
  
complex	
  III	
  inhibi/on,	
  	
  

leading	
  to	
  drug	
  resistance	
  

CHEMOSENSITIZERS 
inhibiting AOX 

Complex	
  I	
  
NADH-­‐ubiquinone	
  
oxidoreductase	
  

Complex	
  III	
  
Cytochrome	
  bc1	
  

complex	
  

Complex	
  II	
  
Succinate	
  

dehydrogenase	
  

Complex	
  IV	
  
Cytochrome	
  c	
  

oxidase	
  

Complex	
  V	
  
ATP	
  Synthase	
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O H

OH

OH

2,3-­‐DHBA	
  

Target:	
  Mitochondrial	
  	
  
superoxide	
  dismutase	
  

(Mn-­‐SOD)	
  

 
O

HO

OH

OH

OCH2(CH2)6CH3

OG	
  

Target:	
  Mitochondrial	
  
alterna/ve	
  oxidase	
  

(AOX)	
  	
  

Mitochondrial	
  target	
  of	
  chemosensi/zing	
  agents	
  tested,	
  i.e.,	
  	
  
2,3-­‐dihydroxybenzaldehyde	
  (2,3-­‐DHBA)	
  and	
  octyl	
  gallate	
  (OG)	
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Compd	
   MIC	
  
alone	
  

MIC	
  
combined	
  

FICI	
   MFC	
  
alone	
  

MFC	
  
combined	
  

FFCI	
  

Cryptococcus	
   OG	
   0.04	
   0.01	
   0.3	
   0.04	
   0.01	
   0.3	
  

PCS	
   18.2	
   1.3	
   32.0	
   2.6	
  

Candida	
   OG	
   0.07	
   0.05	
   1.2	
   0.1	
   0.08	
   1.5	
  

PCS	
   32.0	
   14.8	
   32.0	
   21.9	
   1.5	
  

Cryptococcus	
   2,3-­‐DHBA	
   0.2	
   0.05	
   0.4	
   1.5	
   0.8	
   0.9	
  

PCS	
   18.2	
   1.9	
   32.0	
   11.6	
  

Candida	
   2,3-­‐DHBA	
   0.3	
   0.2	
   1.1	
   6.8	
   6.8	
   2.0	
  

PCS	
   32.0	
   15.3	
   32.0	
   32.0	
  

An/fungal	
  chemosensi/za/on	
  of	
  OG	
  or	
  2,3-­‐DHBA	
  (mM)	
  to	
  
complex	
  III	
  inhibitor,	
  i.e.,	
  pyraclostrobin	
  (PCS;	
  µg/mL),	
  tested	
  
against	
  Cryptococcus	
  or	
  Candida*	
  

*Determined	
  by	
  EUCAST-­‐based	
  bioassays.	
  Arendrup	
  et	
  al.	
  Clin.	
  Microbiol.	
  Infect.	
  2012,	
  18,	
  E246–E247.	
  

Cryptococcus	
  (Non-­‐fermen/ng	
  pathogens)	
  are	
  more	
  suscep/ble	
  to	
  the	
  chemosensi/za/on	
  
than	
  Candida	
  (Fermen/ng	
  pathogens)	
  (Kim	
  et	
  al.,	
  2013).	
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Non-fermenting yeasts: 
Cryptococcus  

HIGH 
 sensitivity to  

MRC inhibitors 

Increased  
sensitivity w/ 

chemosensitization in  
“most” strains 

Fermenting yeasts: 
Candida  

LOW  
sensitivity to  

MRC inhibitors 

Increased  
sensitivity w/ 

chemosensitization in 
“selected” strains C. neoformans 208821 C. albicans 90028 
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Non-­‐fermen/ng	
  pathogens	
  are	
  more	
  suscep/ble	
  to	
  the	
  	
  
chemosensi/za/on	
  than	
  the	
  fermen/ng	
  pathogens.	
  

