
Università Degli studi di NAPOLI 
 “FEDERICO II” 

 

 
 
 

Department of Biology 
 

PhD School in Biology 
 
 

XXIX cycle 
 

 
 
 

 
“Effects of heavy metals on plastidial glucose-6-

phosphate dehydrogenase: kinetic changes analysis, 
abundance of isoforms and determination of subcellular 

localization" 
 
 

Candidate: Alessia De Lillo 
 
 

 
 
 

 
 
Supervisor  
      Prof. 
Adriana Basile 
 

PhD School 
Coordinator  

Prof. Salvatore 
Cozzolino 

  

              Co-Supervisor 
Prof. 

Sergio Esposito 
 



	
   2	
  

Summary	
  

1	
   INTRODUCTION	
   4	
  
1.1	
   HEAVY	
  METALS	
   6	
  
1.2	
   NICKEL	
  STRESS	
   9	
  
1.3	
   HORDEUM	
  VULGARE	
   11	
  
1.4	
   GLUCOSE	
  6P-­‐DEHYDROGENASE	
   12	
  
1.5	
   G6PDH	
  AND	
  DIFFERENT	
  ISOFORMS	
  REGULATION	
   16	
  
1.6	
   G6PDH	
  AND	
  STRESS	
   18	
  
1.7	
   TRANSIT	
  PEPTIDE	
  ANALYSIS,	
  AND	
  DECODING	
  OF	
  THE	
  BARLEY	
  P2-­‐G6PDH	
  SEQUENCE	
   19	
  
1.8	
   CATALASE	
  AND	
  ASCORBATE	
  PEROXIDASE	
   21	
  
1.9	
   FUMARASE	
   23	
  
1.10	
   NADH-­‐GOGAT	
   24	
  
1.11	
   PHOSPHOENOLPYRUVATE	
  CARBOXYLASE	
   25	
  
1.12	
   HEAT	
  SHOCK	
  PROTEINS	
  (HSP70)	
   26	
  

2	
   AIMS	
  OF	
  THE	
  PROJECT	
   27	
  

4	
   MATERIALS	
  AND	
  METHOD	
   28	
  
4.1	
   INDUCTION	
  OF	
  GENE	
  EXPRESSION	
  AND	
  BACTERIAL	
  GROWTH	
   28	
  
4.2	
   ISOLATION	
  AND	
  PURIFICATION	
  OF	
  G6PDH	
   29	
  
4.3	
   PROTEINS	
  DETERMINATION	
   30	
  
4.4	
   SDS	
  POLYACRYLAMIDE	
  GEL	
  ELECTROPHORESIS	
  (SDS-­‐PAGE)	
   31	
  
4.5	
   WESTERN	
  BLOTTING	
  ANALYSES	
   32	
  
4.6	
   IN	
  VITRO	
  EFFECTS	
  OF	
  METAL	
  IONS	
   33	
  
4.7	
   PLANT	
  MATERIAL	
  AND	
  GROWING	
  CONDITIONS	
   34	
  
4.8	
   PROTEINS	
  EXTRACTION	
  AND	
  G6PDH	
  ACTIVITY	
  DETERMINATION	
   35	
  
4.9	
   DETERMINATION	
  OF	
  CATALASE	
  ACTIVITY	
   36	
  
4.10	
   DETERMINATION	
  OF	
  ASCORBATE	
  PEROXIDASE	
  ACTIVITY	
   36	
  
4.11	
   DETERMINATION	
  OF	
  FUMARASE	
  ACTIVITY	
   36	
  
4.12	
   DETERMINATION	
  OF	
  NADH-­‐GOGAT	
  ACTIVITY	
   37	
  
4.13	
   DETERMINATION	
  OF	
  PHOSPHOENOLPYRUVATE	
  CARBOXYLASE	
  ACTIVITY	
   37	
  
4.14	
   HSP70	
  EXTRACTION	
   38	
  
4.15	
   RNA	
  ISOLATION	
  FROM	
  LEAF	
  MATERIAL	
   39	
  
4.16	
   REAL	
  TIME-­‐PCR	
  ANALYSES	
   40	
  
4.17	
   WATER	
  CONTENT	
  (WC)	
   41	
  
4.17.1	
   RELATIVE	
  WATER	
  CONTENT	
  (RWC)	
   41	
  
4.18	
   DETERMINATION	
  OF	
  LEAF	
  PIGMENTS	
   42	
  
4.19	
   GROWTH	
  VARIATION	
  AND	
  INHIBITION	
  TEST	
   43	
  
4.20	
   RAPD	
  ANALYSES	
   44	
  
4.21	
   COMET	
  ASSAYS	
   46	
  
4.22	
   GRADIENT-­‐PCR	
   47	
  
4.23	
   CLONING	
  INTO	
  PBSK	
   49	
  
4.24	
   TRANSFORMATION	
  OF	
  E.	
  COLI	
   50	
  
4.25	
   PLASMID-­‐MINI-­‐PREPARATION	
  FROM	
  E.	
  COLI	
   51	
  
4.26	
   PBSK	
  ENZYME	
  DIGESTION	
   52	
  
4.27	
   SUBCLONING	
  OF	
  P2-­‐G6PDH	
  AND	
  P0-­‐G6PDH	
  BEHIND	
  THE	
  REPORTER	
   53	
  
4.28	
   SUBCLONING	
  OF	
  P2-­‐G6PDH	
  AND	
  P0-­‐G6PDH	
  IN	
  FRONT	
  OF	
  THE	
  REPORTER	
   56	
  
4.29	
   PROTOPLAST	
  ISOLATION	
  FROM	
  LEAF	
  TISSUE	
  (TOBACCO,	
  ARABIDOPSIS)	
   57	
  
4.30	
   PROTOPLAST	
  TRANSFECTION	
  FOR	
  TRANSIENT	
  GENE	
  EXPRESSION	
  WITH	
  PLASMID	
  DNA	
   59	
  



	
   3	
  

4.31	
   BINARY	
  VECTORS	
   61	
  
4.32	
   TRANSFORMATION	
  OF	
  AGROBACTERIA	
   62	
  
4.33	
   AGRO-­‐INFILTRATION	
  OF	
  TOBACCO	
  LEAVES	
   63	
  
4.34	
   STATISTICAL	
  ANALYSIS	
   64	
  

5	
   RESULTS	
   65	
  
5.1	
   OVEREXPRESSION	
  OF	
  G6PDH	
  ISOFORMS	
   65	
  
5.2	
   IN	
  VITRO	
  INHIBITION	
  ASSAYS	
   67	
  
5.3	
   PURIFICATION	
  AND	
  INCUBATION	
  OF	
  PTP2-­‐G6PDH	
  MUTANTS	
   71	
  
5.4	
   G6PDH	
  ACTIVITY	
  IN	
  HORDEUM	
  VULGARE	
  PLANTS	
   74	
  
5.5	
   MEASUREMENTS	
  OF	
  DIFFERENT	
  ENZYMATIC	
  ACTIVITIES	
  IN	
  BARLEY	
  PLANTS	
   77	
  
5.5.1	
   CATALASE	
  AND	
  ASCORBATE	
  PEROXIDASE	
  ACTIVITIES	
   77	
  
5.5.2	
   NADH-­‐GOGAT	
  ACTIVITY	
  DETERMINATION	
   78	
  
5.5.3	
   PHOSPHOENOLPYRUVATE	
  CARBOXYLASE	
  ASSAY	
   79	
  
5.5.4	
   FUMARASE	
  ASSAY	
   80	
  
5.6	
   WESTERN	
  BLOTTINGS	
   81	
  
5.6.1	
   DETERMINATION	
  OF	
  G6PDH	
  LEVELS	
   81	
  
5.6.2	
   DETERMINATION	
  OF	
  DIFFERENT	
  ENZYMES	
  LEVELS	
   83	
  
5.7	
   QRT-­‐PCR	
   86	
  
5.8	
   RAPD	
  ANALYSES	
   87	
  
5.9	
   COMET	
  ASSAY	
   88	
  
5.10	
   ANALYSES	
  OF	
  THE	
  GROWTH	
  FACTOR	
   89	
  
5.11	
   GROWTH	
  VARIATION	
   89	
  
5.12	
   WATER	
  CONTENT	
   90	
  
5.13	
   PIGMENTS	
  CONTENT	
   91	
  
5.14	
   RNA	
  EXTRACTION	
  AND	
  GRADIENT-­‐PCR	
   92	
  
5.15	
   CLONING	
  OF	
  HV-­‐G6PD2;	
  HV-­‐G6PD0	
  (BEHIND	
  REPORTER)	
   93	
  
5.16	
   CLONING	
  OF	
  HV-­‐G6PD2;	
  HV-­‐G6PD0	
  (IN	
  FRONT	
  OF	
  THE	
  REPORTER)	
   94	
  
5.17	
   ARABIDOPSIS	
  THALIANA	
  GROWING	
  AND	
  PROTOPLAST	
  EXTRACTION	
  AND	
  TRANSFECTION	
   95	
  
5.18	
   PROTOPLAST	
  CO-­‐TRANSFECTION	
   97	
  
5.19	
   BINARY	
  VECTORS	
   98	
  
5.20	
   AGRO-­‐INFITRATION	
   99	
  

6	
   DISCUSSION	
   101	
  

7	
   SOURCE	
  OF	
  FIGURES	
   111	
  

8	
   REFERENCES	
   112	
  
	
  

	
  
	
   	
  



	
   4	
  

1 Introduction	
  
Glucose-­‐6-­‐phosphate	
  dehydrogenase	
  (G6PDH	
  -­‐	
  EC	
  1.1.1.49)	
  is	
  the	
  key	
  enzyme	
  of	
  the	
  
oxidative	
   pentose	
   phosphate	
   pathway	
   (OPPP).	
   The	
   OPPP	
   is	
   ubiquitous	
   in	
   living	
  
organisms	
  (except	
  the	
  majority	
  of	
  Archea)	
  and	
  plays	
  fundamental	
  roles	
  for	
  the	
  cells.	
  	
  

The	
  main	
  functions	
  of	
  this	
  cycle	
  are	
  the	
  synthesis	
  of	
  precursors	
  for	
  nucleic	
  acids	
  and	
  
fatty	
   acids;	
   and	
   the	
   furnishing	
   of	
   NADPH,	
   which	
   is	
   essential	
   for	
   the	
   biosynthesis	
  
(Senturk	
  et	
  al.	
  2009),	
  and	
  to	
  counteract	
  oxidative	
  stress	
  (Kruger	
  and	
  von	
  Schaewen	
  
2003).	
  	
  

The	
   G6PDH	
   catalyses	
   the	
   first	
   reaction	
   of	
   the	
   cycle	
   by	
   conversion	
   of	
   glucose-­‐6-­‐
phosphate	
   to	
   6-­‐phosphogluconate	
   in	
   the	
   presence	
   of	
   NADP+	
   and	
   MgCl2.	
   The	
  
magnesium	
   is	
   indeed	
  essential	
   for	
  G6PDH	
  activity	
  cause	
  G6PDH	
  requires	
   ions	
  Mg2	
  +	
  

for	
  the	
  stabilization	
  of	
  the	
  structure	
  (Esposito	
  et	
  al.	
  2001).	
  

In	
   plants,	
   different	
   isoforms	
   of	
   G6PDH	
   have	
   been	
   described:	
   cytosolic-­‐G6PDH	
   (cy),	
  
plastidial	
  G6PDH	
  (P2),	
   chloroplastic-­‐	
  G6PDH	
  (P1)	
   (Kruger	
  and	
  von	
  Schaewen	
  2003;	
  
Wakao	
   and	
   Benning	
   2005);	
   a	
   further	
   isoform,	
   enzymatically	
   inactive,	
   named	
   P0-­‐
G6PDH	
   has	
   been	
   identified	
   (Wakao	
   and	
   Benning	
   2005),	
   and	
   its	
   possible	
   function	
  
discussed	
   later.	
  These	
   isoforms	
  can	
  be	
  easily	
  distinguished,	
  and	
  undergo	
   to	
  distinct	
  
regulation	
   mechanisms.	
   Various	
   studies	
   reveal	
   that	
   G6PDH	
   activity	
   is	
   generally	
  
increased	
  during	
  plant	
  exposition	
  to	
  different	
  biotic	
  (Scharte	
  et	
  al.	
  2009)	
  and	
  abiotic	
  
stress	
  (Valderrama	
  et	
  al.	
  2006;	
  Wang	
  et	
  al.	
  2008;	
  Cardi	
  et	
  al.	
  2011,	
  2015;	
  Landi	
  et	
  al.,	
  
2015).	
  

Among	
   pollutants,	
   heavy	
  metals	
   give	
   great	
   concern	
   due	
   to	
   their	
   persistence	
   in	
   the	
  
environment,	
  and	
  the	
  possibility	
  to	
  be	
  absorbed	
  and	
  accumulated	
  in	
  living	
  organisms	
  
(Pinto	
  et	
  al.	
  2004;	
  Cho	
  et	
  al,	
  2003)	
  and	
  particularly	
  in	
  plants	
  (Basile	
  et	
  al.,	
  2015).	
  HMs	
  
toxicity	
   causes	
   different	
   effects	
   as:	
   changes	
   in	
   cell	
   structure	
   and	
   functionality	
  
(Taulavuori	
   et	
   al.,	
   2005),	
   alterations	
   of	
   key	
   metabolic	
   processes	
   (Prasad,	
   2004;	
  
Schützendübel	
   et	
   al.,	
   2001),	
   generation	
   of	
   free	
   radicals	
   (Schützendübel	
   and	
   Polle,	
  
2002;	
   Hall,	
   2002)	
   and	
   exchanges	
   in	
   enzymatic	
   co-­‐factors	
   (Van	
   Asscheet	
   al,	
   1986);	
  
furthermore	
  enzyme	
  inhibition	
  is	
  always	
  considered	
  an	
  important	
  biomarker	
  of	
  HM	
  
response	
  (Timbrell,	
  1998).	
  	
  

Previous	
   studies	
   suggested	
   a	
   possible	
   correlation	
   between	
   metals	
   and	
   changes	
   in	
  
total	
  G6PDH	
  activity	
  in	
  various	
  organisms,	
  e.g.	
  HMs	
  induce	
  a	
  decrease	
  of	
  total	
  G6PDH	
  
activity	
   in	
   rainbow	
   trout	
   liber	
   (Oncorhynchus	
   mykiss)(Cankaya	
   et	
   al.,	
   2011);	
   Zn++

	
  

caused	
   variation	
   of	
   G6PDH	
   activity	
   in	
   Bufo	
   arenarum	
   toad	
   ovary	
   (Fonovich	
   de	
  
Schroeder	
  ,	
  2005).	
  

Namely	
   in	
  plants,	
   iron	
  excess	
  on	
  Nicotiana	
  plumbagnifolia	
  caused	
  an	
   increase	
  of	
   the	
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cytosolic	
   G6PDH	
   isoform	
   (Kampfenkel	
   et	
   al.,	
   1995),	
   in	
   wheat	
   roots	
   (Triticum	
  
aestivum)	
  aluminium	
  caused	
  changes	
  in	
  G6PDH	
  activities	
  (Slaski	
  et	
  al.,	
  1996).	
  	
  

Interestingly,	
  no	
  data	
  are	
  available	
  about	
  the	
  effect(s)	
  of	
  specific	
  effects	
  of	
  HM	
  on	
  the	
  
G6PDH	
  plastidial	
   isoforms,	
  which	
  are	
  greatly	
  involved	
  in	
  the	
  abiotic	
  stress	
  response	
  
(Cardi	
  et	
  al.,	
  2011).	
  

In	
   order	
   to	
   establish	
   the	
   possible	
   direct	
   effect	
   of	
   specific	
  HM	
  on	
   enzymatic	
   activity	
  
and	
   regulatory	
   properties,	
   the	
   recombinant,	
   his-­‐tagged	
   plastidial	
   G6PDH	
   isoform	
  
from	
  Populus	
  trichocarpa	
  was	
  incubated	
  in	
  the	
  presence	
  of	
  HM	
  to	
  establish	
  the	
  role(s)	
  
of	
  specific	
  elements.	
  	
  

Moreover,	
   mutagenized	
   enzymes,	
   lacking	
   of	
   cysteine	
   residues	
   were	
   similarly	
  
produced	
   and	
   tested	
   for	
   the	
   possible	
   interactions	
   of	
   HM	
   with	
   disulphide	
   bridges	
  
present	
  in	
  the	
  active	
  enzyme.	
  

HM	
   are	
   also	
   well	
   known	
   to	
   induce	
   oxidative	
   stress	
   that	
   in	
   its	
   turn	
   results	
   in	
   the	
  
increase	
   of	
   activities	
   of	
   enzymes	
   involved	
   in	
   ROS-­‐scavenging.	
   The	
   effects	
   of	
   these	
  
heavy	
  metals	
   were	
   so	
   tested	
   directly	
   in	
   plant	
   and	
   as	
  model	
   organism	
  was	
   utilized	
  
Hordeum	
  vulgare	
  (barley).	
  	
  

Furthermore,	
  subcellular	
  localization	
  analyses	
  of	
  Hordeum	
  vulgare	
  P2-­‐G6PDH	
  and	
  P0-­‐
G6PDH	
   isoforms	
   by	
   transient	
   expression	
   of	
   reporter	
   fusion	
   proteins	
   in	
  
Arabidopsis/Tobacco	
   protoplast,	
   and	
   by	
   Agro-­‐infiltration	
   in	
   tobacco	
   leaves	
   were	
  
prepared	
   in	
   order	
   to	
   verify	
   if	
   the	
   P2-­‐G6PDH	
   is	
   directed	
   in	
   the	
   non-­‐photosynthetic	
  
plastids	
  solely,	
  or	
  in	
  the	
  chloroplasts	
  as	
  well.	
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1.1 Heavy	
  metals	
  
Heavy	
  metals	
  (HMs)	
  are	
  metals	
  with	
  specific	
  characteristics:	
  
•	
   Density	
  up	
  to	
  5,0	
  gr/cm3	
  	
  
•	
   Cationic	
  property	
  
•	
   Low	
  solubility	
  
•	
   Affinity	
  towards	
  the	
  sulphides	
  
•	
   Tendency	
  to	
  form	
  organic	
  compounds	
  

They	
   could	
   be	
   divided	
   in	
   two	
   group:	
   essential	
   and	
   non	
   essential.	
   Between	
   the	
  
essential	
  metals	
   there	
   are	
   copper	
   and	
   zinc,	
  while	
   between	
   the	
  non-­‐essentials	
   there	
  
are	
  Nickel,	
   lead	
  and	
  cadmium	
  which	
  are	
   toxic	
  at	
   low	
   levels.	
  Only	
  a	
   few	
  of	
   the	
  many	
  
metals	
  present	
  in	
  the	
  environment	
  are	
  essential	
  to	
  all	
  plants	
  (Fig.	
  1).	
  

	
  

	
  
Fig.	
  1:	
  Heavy	
  metals	
  

Heavy	
  metals	
  (HM)	
  indeed	
  represent	
  one	
  of	
  the	
  most	
  dangerous	
  sources	
  of	
  pollution	
  
in	
  Ecosystems.	
  

	
  In	
   many	
   areas,	
   free	
   radicals	
   have	
   been	
   demonstrated	
   as	
   directly	
   involved	
   in	
  
molecular	
  damages	
  associated	
  with	
  exposure	
  to	
  a	
  wide	
  range	
  of	
  heavy	
  metals.	
  Plants	
  
need	
   a	
   range	
   of	
   HMs	
  which	
  must	
   be	
   acquired	
   from	
   the	
   soil,	
   transported	
   along	
   the	
  
plant,	
  distributed,	
  and	
  compartmentalized	
  in	
  different	
  tissues	
  and	
  cells.	
  	