Octyl	
  gallate	
  (OG)-­‐mediated	
  chemosensi/za/on	
  to	
  pyraclostrobin	
  (PCS;	
  complex	
  III	
  
inhibitor)	
  in	
  Cryptococcus	
  (non-­‐fermenter)	
  or	
  Candida	
  (fermenter)	
  showed	
  that	
  C.	
  
neoformans	
  was	
  much	
  more	
  suscep/ble	
  to	
  the	
  chemosensi/za/on	
  than	
  C.	
  albicans.	
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Chemosensi/za/on	
  to	
  disrupt	
  mitochondrial	
  respira/on	
  in	
  
the	
  filamentous	
  fungal	
  pathogen,	
  Aspergillus	
  sp.	
  

MRC	
  
	
  

Complex	
  III	
   	
  Kre-­‐Me	
  

Mn-­‐SOD	
  	
  

An/oxida/on	
  Benzaldehydes	
  
(Chemosensi/zer)	
  

Mechanism	
  of	
  synergism	
  

Inhibi/on	
  of	
  ATP	
  biosynthesis	
  &	
  
Oxida/ve	
  stress	
  by	
  
escaped	
  electrons	
  

No	
  treatment	
  	
  	
  	
  	
  	
  Kre-­‐Me	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Benzald.	
  	
  	
  	
  Stro	
  +	
  Benzald.	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  25µM	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  4mM	
  

Kre-­‐Me	
  (Kresoxim-­‐methyl):	
  Complex	
  III	
  inhibitor	
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III.	
  Chemosensi/za/on	
  to	
  disrupt	
  fungal	
  cell	
  wall	
  integrity	
  

Disrup/on	
  of	
   cell	
  wall	
   integrity	
   system	
   should	
  be	
  an	
  effec/ve	
   strategy	
   for	
  
control	
   of	
   fungal	
   pathogens.	
   The	
   cell	
   wall	
   integrity	
   pathway	
   is	
   well	
  
characterized	
  in	
  the	
  model	
  fungus	
  S.	
  cerevisiae,	
  where	
  the	
  upstream	
  MAPK	
  
signaling	
  system,	
  required	
  for	
  cell	
  wall	
  maintenance,	
  is	
  controlled	
  by	
  protein	
  
kinase	
  C.	
  Genome	
  and	
   func/onal	
  analyses	
   indicated	
   that	
  genes	
   in	
   the	
  cell	
  
wall	
   integrity	
  system	
  in	
  fungi	
  are	
  well	
  conserved.	
  To	
  augment	
  the	
  cell	
  wall	
  
disrup/on	
   efficacy	
   of	
   conven/onal	
   drugs,	
   such	
   as	
   caspofungin	
   (CAS),	
  
chemosensi/za/on	
   capaci/es	
   of	
   benzaldehydes	
   were	
   evaluated	
   against	
  
strains	
  of	
  S.	
  cerevisiae	
  wild	
  type	
  (WT),	
  slt2Δ	
  and	
  bck1Δ,	
  i.e.,	
  mutants	
  of	
  the	
  
MAPK	
   and	
   MAPK	
   kinase	
   kinase,	
   respec/vely,	
   in	
   the	
   cell	
   wall	
   integrity	
  
pathway.	
   OG	
   also	
   targeted	
   fungal	
   cell	
   wall	
   integrity,	
   where	
   OG-­‐mediated	
  
chemosensi/za/on	
  to	
  CAS	
  lead	
  to	
  targeted	
  interven/on	
  of	
  pathogens,	
  such	
  
as	
  Penicillium	
  (i.e.,	
  Penicillium	
  strains	
  are	
  more	
  suscep/ble	
  to	
  OG	
  +	
  CAS	
  than	
  
Aspergillus).	
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Cell	
  wall	
  MAPK	
  system	
  as	
  the	
  target	
  of	
  benzaldehydes	
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Plasma  
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slt2Δ	
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10010-110-210-310-410-5	



No  
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10010-110-210-310-410-5	
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(5.0 mM)	
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so
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ito

l  
(0

.5
 M

)	



Benzald 1 
(1.0 mM)	



10010-110-210-310-410-5	



Yeast	
  dilu/on	
  bioassay	
  showing	
  sensi/vity	
  of	
  	
  
S.	
  cerevisiae	
  slt2Δ	
  (MAPK)	
  and	
  bck1Δ	
  (MAPK	
  
kinase	
  kinase)	
  mutants	
  to	
  caffeine	
  (5	
  mM;	
  
control)	
  and	
  benzaldehyde	
  1	
  (1.0	
  mM)	
  was	
  
remediated	
  by	
  sorbitol	
  (osmo/c	
  protectant).	
  