  

It	
   should	
   be	
   underlined	
   that,	
   if	
   on	
   one	
   hand	
   these	
   heavy	
   metals	
   are	
   essential	
  
micronutrients	
   (Salt	
   et	
   al.,	
   1995),	
   on	
   the	
   other	
   hand	
   the	
   same	
   elements	
   can	
   cause	
  
different	
  toxic	
  effects	
  on	
  the	
  plant	
   like	
   induction	
  of	
  oxidative	
  stress,	
  variation	
  of	
  the	
  
water	
  status	
  of	
  the	
  plant	
  and	
  alteration	
  to	
  the	
  structure	
  and	
  of	
  the	
  activity	
  of	
  several	
  
enzyme	
  when	
  exceeding	
  given	
  limit	
  levels.	
  

	
  Heavy	
  metal	
  ions	
  are	
  able	
  to	
  bind	
  to	
  sulfhydryl	
  groups	
  of	
  proteins	
  (Viarengo,	
  1985),	
  
thus	
  inducing	
  changes	
  in	
  the	
  structure	
  of	
  proteins	
  and	
  enzymatic	
  activities,	
  resulting	
  
in	
  the	
  toxic	
  effects	
  observed	
  (Hodson,	
  1988).	
  	
  

Heavy	
   metal	
   ions	
   like	
   Cd,	
   Cu,	
   Zn,	
   and	
   Pb	
   could	
   induce	
   oxidative	
   stress,	
   causing	
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changes	
  in	
  the	
  activities	
  of	
  several	
  enzymes.	
  The	
  oxidative	
  damage	
  caused	
  by	
  metals	
  
such	
  as	
  Cu	
  and	
  Fe	
  can	
  be	
  explained	
  by	
  the	
  changes	
  in	
  redox	
  state	
  (Fenton	
  reaction)	
  
(Halliwell	
   and	
   Gutteridge,	
   1988),	
   but	
   the	
   molecular	
   mechanisms	
   are	
   still	
   poorly	
  
understood.	
  

Toxic	
  levels	
  of	
  metals	
  in	
  soils	
  could	
  be	
  found	
  in	
  the	
  environment,	
  and	
  may	
  be	
  caused	
  
by	
   both	
   natural	
   soil	
   properties	
   or	
   by	
   anthropic	
   pressure,	
   generally	
   produced	
   by	
  
agriculture,	
  mining,	
  manufacturing,	
  and	
  industrial	
  waste	
  (Garrido	
  et	
  al.,	
  2002	
  e	
  Rascio	
  
et	
  al.,	
  2011).	
  	
  

These	
   HM	
   are	
   required	
   as	
   basal	
   cofactors	
   for	
   various	
   enzymatic	
   reactions,	
   and	
   for	
  
stabilization	
   of	
   macromolecules,	
   but	
   when	
   their	
   concentration	
   exceeds	
   a	
  
physiological	
  level,	
  these	
  could	
  became	
  toxic	
  to	
  the	
  cell.	
  	
  

The	
   plant	
   cell	
   has	
   different	
   homeostatic	
   defence	
   mechanisms	
   regulating	
   the	
  
concentrations	
   of	
   HMs	
   in	
   the	
   cell	
   in	
   order	
   to	
   minimize	
   the	
   possible	
   damage	
  
(Benavides	
   et	
   al.,	
   2005);	
   in	
   addition,	
   the	
   affinity	
   of	
   the	
   specific	
   transport	
  
mechanism(s)	
  affecting	
  the	
  accumulation	
  of	
  metals	
  is	
  essential	
  (Clemens	
  et	
  al.,	
  2002).	
  
Transport	
  of	
   inorganic	
   ions	
  occurs	
   in	
  plant	
   through	
  both	
  apoplastic	
   and	
   symplastic	
  
pathway	
  (White	
  et	
  al.	
  2002):	
  e.g.	
  Zn	
  could	
  be	
  transported	
  chelated	
  to	
  small	
  molecules,	
  
including	
  organic	
  acids,	
  histidine	
  and	
  nicotianamine	
  (NA)	
  (Broadley	
  et	
  al.,	
  2007	
  and	
  
Trampczynska	
  et	
  al.,	
  2010).	
  

The	
   first	
   protection	
   of	
   the	
   plants	
   is	
   in	
   the	
   roots:	
   HM	
   could	
   be	
   immobilized	
   by	
  
extracellular	
  carbohydrates	
  (mucillogine,	
  callose)	
  in	
  the	
  cell	
  wall;	
  and	
  on	
  the	
  external	
  
surface	
  of	
  the	
  cell	
  membrane	
  (Verkleij	
  e	
  Schat,	
  1990;	
  Nishizono	
  et	
  al.,	
  1989;	
  Wagner	
  
1993).	
  	
  

Moreover,	
  the	
  metals	
  toxicity	
  could	
  be	
  limited	
  by	
  the	
  inhibition	
  of	
  membrane	
  carriers,	
  
or	
   changes	
   in	
   the	
   composition	
   in	
   lipids	
   and	
   fluidity	
   of	
   membrane	
   (Meharg,	
   1993).	
  
HMs	
   uptake	
   may	
   also	
   occur	
   by	
   ionic	
   channels	
   for	
   different	
   elements	
   like	
   K+,	
   Ca++,	
  
Mg++,	
  Fe++,	
  Mn++,	
  Cu++,	
  Zn++	
  (Clarkson	
  e	
  Lüttge,	
  1989;	
  Rivetta	
  et	
  al.,	
  1997).	
  Generally,	
  
all	
   the	
   metals	
   are	
   able	
   to	
   induce	
   a	
   stress	
   response	
   in	
   the	
   plant	
   by	
   different	
  
mechanisms;	
  a	
  survey	
  of	
  the	
  effects	
  of	
  the	
  HMs	
  is	
  described	
  in	
  the	
  table	
  1.	
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Metals	
   Type	
   Redox	
  

species	
  

Toxic	
  mechanism	
   Effects	
  

Copper	
  	
  

Cu++	
  

Essential	
   Redox	
  
active	
  	
  

Oxidative	
  injury,	
  ROS,	
  
oxygen	
  free	
  radicals	
  
(Chen	
  et	
  al.,	
  2000).	
  

Damage	
  to	
  the	
  permeability	
  
of	
  root	
  cell,	
  DNA	
  strand	
  
breakage,	
  defragmentation	
  
of	
  proteins,	
  or	
  thylakoid	
  of	
  
cell	
  membrane	
  and	
  damage	
  
to	
  photosynthetic	
  pigments	
  
(Doncheva	
  and	
  Stoyanova,	
  
2007;	
  Mishra	
  and	
  Dubey,	
  
2005;	
  Lombardi	
  and	
  
Sebastiani,	
  2005;	
  Alaoui	
  et	
  
al.,	
  2004)	
  

Zinc	
  

Zn++	
  

Essential	
   non-­‐
redox	
  
active	
  	
  

It	
  can	
  substitute	
  other	
  
metals,	
  especially	
  those	
  
with	
  similar	
  ionic	
  radii	
  
in	
  the	
  active	
  sites	
  of	
  
enzymes	
  or	
  transporters	
  
(Fukao	
  et	
  al.,	
  2011)	
  

Can	
  produce	
  ROS	
  and	
  
adversely	
  influence	
  
integration	
  and	
  
permeability	
  of	
  membrane	
  
(Mishra	
  et	
  al.,	
  2010;	
  
Hosseini	
  et	
  al.,	
  2013)	
  

Nickel	
  

Ni++	
  

Non	
  	
  

Essential	
  

non-­‐
redox	
  
active	
  

It	
  can	
  readily	
  move	
  
through	
  phloem	
  and	
  
xylem	
  vessels.	
  it	
  can	
  
pass	
  through	
  the	
  
endodermal	
  barrier	
  (	
  
Ishtiaq	
  and	
  Mahmood,	
  
2011;	
  Seregin	
  and	
  
Kozhevnikova,	
  2006)	
  

Indirectly	
  inflict	
  oxidative	
  
stress	
  via	
  multiple	
  
mechanisms	
  interfering	
  
with	
  other	
  enzyme	
  and	
  
pathway	
  (Yan	
  et	
  al.,	
  2008;	
  
Siddiqui	
  et	
  al.,	
  	
  

Cadmium	
  

Cd++	
  

Non	
  

Essential	
  

non-­‐
redox	
  
active	
  

Interfere	
  with	
  the	
  
uptake,	
  transport	
  and	
  
use	
  of	
  several	
  elements	
  
(Ca,Mg,P	
  and	
  K)	
  and	
  
water	
  by	
  plants	
  (di	
  
Toppi	
  and	
  Gabrielli,	
  
1999)	
  

Different	
  cell	
  damage	
  as	
  
decreased	
  in	
  biomass	
  
(Mediouni	
  et	
  al.,	
  2006)	
  

Lead	
  

Pb++	
  

Non	
  

Essential	
  

non-­‐
redox	
  
active	
  

It	
  can	
  react	
  with	
  active	
  
groups	
  of	
  different	
  
enzymes	
  and	
  with	
  the	
  
phosphate	
  groups	
  of	
  
ADP	
  or	
  ATP,	
  and	
  by	
  
replacing	
  essential	
  ions.	
  

Ahmed	
  and	
  Tajmir-­‐
Riahi,	
  1993)	
  	
  

Change	
  cell	
  membrane	
  
permeability,	
  inhibition	
  of	
  
ATP	
  production,	
  lipid	
  
peroxidation,	
  DNA	
  damage	
  
by	
  increase	
  of	
  ROS,	
  
inhibition	
  of	
  seed	
  
germination,	
  root	
  
elongation,	
  transpiration,	
  
chlorophyll	
  production.	
  
(Verma	
  and	
  Dubey,	
  2003;	
  
Seregin	
  and	
  Ivanov,	
  2001;	
  

Table	
  1:	
  Effects	
  of	
  heavy	
  metals	
  in	
  plants	
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1.2 Nickel	
  Stress	
  
Among	
  the	
  HMs,	
  Nickel	
  represents	
  an	
  essential	
  nutrient	
  for	
  higher	
  plants.	
  
Ni	
  has	
  various	
  oxidative	
  states	
  but	
  its	
  divalent	
  state	
  (Ni2+)	
  is	
  the	
  most	
  stable	
  type	
  in	
  
nature	
   (Poonkonthai	
   and	
   Vijayavathi,	
   2012).	
   It	
   is	
   an	
   important	
   micronutrient	
  
required	
  by	
  plant	
  cells.	
  Ni,	
  especially	
  at	
  high	
  levels,	
   is	
  able	
  to	
  move	
  through	
  phloem	
  
and	
   xylem	
   vessels,	
   and	
   thus	
   rapidly	
   translocated	
   from	
   roots	
   to	
   leaves	
   (Ishtiaq	
  and	
  
Mahmood,	
   2011).	
   This	
   transport	
   is	
   caused	
   by	
   the	
   Ni	
   distribution	
   in	
   root	
   tissues,	
  
differently	
   from	
   other	
   HMs;	
   Ni	
   can	
   pass	
   through	
   the	
   endodermal	
   barrier	
   and	
  
accumulate	
  in	
  pericycle	
  cells	
  (Seregin	
  and	
  Kozhevnikova,	
  2006)	
  as	
  described	
  in	
  maize	
  
(Seregin	
  et	
  al.,	
  2003),	
  and	
  cowpea	
  (Kopittke	
  et	
  al.,	
  2006).	
  
Moreover,	
   the	
   rate	
   of	
   Ni	
   transport	
   in	
   the	
   xylem	
  was	
   directly	
   related	
   to	
   citrate	
   and	
  
malate	
   contents	
  which	
   are	
   able	
   to	
   interact	
  with	
   the	
  metal	
   ion	
   to	
   transport	
   it	
   from	
  
roots	
  to	
   leaves	
  and	
  to	
  store	
  it	
   into	
  the	
  vacuole,	
  and	
  this	
  could	
  help	
  the	
  plant	
  to	
  gain	
  
higher	
  tolerance	
  to	
  the	
  metal	
  (Amari	
  et	
  al.,	
  2016).	
  	
  
When	
  present	
  in	
  small	
  amounts,	
  Nickel	
  could	
  be	
  have	
  positive	
  effects	
  on	
  plants	
  (Lin	
  
and	
  Kao,	
  2005).	
  It	
  has	
  been	
  demonstrated	
  that	
  Nickel	
  is	
  essential	
  for	
  the	
  activation	
  of	
  
urease,	
   involved	
  in	
  nitrogen	
  metabolism	
  (Bai	
  et	
  al.,	
  2013;	
  moreover,	
  Ni	
  is	
   important	
  
for	
  seed	
  germination,	
  and	
  iron	
  uptake	
  (Nishida	
  at	
  al.	
  2011).	
  
As	
  expected,	
  high	
  Ni	
  levels	
  are	
  phytotoxic,	
  as	
  recently	
  described	
  for	
  wheat	
  (Triticum	
  
aestivum	
  L.)	
  var.	
  Bhakar-­‐02	
  (Shafeeq	
  et	
  al.,	
  2012).	
  
Plant	
   growth	
   parameters	
   and	
   attributes	
   could	
   be	
   actually	
   negatively	
   affected	
   by	
  Ni	
  
toxicity.	
   In	
   bean	
   (Phaseolus	
  vulgaris)	
   it	
  was	
   demonstrated	
   that	
  Ni	
   severely	
   reduced	
  
plant	
  height	
   and	
   leaf	
   area	
   at	
  150	
  𝜇g	
   ⋅	
   g−1	
   of	
   soil	
   (Al-­‐Qurainy	
  et	
   al.	
   2009),	
   or	
   affects	
  
germination	
  and	
  seedling	
  growth	
  traits	
  by	
  reducing	
  enzymes	
  activities	
  and	
  breaking	
  
up	
   the	
  hydroxylation	
  of	
  nutrients	
   in	
   the	
  endosperm	
  of	
  germinating	
  seeds	
  (Aydinalp	
  
and	
  Marinova,	
  2009;	
  Sethy	
  and	
  Ghosh,	
  2013).	
  	
  
Toxic	
   levels	
   of	
  Ni	
   could	
   compete	
  with	
   several	
   cations,	
   as	
   Fe2+	
   and	
   Zn2+,	
   preventing	
  
their	
   uptake	
   by	
   plants,	
   and	
   inducing	
   deficiency	
   and	
   consequent	
   plants	
   chlorosis	
  
(Khan	
  and	
  Khan,	
  2010).	
  
The	
  induction	
  of	
  ROS	
  caused	
  by	
  Ni	
  toxicity	
  was	
  also	
  observed.	
  In	
  wheat	
  this	
  results	
  in	
  
physiological	
  and	
  biological	
  disorders	
  as	
  enzymatic	
  imbalance	
  (Siddiqui	
  et	
  al.,	
  2013).	
  
Ni	
   levels	
   in	
  soil	
  and	
   in	
  plant	
   tissues	
  are	
  variable:	
   the	
  average	
  concentration	
   in	
  soils	
  
ranges	
  between	
  2	
   -­‐	
  200	
  mg/kg	
  dry	
  weight	
  (Lepp	
  1981),	
  while	
   the	
  average	
   levels	
   in	
  
plant	
  tissues	
  the	
  interval	
  0,4	
  -­‐	
  4	
  mg/kg	
  dry	
  weight	
  (Markert	
  1996).	
  	
  
Different	
  plants	
  are	
  able	
  to	
  hyper-­‐accumulate	
  Nickel.	
  	
  
This	
  metal	
  is	
  a	
  key	
  factor	
  affecting	
  the	
  production	
  of	
  secondary	
  plant	
  metabolites	
  and	
  
so	
   Ni	
   accumulation	
   could	
   influence	
   plant	
   resistance	
   to	
   diseases	
   (Wood	
   and	
   Reilly,	
  
2007).	
  
Threshold	
   for	
  Nickel	
   hyperaccumulators	
   is	
   1000=0,1%	
  mg/kg	
   dry	
  weight	
   (Adriano	
  
2001)	
  
Hyperaccumulation	
   of	
   Ni	
   has	
   been	
   found	
   in	
   390	
   taxa	
   and	
   42	
   families:	
   Alyssum	
  
bertolonii	
   Desv.	
  was	
   the	
   first	
   hyperaccumulator	
   of	
  Ni	
   found	
   in	
   1948	
   (Minguzzi	
   and	
  
Vergnano,	
  1948);	
  Thlaspi	
  caerulescens	
   is	
  able	
   to	
  hyperacumulate	
  Ni,	
  Pb	
   ,	
  Zn,	
  and	
  Cd	
  
(Banásová,	
  2008).	
  	
  
In	
   the	
   last	
  decades,	
   several	
   studies	
   revealed	
   that	
  Ni	
  hyperaccumulators	
   could	
   store	
  
this	
   metal	
   in	
   non-­‐protein	
   amino	
   acids,	
   and	
   nicotianamine	
   (NA).	
   NA	
   is	
   a	
   small	
  
molecular	
  weight	
  chelator,	
  enzymatically	
  synthesised	
  in	
  a	
  pathway	
  involving	
  four	
  NA	
  
synthase	
   genes	
   (NAS1–4).	
   In	
   T.	
   caerulescens	
   ecotypes	
   able	
   to	
   hyperaccumulate	
   Ni,	
  
was	
   identified	
   the	
  gene	
  TcNAS1	
  gene;	
   once	
   cloned	
   in	
   yeast,	
  TcNAS1	
   conferred	
  high	
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levels	
  of	
  Ni	
  tolerance	
  (Mari	
  et	
  al.,	
  2006).	
  In	
  plant,	
  TcNAS1	
  is	
  expressed	
  in	
  shoots	
  and	
  
is	
   induced	
   after	
   6h	
   from	
   Ni	
   treatment;	
   its	
   expression	
   determined	
   accumulation	
   of	
  
high	
   levels	
   of	
   NA.	
   In	
   response	
   to	
   Nickel,	
   NA	
   seems	
   to	
   be	
   translocate	
   to	
   the	
   roots	
  
where	
   chelates	
   Ni,	
   thus	
   facilitating	
   its	
   transport	
   to	
   the	
   shoot	
   by	
   xylem.	
   Moreover,	
  
transgenic	
   tobacco	
   and	
   A.	
   thaliana	
   overexpressing	
   TcNAS1	
   (Pianelli	
   et	
   al.,	
   2005)	
  
showed	
  an	
  increase	
  in	
  Ni	
  tolerance	
  and	
  higher	
  Ni	
  accumulation	
  in	
  the	
  shoot.	
  
Another	
  mechanism	
  consists	
  in	
  the	
  sequestration	
  by	
  histidine	
  (Haydon	
  and	
  Cobbett,	
  
2007).	
  Histidine	
  (His)	
  forms	
  stable	
  complexes	
  also	
  with	
  Zn	
  and	
  Cd,	
  and	
  is	
  present	
  at	
  
high	
   concentrations	
   in	
   the	
   roots	
   of	
   hyperaccumulators	
   such	
   in	
   Alyssum	
   lesbiacum	
  
where	
  the	
   levels	
  of	
  His	
  are	
   increased	
  by	
  Ni	
   treatment,	
  even	
   if	
   the	
  genes	
   involved	
   in	
  
the	
  biosynthetic	
  pathway	
  were	
  not	
   induced	
   (Persan	
  et	
   al.,	
   1999;	
   Ingle	
   et	
   al.,	
   2005).	
  