Results	
  indicate	
  benzaldehyde	
  1	
  nega/vely	
  
affected	
  cell	
  wall	
  integrity	
  system	
  of	
  fungi.	
  	
  

www.yeastgenome.org	
  &	
  www.aspergillusgenome.org	
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Wild	
  type	
  

slt2Δ 
	
  bck1Δ 

 100 10-110-210-310-410-5  100 10-110-210-310-410-5  100 10-110-210-310-410-5  100 10-110-210-310-410-5 

	
  Mutant	
  
inhibited	
  

[None]	
   [slt2Δ,	
  bck1Δ]	
   	
  [slt2Δ,	
  bck1Δ]	
   [slt2Δ,	
  bck1Δ]	
   [slt2Δ]	
  

Cell	
  wall	
  MAPK	
  system	
  as	
  the	
  target	
  of	
  benzaldehydes:	
  
Other	
  examples	
  of	
  benzaldehydes	
  targe/ng	
  cell	
  wall	
  integrity	
  	
  
MAPK	
  system	
  

 100 10-110-210-310-410-5 

	
  No	
  treatment	
   Benzald	
  2	
   Benzald	
  3	
   Benzald	
  4	
   Benzald	
  5	
  
1.0	
  mM	
   1.5	
  mM	
  1.5	
  mM	
  0.8	
  mM	
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Higher	
  sensi/vity	
  of	
  Penicillium	
  sp.	
  to	
  OG	
  +CAS	
  chemosensi/za/on	
  
compared	
  to	
  Aspergillus	
  sp.*	
  

The	
  effec/veness	
  of	
  OG-­‐mediated	
  chemosensi/za/on	
  with	
  CAS	
  was	
  fungal	
  strain-­‐specific,	
  
where	
  Penicillium	
  strains	
  required	
  lower	
  dose	
  of	
  CAS	
  to	
  achieve	
  ≥	
  99.9%	
  fungal	
  death.	
  
Thus,	
  chemosensi/za/on	
  can	
  lead	
  to	
  targeted	
  interven/on	
  of	
  fungal	
  pathogens	
  (such	
  as,	
  
intervening	
  Penicillium	
  with	
  OG-­‐based	
  chemosensi/za/on	
  to	
  CAS)	
  	
  
(Manuscript	
  submized).	
  

MFC	
  range	
  
CAS	
  (µg/mL)	
  

0	
  <	
  MFC	
  <	
  32	
   32	
  <	
  MFC	
  <	
  128	
  

CAS	
  alone	
  

CAS	
  combined	
  
w/	
  OG	
  

Aspergillus	
  sp.	
  
Penicillium	
  sp.	
  

Penicillium	
  sp.	
  
(more	
  sensi/ve)	
  

Aspergillus	
  sp.	
  
(less	
  sensi/ve)	
  

*Determined	
  by	
  Clinical	
  and	
  Laboratory	
  Standards	
  Ins/tute	
  (CLSI)	
  Reference	
  Method	
  for	
  Broth	
  Dilu/on	
  
An/fungal	
  Suscep/bility	
  Tes/ng	
  of	
  Filamentous	
  Fungi:	
  Approved	
  Standard.	
  Second	
  Edi/on.	
  Vol.	
  22	
  CLSI;	
  
Wayne,	
  PA,	
  USA:	
  2008.	
  MFC,	
  Minimum	
  Fungicidal	
  Concentra/on;	
  CAS,	
  Caspofungin	
  (Cell	
  wall	
  disrup/ng	
  
drug);	
  OG,	
  Octyl	
  gallate	
  (chemosensi/zer)	
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MYCOBIOME	
  (Fungal	
  Microbiome):	
  
Mixtures	
  of	
  fungal	
  pathogens,	
  symbionts,	
  etc.	
  