Same	
  results	
  were	
  obtained	
   in	
  T.	
  caerulescens,	
   showing	
  high	
  His	
   levels	
   in	
   the	
   roots,	
  
suggesting	
   that	
  His	
   could	
  be	
   form	
  complexes	
  with	
  Ni	
   in	
   the	
  cytoplasm	
  of	
   root	
   cells,	
  
thus	
  decreasing	
  the	
  sequestration	
  of	
  Ni	
  in	
  vacuoles,	
  and	
  promoting	
  the	
  loading	
  of	
  the	
  
heavy	
  metal	
  in	
  the	
  xylem	
  (Richau	
  et	
  al.	
  2009).	
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1.3 Hordeum	
  vulgare	
  
Hordeum	
   vulgare	
   (barley)	
   is	
   the	
   world's	
   fourth	
   most	
   important	
   cereal	
   crop.	
   It’s	
   a	
  
member	
  of	
  the	
  grass	
  family	
  and	
  it	
  is	
  an	
  important	
  model	
  for	
  ecological	
  adaptation.	
  
About	
   two-­‐thirds	
   of	
   the	
   global	
   barley	
   crop	
   is	
   used	
   for	
   animal	
   feed,	
   although	
   for	
  
humans	
  it	
  is	
  still	
  the	
  major	
  source	
  of	
  Kcal	
  in	
  several	
  parts	
  of	
  the	
  world.	
  	
  
It’s	
  very	
  important	
  as	
  model	
  organism	
  for	
  different	
  reasons:	
  	
  

� Barley	
  is	
  the	
  fourth	
  most	
  important	
  cereal	
  plant	
  in	
  the	
  world	
  	
  

� It	
   has	
   a	
   short	
   life	
   cycle	
   and	
   morphological,	
   physiological,	
   and	
   genetic	
  
characteristics	
  

� It	
  is	
  simple	
  to	
  grow	
  in	
  both	
  field	
  and	
  in	
  laboratory	
  
� Barley	
  is	
  diploid	
  (2n	
  =	
  2x	
  =	
  14)	
  self	
  fertile	
  inbreeding	
  plant	
  with	
  genome	
  size	
  

roughly	
  5.3	
  billion	
  base	
  pairs	
  divided	
  in	
  7	
  chromosomes	
  (Fig.	
  2)	
  

� Barley	
  genome	
  has	
  been	
  completely	
  sequenced	
  (International	
  Barley	
  Genome	
  
Sequencing	
  consortium	
  and	
  also	
  the	
  UK	
  Barley	
  Sequencing	
  Consortium	
  2012)	
  

Barley	
   genome	
   is	
   one	
   of	
   the	
   largest	
   diploid	
   genomes	
   sequenced	
   to	
   date,	
   and	
   this	
  
makes	
   it	
   a	
   natural	
  model	
   for	
   the	
   genetics	
   and	
   genomics	
   analyses	
   for	
   the	
   Triticeae	
  
tribe,	
  including	
  wheat	
  and	
  rye.	
  During	
  the	
  last	
  years	
  a	
  great	
  numbers	
  of	
  studies	
  were	
  
done	
   on	
   barley	
   in	
   order	
   to	
   disclose	
   many	
   physiological	
   mechanisms	
   occurring	
   in	
  
barley,	
  in	
  order	
  to	
  improve	
  crop	
  yield	
  under	
  biotic	
  and	
  abiotic	
  stress.	
  

	
  

	
  
	
  
Coding	
  genes	
   24,287	
  

Non	
  coding	
  genes	
   1,512	
  

Small	
  non	
  coding	
  genes	
  1,498	
  
Long	
  non	
  coding	
  genes	
   14	
  

Pseudogenes	
   268	
  
Gene	
  transcripts	
   64,096	
  

Short	
  Variants	
   18,331,939	
  

	
  
Fig.	
  2:	
  Barley	
  genes.	
  

	
  

Pt7654321 Pt7654321
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1.4 Glucose	
  6P-­‐dehydrogenase	
  
The	
  Oxidative	
  Pentose	
  Phosphate	
  Pathway	
   (OPPP)	
  provides	
   an	
   alternative	
   route	
   to	
  
glycolysis	
  for	
  carbohydrate	
  catabolism.	
  
In	
  higher	
  plants,	
  this	
  pathway	
  produces	
  both	
  reducing	
  power	
  (as	
  NADPH)	
  for	
  amino	
  
acid	
   and	
   fatty	
   acid	
   anabolic	
   pathways;	
   and	
   precursors	
   of	
   nucleotides	
   and	
   aromatic	
  
amino	
  acids	
  (Dennis	
  et	
  al.,	
  1997)	
  (Fig.	
  3).	
  	
  

	
  
Fig.	
  3:	
  reactions	
  of	
  OPPP	
  cycle	
  (Pentose	
  Phosphate	
  Pathway).	
  

	
  
The	
   presence	
   of	
   an	
   OPPP	
   in	
   the	
   plastids,	
   as	
   occurs	
   in	
   the	
   cytosol,	
   has	
   been	
  
hypothesized	
   in	
   both	
   photosynthetic	
   (Schnarrenberger	
   et	
   al.	
   1973),	
   and	
   non-­‐
photosynthetic	
   tissues	
   (Nishimura	
   e	
   Beevers,	
   1981),	
   and	
   in	
   cells	
   cultures	
   as	
   well	
  
(Krook	
  et	
  al.	
  1998).	
  

In	
  higher	
  plants	
  an	
  incomplete	
  OPPP	
  generally,	
  but	
  not	
  always,	
  occurs	
  in	
  the	
  cytosol;	
  
a	
  complete	
  pathway	
  occurs	
  in	
  the	
  plastids	
  (Debnam	
  and	
  Emes	
  1999).	
  
The	
  main	
  functions	
  of	
  this	
  cycle	
  are	
  the	
  synthesis	
  of:	
  

• Precursors	
  for	
  nucleic	
  acids	
  
• Precursors	
  for	
  fatty	
  acids	
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• Reduction	
  of	
  NADPH	
  is	
  essential	
  for	
  the	
  biosynthesis	
  (Senturk	
  et	
  al.	
  2009),	
  and	
  
to	
   counteract	
   oxidative	
   stress	
   (Kruger	
   and	
   von	
   Schaewen	
   2003)	
   induced	
   by	
  
abiotic	
  stress	
  (Bredemeijer	
  and	
  Esselink	
  1995;	
  Nemoto	
  et	
  al.,	
  2000;	
  Cardi	
  et	
  al	
  
2011,	
  2015);	
  and	
  pathogen	
  attack	
  (Scharte	
  et	
  al	
  2009).	
  	
  

The	
  G6PDH	
  is	
  a	
  most	
   important	
  enzyme	
  of	
   the	
  cycle,	
  catalysing	
   the	
   first	
  reaction	
  of	
  
the	
   OPPP,	
   converting	
   glucose-­‐6-­‐phospate	
   to	
   6-­‐phosphogluconate-­‐Δ-­‐lactone	
   and	
  
reducing	
  NADP+	
  to	
  NADPH.	
  

NADPH	
   is	
   a	
   fundamental	
   cofactor	
   in	
   many	
   biochemical	
   reactions	
   of	
   plant	
   cells:	
  
•	
  NADPH	
  is	
  an	
  essential	
  cofactor	
  in	
  the	
  reduction	
  of	
  nitrate	
  and	
  ammonium	
  during	
  N	
  
organication;	
   in	
   fact,	
   in	
   the	
  roots	
   the	
  nitrite	
   reductase	
  glutamate	
  synthase	
   (GOGAT)	
  
require	
   the	
   reducing	
   power	
   produced	
   in	
   the	
   pentose	
   phosphate	
   pathway.	
  
•	
  In	
  plant	
  cells,	
  various	
  stress	
  induce	
  an	
  increase	
  of	
  oxygen	
  radicals	
  (ROS),	
  acting	
  as	
  
intracellular	
   signals	
   that	
   activate	
   the	
   defence	
   systems;	
   ROS,	
   however,	
   are	
   toxic	
   to	
  
cells,	
  thus	
  scavenging	
  systems	
  are	
  activated,	
  requiring	
  moieties	
  of	
  reductants	
  such	
  as	
  
NADPH.	
  

Sequences	
  coding	
  for	
  G6PDH	
  exist	
  in	
  all	
  organisms	
  except	
  for	
  Archaebacteria	
  (Wendt	
  
et	
   al.,	
   1999),	
   and	
   G6PDH	
   enzymes	
   from	
   many	
   living	
   organisms	
   have	
   been	
  
characterized	
  and	
  the	
  kinetic	
  properties	
  have	
  been	
  described	
  extensively	
  (Rosemeyer	
  
1987;	
  Levy	
  and	
  Cook	
  1991;	
  Esposito	
  et	
  al.	
  2001a,	
  2001b;	
  Ozer	
  et	
  al.	
  2001;	
  Wang	
  et	
  al	
  
2002;	
  Cardi	
  et	
  al.	
  2013).	
  	
  

The	
  existence	
  of	
  cytosolic	
  and	
  plastidic	
  OPPPs	
  in	
  plants	
  has	
  been	
  reported	
  in	
  leaves	
  
(Schnarrenberger	
   1973),	
   roots	
   (Emes	
   et	
   al.,	
   1983)	
   and	
   cultured	
   cells	
   (Krook	
   et	
   al.,	
  
1998)	
  based	
  on	
  the	
  presence	
  of	
  cytosolic	
  (Cy-­‐G6PDH),	
  chloroplastic	
  (P1-­‐G6PDH),	
  and	
  
plastidic	
  (P2-­‐G6PDH)	
  isoforms	
  of	
  G6PDH	
  (Kruger	
  and	
  von	
  Schaewen	
  2003;	
  Esposito	
  
2016)	
  

G6PDH	
  isoforms	
  were	
  firstly	
  sequenced	
  and	
  described	
  in	
  Solanum	
  tuberosum,	
  where	
  
a	
  cytosolic	
  isoform	
  (Graeve	
  et	
  al.,	
  1994);	
  and	
  chloroplastic	
  P1	
  isoform	
  (von	
  Schaewen	
  
et	
  al.,	
  1995);	
  and	
  a	
  plastidic	
  P2	
  isoform	
  (Wendt	
  et	
  al.,	
  2000)	
  are	
  present.	
  All	
  G6PDH	
  
are	
   encoded	
   by	
   nuclear	
   genes,	
   and	
   the	
   compartmented	
   enzymes	
   show	
   a	
   plastidic	
  
transit	
  peptide	
  at	
  the	
  N-­‐terminus.	
  

When	
  the	
  sequences	
  were	
  grouped	
  in	
  a	
  phylogenetic	
  tree	
  (Fig.	
  4)	
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Fig.	
  4:	
  Phylogenetic	
  tree	
  of	
  the	
  different	
  G6PDH	
  isoforms	
  (Esposito	
  2016).	
  
The	
  active	
  form	
  of	
  the	
  enzyme	
  is	
  an	
  omo-­‐tetramer	
  of	
  200–250	
  kDa	
  -­‐	
  but	
  it	
  could	
  be	
  
present	
   also	
   as	
   homodimer	
   of	
   100–120	
   kDa	
   -­‐	
   constituted	
   by	
   50–60	
   kDa	
   subunits	
  
bound	
   by	
   saline	
   bridges;	
   this	
   structure	
   is	
   stabilized	
   by	
   NADP+	
   and	
   regulated	
   by	
   a	
  
disulphide	
  bridge	
  on	
  the	
  N-­‐terminal	
  of	
  the	
  protein	
  (Au	
  et	
  al.	
  2000).	
  

The	
   cytosolic	
   isoform	
   is	
   insensitive	
   to	
   reductants,	
   it	
   presents	
   a	
  KiNADPH	
  =	
  10-­‐20	
  µM	
  
and	
  it's	
  not	
  regulated	
  by	
  Trx	
  (Graeve	
  et	
  al.	
  1994).	
  

The	
   chloroplastic	
  P1-­‐G6PDH	
   is	
   inactive	
   in	
  photosynthetic	
   tissues	
  upon	
   illumination	
  
(von	
  Schaewen	
  et	
  al.,	
  1995;	
  Esposito	
  et	
  al.,	
  2005).	
  	
  
P2-­‐G6PDH	
   is	
   specifically	
   localized	
   in	
   root	
  plastids,	
  but	
   this	
   isoform	
  can	
  be	
  detected	
  
also	
  in	
  photosynthetic	
  tissues	
  (Wendt	
  et	
  al.,	
  2000;	
  Esposito	
  et	
  al.,	
  2005).	
  In	
  the	
  root,	
  
P2-­‐G6PDH	
   plays	
   a	
   pivotal	
   role	
   providing	
   reluctant	
   for	
   anaplerotic	
   metabolism,	
   in	
  
particular	
  during	
  nitrogen	
  assimilation	
  in	
  non-­‐photosynthetic	
  plastids	
  (Esposito	
  et	
  al.,	
  
2003),	
  and	
  fatty	
  acid	
  synthesis	
  (Hutchings	
  et	
  al.,	
  2005).	
  	
  
Recently,	
  a	
  singular	
  gene	
  (named	
  G6PD4)	
  was	
  identified	
  (Wakao	
  and	
  Benning	
  2005).	
  
These	
   studies	
   suggested	
   G6PD4	
   encoding	
   for	
   a	
   non-­‐functional	
   enzyme,	
   named	
   P0-­‐
G6PDH,	
   but	
   in	
   the	
   last	
   years	
   different	
   analyses	
   revealed	
   an	
   important	
   role	
   of	
   this	
  
protein.	
  Meyer	
  et	
  al.,	
  (2011)	
  verified	
  -­‐	
  during	
  abiotic	
  stress	
  -­‐	
  the	
  interaction	
  between	
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Arabidopsis	
  G6PD1	
  and	
  G6PD4	
  (P0-­‐G6PDH),	
  with	
  the	
  assembly	
  of	
  heterodimers	
  thus	
  
imported	
  into	
  the	
  peroxisomes	
  at	
  the	
  aim	
  to	
  support	
  the	
  increased	
  request	
  of	
  NADPH	
  
under	
   stress	
   conditions;	
   therefore	
   an	
   important	
   role	
   for	
   P0-­‐G6PDH	
   has	
   been	
  
postulated	
  in	
  the	
  stress	
  response	
  of	
  the	
  plant.	
  	
  

All	
   G6PDH	
   isoforms	
   shared	
   the	
   typical	
   motifs	
   of	
   dehydrogenases	
   composed	
   by	
   a	
  
Rossman-­‐fold	
  motif	
  on	
  the	
  N-­‐terminus,	
  and	
  NADP+	
  -­‐binding	
  site.	
  The	
  putative	
  active	
  
region	
   (YRIDHYLGKE)	
   presents	
   a	
   tyrosyl-­‐residue,	
   which	
   is	
   distinctive	
   of	
   cytosolic	
  
isoforms,	
  instead	
  of	
  a	
  phenylalanine,	
  characteristic	
  of	
  compartmented	
  isoforms	
  (Fig.	
  
5).	
  

	
  
Fig.	
  5:	
  Allineament	
  of	
  different	
  organisms	
  P2-­‐G6PDH	
  (Cardi	
  et	
  al.	
  2016).	
  

The	
  homotetramer	
  is	
  stabilized	
  by	
  NADP+,	
  which	
  strongly	
  influences	
  the	
  association	
  
state	
  of	
  the	
  enzyme	
  (Au	
  et	
  al.	
  2000)	
  and	
  when	
  the	
  ratio	
  NADP+/NADPH	
  is	
  low	
  there	
  is	
  
a	
   reduction	
   of	
   disulphide	
   bonds	
   and	
   the	
   release	
   of	
   inactive	
   monomers.	
  
It	
  is	
  also	
  been	
  observed	
  that	
  high	
  levels	
  of	
  ATP	
  not	
  associated	
  to	
  Mg2	
  +	
  inhibit	
  G6PDH	
  
while	
   the	
   inhibitory	
   effect	
   is	
   cancelled	
   if	
   ATP	
   is	
   associated	
   with	
   Mg2+.	
  
This	
  allowed	
  to	
  hypothesize	
  the	
  G6PDH	
  requires	
  ions	
  Mg2	
  +	
  for	
  the	
  stabilization	
  of	
  the	
  
structure:	
  when	
   the	
  ATP	
   levels	
  not	
   associated	
  with	
   the	
  Mg2	
  +	
  ions	
  are	
   too	
  high,	
  The	
  
ATP	
  itself	
  competes	
  for	
  Mg2	
  +	
  by	
  determining	
  an	
  inhibitory	
  effect	
  on	
  G6PDH	
  (Esposito	
  
et	
  al.	
  2001).	
  

	
   	
  

	
  

	
  

	
  

Rossman fold 
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1.5 G6PDH	
  and	
  different	
  isoforms	
  regulation	
  
The	
  G6PDH	
  isoforms	
  are	
  subject	
  to	
  different	
  regulatory	
  mechanisms,	
  possibly	
  due	
  to	
  
their	
  different	
  roles	
  in	
  plant	
  cells.	
  
The	
   cytosolic	
   isoform	
  activity	
   is	
   closely	
  dependent	
  by	
   the	
  metabolites	
   levels,	
   and	
   it	
  
appears	
  to	
  be	
  regulated	
  by	
  mechanisms	
  related	
  to	
  sugar	
  sensing	
  (Hauschild	
  and	
  Von	
  
Schaewen	
   et	
   al.	
   2003)	
   (Fig.	
   6);	
   more	
   recently,	
   it	
   has	
   been	
   described	
   an	
   activation	
  
mechanism	
   by	
   phosphorylation	
   on	
   cyt-­‐G6PDH	
   by	
   glycogen	
   synthase	
   kinase	
   3	
   in	
  
Arabidopsis	
  (ASKα)	
  under	
  oxidative	
  stress	
  conditions	
  (Dal	
  Santo	
  et	
  al.,	
  2012).	
  
	
  
	
  

	
  
	
  Fig.	
  6:	
  Regulatory	
  mechanisms	
  of	
  the	
  different	
  isoforms	
  of	
  G6PDH.	
  
	
  
If	
  the	
  cytosolic	
  isoform	
  appears	
  to	
  be	
  slightly	
  sensitive	
  to	
  changes	
  of	
  the	
  reductants,	
  
the	
   activity	
   of	
   both	
   compartmented	
   isoforms	
   is	
   highly	
   dependent	
   on	
   the	
   ratio	
  
NADP+/NADPH;	
   (Fickenscher	
   and	
   Scheibe,	
   1986;	
   Wenderoth	
   et	
   al.	
   1997)	
   and	
  
thioredoxins	
  (Nèe	
  et	
  al.,	
  2009;	
  Cardi	
  et	
  al.,	
  2016).	
  
The	
   interaction	
  of	
  NADPH	
  occurs	
  at	
   a	
  different	
   site	
   from	
   the	
  binding	
   site	
   to	
  NADP+	
  
(Wang	
   et	
   al	
   2008).	
   The	
   proposed	
   hypothesis	
   indicates	
   that	
   NADP+	
   is	
   important	
  
during	
   dimers	
   formation,	
   and	
   it	
   may	
   play	
   a	
   primary	
   role	
   in	
   the	
   formation	
   of	
   the	
  
tetramers.	
  