Broad-­‐spectrum	
  
fungal	
  death:	
  

	
  

Disrup/on	
  of	
  
mycobiome	
  dynamics	
  

Targeted	
  
pathogen	
  control:	
  

	
  

Maintaining	
  
mycobiome	
  dynamics	
  

Conven/onal	
  	
  
drugs	
  

Conven/onal	
  	
  
drugs	
  w/	
  

chemosensi/zer	
  

Therefore,	
  targeted	
  pathogen	
  control	
  could	
  be	
  achieved	
  during	
  	
  
chemosensi/za/on,	
  enabling	
  the	
  maintenance	
  of	
  	
  
mycobiome	
  dynamics	
  	
  



Conclusions	
  
	
  

•  Cellular	
  an/oxidant,	
  mitochondrial	
   respira/on,	
  or	
  cell	
  wall	
   integrity	
  system	
  can	
  serve	
  as	
  
molecular	
   targets	
   of	
   natural	
   phenolics/deriva/ves	
   for	
   the	
   effec/ve	
   control	
   of	
   fungal	
  
pathogens.	
   Benzaldehyde	
   analogs	
   can	
   be	
   used	
   as	
   potent	
   chemosensi/zing	
   agents	
   to	
  
enhance	
  an/myco/c	
  ac/vity	
  of	
  conven/onal	
  an/fungal	
  drugs.	
  	
  

•  The	
   an/fungal	
   effects	
   of	
   benzaldehydes	
   are	
   determined	
   in	
   selected	
   filamentous	
   fungi,	
  
yeast	
  pathogens	
  and	
  the	
  strains	
  of	
  the	
  S.	
  cerevisiae	
  (used	
  to	
  iden/fy	
  mode	
  of	
  ac/on).	
  	
  

•  OG	
   and	
   2,3-­‐DHBA	
   show	
   potent	
   chemosensi/zing	
   ac/vity	
   to	
   PCS	
   (complex	
   III	
   inhibitor),	
  
resul/ng	
   in	
   the	
  great	
  enhancement	
  of	
  an/fungal	
  ac/vity.	
  This	
  capacity	
   is	
  most	
  effec/ve	
  
against	
   Cryptococcus	
   (non-­‐fermen/ng	
   pathogens),	
   compared	
   to	
   Candida	
   (fermen/ng	
  
pathogens).	
  

•  OG	
  also	
  possesses	
  chemosensi/zing	
  capability	
   to	
   the	
  cell	
  wall	
  disrup/ng	
  drug	
  CAS,	
   thus	
  
lowers	
  effec/ve	
  dosages	
  of	
  the	
  drug.	
  Of	
  note,	
  OG-­‐based	
  chemosensi/za/on	
  can	
   lead	
  to	
  
targeted	
   interven/on	
   of	
   fungal	
   pathogens,	
   where	
   Penicillium	
   species	
   are	
   more	
  
suscep/ble	
  to	
  CAS	
  (when	
  co-­‐applied	
  with	
  OG),	
  compared	
  to	
  Aspergillus.	
  

•  Therefore,	
  methods	
  presented	
  here	
  can	
  reduce	
  costs,	
  abate	
  resistance,	
  alleviate	
  nega/ve	
  
side	
   effects	
   associated	
   with	
   current	
   an/fungal	
   treatments,	
   while	
   maintaining	
   healthy	
  
dynamics	
  in	
  the	
  mycobiome.	
  

•  Further	
  in	
  vivo	
  studies	
  are	
  required	
  to	
  determine	
  whether	
  the	
  in	
  vitro	
  an/fungal	
  ac/vi/es	
  
described	
  herein	
  can	
  translate	
  to	
  clinically	
  effec/ve	
  therapeu/c	
  resolu/on	
  of	
  mycoses.	
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