The	
  consequence	
  is	
  that,	
  contrary	
  to	
  what	
  was	
  assumed	
  previously,	
  the	
  NADP+	
  is	
  not	
  
only	
   necessary	
   for	
   the	
   catalytic	
   activity	
   (as	
   substrate	
   and	
   eletron	
   donor),	
   but	
   is	
  
involved	
  in	
  long-­‐term	
  stabilization	
  of	
  the	
  tetramer	
  (Wang	
  et	
  al.,	
  2009).	
  
The	
   inhibition	
   of	
   G6PDH	
   can	
   be	
  mimicked	
   in	
   vitro,	
   by	
   induced	
   similar	
   light	
   stress,	
  
incubating	
   the	
   enzyme	
  with	
   increasing	
   amounts	
   of	
   NADPH,	
   or	
   increasing	
   the	
   ratio	
  
NADPH/NADP+	
   (Lendzian	
   and	
   Bassham,	
   1975;	
   Esposito	
   et	
   al.	
   2001a),	
   confirming	
  
NADPH	
  as	
  the	
  main	
  modulator	
  for	
  enzyme	
  activity.	
  
The	
  inhibitory	
  effect	
  of	
  NADPH	
  connects	
  the	
  activity	
  of	
  the	
  chloroplastic	
  isoform	
  P1-­‐
G6PDH	
  to	
  light	
  exposure,,	
  when	
  the	
  levels	
  of	
  reductants	
  are	
  very	
  high	
  and	
  the	
  NADPH	
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/	
  NADP+	
  ratio	
  increase;	
  the	
  same	
  effect	
  could	
  be	
  obtained	
  when	
  isolated	
  chloroplasts	
  
are	
  illuminated,	
  and	
  a	
  drop	
  in	
  G6PDH	
  activity	
  was	
  observed	
  (Lendzian,	
  1980).	
  

The	
   inhibition	
   by	
   NADPH	
   not	
   totally	
   explains	
   the	
   different	
   regulation	
   of	
   the	
  
compartmental	
  isoform	
  of	
  G6PDH	
  (P1	
  and	
  P2-­‐G6PDH).	
  

Particularly	
  the	
  effects	
  of	
  artificial	
  reductants	
  as	
  the	
  reduced	
  dithiothreitol	
  (DTTred)	
  
suggested	
  that	
  intermediates,	
  or	
  the	
  final	
  acceptor	
  of	
  electrons	
  of	
  the	
  photosynthetic	
  
electron	
  chain	
  might	
  be	
  involved	
  in	
  the	
  inhibition	
  of	
  the	
  G6PDH.	
  

These	
  interactions,	
  taking	
  place	
  between	
  the	
  reactions	
  to	
  light	
  and	
  the	
  G6PDH	
  depend	
  
on	
   the	
   ferredoxin-­‐thioredoxin	
   system,	
   consisting	
   of	
   ferredoxin,	
   ferredoxin-­‐
thioredoxin	
  and	
  thioredoxin	
  reductase	
  (FTR).	
  

Moreover	
   site-­‐directed	
  mutagenesis	
   studies,	
   and	
  by	
   construction	
   of	
   fusion	
  proteins	
  
overexpressed	
  in	
  E.	
  coli	
  suggested	
  that	
  cysteine	
  residues	
  in	
  the	
  N-­‐terminal	
  sequence	
  
are	
   involved	
   in	
   this	
   redox	
   regulation	
   by	
   the	
   formation	
   of	
   a	
   disulfide	
   bridge:	
   this	
  
residues	
  are	
  Cys149	
  and	
  Cys157	
  in	
  potato	
  P2-­‐G6PDH	
  (Wenderoth	
  et	
  al.,	
  1997);	
  similar	
  
redox	
   regulation	
   has	
   been	
   confirmed	
   in	
   a	
   number	
   of	
   plants,	
   and	
   namely	
   in	
   barley,	
  
where	
  Cys175	
  and	
  Cys183	
  have	
  been	
  proven	
  as	
  responsible	
  of	
  the	
  redox	
  regulation	
  of	
  
P2-­‐G6PDH	
  (Cardi	
  et	
  al.,	
  2013).	
  

In	
   barley	
   plastidic	
   isoform	
   (P2-­‐G6PDH)	
   six	
   cysteines	
   are	
   present,	
   corresponsing	
   to	
  
the	
   highly	
   conserved	
   residues	
   in	
   G6PDH	
   compartmented	
   isoforms.	
   All	
   of	
   them	
   are	
  
located	
  between	
  the	
  N-­‐terminus	
  and	
  the	
  center	
  of	
   the	
  protein	
  (von	
  Schaewen	
  et	
  al.,	
  
1995;	
  Wenderoth	
  et	
  al.,	
  1997;	
  Wendt	
  et	
  al.,	
  1999)	
  (Fig.	
  7).	
  
	
  

	
  
	
  
Fig.	
  7:	
  predictive	
  3D	
  structure	
  of	
  P2-­‐G6PDH	
  di	
  Populus	
  tremula	
  x	
  tremuloides	
  (Cardi	
  et	
  al.	
  2016).	
  
	
  
	
  The	
   disulphide	
   bridge	
   is	
   located	
   in	
   the	
  N-­‐terminal	
   portion	
   of	
   the	
  monomer,	
   in	
   the	
  
proximity	
   of	
   the	
   binding	
   domain	
   for	
   NADP+;	
   the	
   substitution	
   of	
   the	
   disulphide-­‐
forming	
   cysteines	
   with	
   serine	
   residues	
   completely	
   abolishes	
   the	
   enzyme	
   redox	
  
regulation	
  (Wendt	
  at	
  al.	
  2000;	
  Cardi	
  et	
  al.	
  2016).	
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1.6 G6PDH	
  and	
  stress	
  
In	
  the	
  natural	
  environment,	
  many	
  stresses	
  as	
  low	
  or	
  high	
  temperatures,	
  salt,	
  drought,	
  
oxidative	
  stress	
  and	
  heavy	
  metal	
  pollution,	
  can	
  occur	
  simultaneously,	
  and	
  in	
  response	
  
to	
  these	
  signals	
  plants	
  have	
  developed	
  different	
  mechanism	
  of	
  defence.	
  	
  

Previous	
  studies	
  have	
  shown	
  that	
   there	
   is	
  an	
  evident	
  association	
   in	
  plants	
  between	
  
OPPP	
  and	
  the	
  response	
  to	
  different	
  stresses,	
  and	
  this	
  association	
  resulted	
  in	
  change	
  in	
  
the	
   activities	
   and	
   levels	
   of	
   G6PDH	
  during	
   exposure	
   to	
   various	
   biotic	
   (Scharte	
   et	
   al.	
  
2009),	
  and	
  abiotic	
  stress	
  (Valderrama	
  et	
  al.	
  2006;	
  Wang	
  et	
  al.	
  2008;	
  Cardi	
  et	
  al.	
  2011,	
  
2015;	
  Landi	
  et	
  al.,	
  2016).	
  

Cy-­‐	
   and	
  P2-­‐G6PDHs	
   are	
   essential	
   for	
   stress	
   tolerance:	
   a	
   specific	
   increase	
   of	
   the	
   cy-­‐
G6PDH	
   activity	
   and	
   expression	
   during	
   drought	
   stress	
   was	
   observed	
   in	
   tomato	
  
(Solanum	
   lycopersicum)	
   (Landi	
   et	
   al.	
   2016)	
   and	
   salt	
   stress	
   in	
   wheat	
   (Triticum	
  
aestivum	
   L.)	
   (Nemoto	
   and	
   Sasakuma,	
   2000)	
   and	
   in	
   olive	
   plants	
   (Olea	
   europaea)	
  
(Valderrama	
  et	
  al.,	
  2006).	
  
Anthropic	
  activities	
  have	
  greatly	
  enhanced	
   the	
  number	
  and	
  extent	
  of	
   stress	
   factors,	
  
thus	
   increasing	
   the	
   damages	
   on	
   the	
   flora	
   and	
   fauna,	
   and,	
   among	
   pollutants,	
   heavy	
  
metals	
  are	
  the	
  major	
  source	
  of	
  interest	
  in	
  the	
  last	
  years	
  and	
  for	
  this	
  reason	
  a	
  possible	
  
correlation	
  between	
  metals	
  and	
  changes	
  in	
  total	
  G6PDH	
  activity	
  in	
  various	
  organisms	
  
was	
  invastigated	
  due	
  to	
  the	
  G6PDH	
  importance	
  during	
  biotic	
  and	
  abiotic	
  stress.	
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1.7 Transit	
  peptide	
  analysis,	
  and	
  decoding	
  of	
  the	
  barley	
  P2-­‐G6PDH	
  
sequence	
  

In	
  barley	
  at	
  least	
  three	
  genes	
  encode	
  for	
  different	
  G6PDH	
  isoforms.	
  	
  

P2-­‐G6PDH	
   isoforms	
   in	
   both	
   barley	
   and	
   poplar	
   present	
   a	
   plastidic	
   transit	
   peptide,	
  
which	
   in	
   its	
   turn,	
   is	
   different	
   in	
   these	
   two	
   enzymes.	
   This	
   may	
   indicate	
   different	
  
mechanisms	
  and/or	
  systems	
  for	
  entering	
  plastids	
  between	
  monocots	
  and	
  dicot	
  trees.	
  

Plastidic	
  transit	
  peptides	
  are	
  formed	
  by	
  multiple	
  domains,	
  exhibiting	
  a	
  high	
  degree	
  of	
  
variability	
   in	
   their	
   sequences	
   (Emanuelsson	
  et	
  al.,	
  1999).	
   It	
  has	
  been	
  shown	
   that	
  at	
  
least	
  7	
  different	
  groups	
  of	
  plastidic	
  transit	
  peptides	
  can	
  be	
  described,	
  each	
  including	
  
small	
   repetitive	
   amino	
   acid	
   sequences,	
   required	
   for	
   the	
   different	
   steps	
   during	
   the	
  
import	
   of	
   proteins	
   through	
   the	
   TIC-­‐TOC	
   complex	
   on	
   plastidic	
   outer	
   and	
   inner	
  
envelopes	
   (Lee	
   et	
   al.,	
   2008).	
  These	
  observations	
   complicate	
   the	
   comparison	
   among	
  
different	
   plastidic	
   transit	
   peptides,	
   even	
   among	
   similar	
   proteins	
   imported	
   into	
   the	
  
same	
  organelle.	
  	
  

Depending	
   on	
   the	
   software	
   used,	
   the	
   cleavage	
   site	
   of	
   the	
   N-­‐terminal	
   targeting	
  
sequence	
  of	
  Hv-­‐P2G6PDH	
  is	
  predicted	
  to	
  occur	
  at	
  different	
  positions:	
  38	
  for	
  ChloroP,	
  
and	
   46	
   for	
   Mitoprot	
   (considering	
   that	
   plastidic	
   and	
   mitochondrial	
   targeting	
  
sequences	
   often	
   share	
   similar	
   motifs).	
   However,	
   a	
   significant	
   identity	
   between	
   all	
  
these	
  G6PDHs	
  (plastidic	
  and	
  cytosolic)	
  was	
  only	
  observed	
  starting	
  at	
  amino	
  acid	
  99	
  
(sequence	
   ASVSITV)	
   on	
   the	
   N-­‐terminus.	
   Similar	
   observations	
   have	
   been	
   recently	
  
reported	
  by	
  Meyer	
  et	
  al.,	
  (2011)	
  for	
  Arabidopsis	
  plastidic	
  isoforms,	
  and	
  namely	
  for	
  the	
  
peroxisome-­‐directed	
   subunits	
   of	
   AtG6PD4,	
   presenting	
   an	
   unusual	
   N-­‐term	
   transit	
  
peptide	
   152	
   amino-­‐acids-­‐long.	
   On	
   the	
   other	
   side,	
   it	
   should	
   be	
   underlined	
   that	
   the	
  
animal	
  G6PDHs	
  start	
  in	
  this	
  region,	
  thus	
  suggesting	
  that	
  this	
  region	
  of	
  the	
  sequence	
  is	
  
necessary	
  for	
  an	
  active	
  enzyme.	
  	
  

By	
  bioinformatics	
  analysis	
  we	
  identified	
  a	
  G6PDH	
  isoforms	
  similar	
  to	
  the	
  Arabidopsis	
  
thaliana	
   G6PD4.	
   Moreover	
   the	
   Hordeum	
   vulgare	
   G6PD4	
   shows	
   a	
   probable	
  
peroxisomal	
  targeting	
  motif,	
  PTS1-­‐like,	
  in	
  the	
  C-­‐terminus.	
  
Overall,	
  this	
  analysis	
  indicates	
  that	
  all	
  existing	
  prediction	
  programs	
  fail	
  to	
  detect	
  the	
  
right	
  position	
  for	
  cleavage	
  of	
  the	
  Hv-­‐P2G6PDH	
  plastidic	
  transit	
  peptide.	
  While	
  the	
  N-­‐
term	
  region	
  of	
  Hv-­‐P2G6PDH	
  is	
  clearly	
  different	
  to	
  any	
  of	
  the	
  plastidic	
  transit	
  peptides	
  
families	
   identified	
   previously	
   (Lee	
   et	
   al.,	
   2008),	
   some	
   motifs,	
   involved	
   in	
   protein	
  
import	
   in	
   the	
   chloroplasts,	
   are	
   indeed	
   present	
   supporting	
   our	
   present	
   hypothesis	
  
(Table	
  2	
  –	
  S.	
  Esposito	
  -­‐	
  unpublished).	
  
The	
  reason	
  might	
  be	
  that	
  barley	
  plastidic	
  transit	
  sequence	
  is	
  unusual,	
  as	
  it	
  contains	
  a	
  
rather	
  large	
  number	
  of	
  uncharacteristic	
  acidic	
  residues	
  from	
  position	
  59,	
  whereas	
  the	
  
software	
  have	
  been	
  developed	
  to	
  screen	
  for	
  an	
  enhanced	
  presence	
  of	
  basic	
  residues	
  
and	
  counter-­‐selection	
  of	
  acidic	
  amino	
  acids	
  in	
  transit	
  peptides.	
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   Cab	
   DNAj	
   BCCP	
   PORa	
   GLU2	
   TOCC	
   HvP2-­‐G6PDH	
  

T1	
   	
   	
   	
   	
   	
   	
   01MALSCMRCPS10	
  

T2	
   	
   	
   	
   SAFSV	
   	
   	
   11VAAGPAVRRP20	
  

T3	
   KSKF	
   SSSSS	
   FPIQN	
   SSSFK	
   SAKLS	
   RPVSP	
   21SSSVALSLAR303

0	
  

T3	
   	
   	
   	
   	
   STKTI	
   LTRSL	
   31CGGRPAAVAS40	
  

T4	
   PNPL	
   NSRRK	
   	
   	
   	
   VPFRS	
   41GGWRIHAVAG5

0	
  

T4	
   GNVGR	
   NTKML	
   	
   	
   	
   	
   51KGVVKGPMDT6

0	
  

T5	
   IRMAA	
   NRSKV	
   	
   EQSKA	
   ISKGT	
   RSISR	
   61AVENTVAPAA70	
  

T5	
   	
   VCSSS	
   	
   DFVSS	
   KRRNE	
   	
   71PSPVENGTSS80	
  

T6	
   	
   	
   PSRSS	
   SLRCK	
   	
   	
   81AITVEEYEDL90	
  

T6	
   	
   	
   YPVVK	
   	
   	
   	
   91ASLAKDDE98	
  

	
  

Table	
  2	
  -­‐	
  Critical	
  sequence	
  motifs	
  for	
  protein	
  import	
  into	
  chloroplasts	
  as	
  described	
  by	
  Lee	
  et	
  al.	
  
[38],	
   and	
   their	
   comparison	
   with	
   first	
   99	
   aa	
   in	
   P2G6PDH	
   from	
   Hordeum	
   vulgare	
   cv	
   Alfeo	
  
(HvP2G6PDH	
  –	
  Accession#:	
  AM398980).	
  

T1-­‐	
   T6	
   represent	
   segments	
   of	
   9-­‐12	
   aa	
   residues	
   in	
   the	
   putative	
   transit	
   peptides	
   in	
  
which	
  typical	
  motifs	
  had	
  been	
  previously	
  identified	
  and	
  localised	
  [38].	
  
Cab,	
   RbcS	
   chlorophyll	
   a/b	
   binding	
   protein,	
   DNAJ,	
   DnaJ-­‐J8;	
   BCCP,	
   biotin	
   carboxyl	
  
carrier	
   protein;	
   PORA,	
   protochlorophyllide	
   oxidoreductase	
   A;	
   GLU2,	
   ferredoxin-­‐
dependent	
  glutamate	
  synthase	
  2;	
  TOCC	
  tocopherol	
  cyclase.	
  In	
  the	
  last	
  column	
  (HvP2-­‐
G6PDH)	
  the	
  positions	
  of	
  the	
  aminoacids	
  residues	
  in	
  the	
  transit	
  peptide	
  sequence	
  are	
  
indicated	
  by	
  apex	
  numbers.	
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1.8 Catalase	
  and	
  Ascorbate	
  peroxidase	
  
Catalase	
  (CAT;	
  EC	
  1.11.1.6)	
  and	
  ascorbate	
  peroxidase	
  (APX;	
  EC	
  1.11.1.11),	
  represent	
  
the	
   most	
   important	
   enzyme	
   responsible	
   for	
   the	
   Reactive	
   oxygen	
   species	
   (ROS)	
  
scavenging	
  in	
  plants.	
  	
  

ROS	
  consist	
  of	
  both	
   free	
  radical	
   (O2,	
   superoxide	
  radicals;	
  OH,	
  hydroxyl	
  radical;	
  HO2,	
  
perhydroxy	
   radical	
   and	
   RO,	
   alkoxy	
   radicals),	
   and	
   non-­‐radical	
   molecules	
   as	
   H2O2,	
  
hydrogen	
  peroxide	
  and	
  1O2,	
  singlet	
  oxygen.	
  

There	
  is	
  an	
  equilibrium	
  between	
  the	
  production	
  and	
  the	
  scavenging	
  of	
  ROS	
  in	
  plants.	
  
This	
   balance	
   may	
   be	
   perturbed	
   by	
   various	
   stress	
   factors	
   (Jones,	
   2006;	
   Foyer	
   and	
  
Noctor,	
  2005a,	
  2005b,	
  2009).	
  
The	
  antioxidant	
  defence	
  is	
  based	
  on	
  a	
  very	
  efficient	
  enzymatic	
  machinery	
  (superoxide	
  
dismutase,	
  SOD;	
  catalase,	
  CAT;	
  ascorbate	
  peroxidase,	
  APX;	
  glutathione	
  reductase,	
  GR;	
  
monodehydroascorbate	
   reductase,	
   MDHAR;	
   dehydroascorbate	
   reductase,	
   DHAR;	
  
glutathione	
   peroxidase,	
   GPX;	
   guaicol	
   peroxidase,	
   GOPX	
   and	
   glutathione-­‐S-­‐	
  
transferase,	
  GST)	
  which	
  is	
  able	
  to	
  protect	
  plants	
  against	
  oxidative	
  stress	
  damages.	
  	
  

Cat,	
  mainly	
  located	
  in	
  peroxisomes	
  and	
  glyoxysomes,	
  and	
  APx,	
  mainly	
  located	
  in	
  the	
  
cytosol	
   and	
   chloroplasts	
   (Willekens	
  et	
   al.,	
   1995;	
  Takeda	
  et	
   al.,	
   2000;	
  Teixeira	
   et	
   al.,	
  
2004-­‐2006)	
  together	
  with	
  Glutathione	
  peroxidase	
  are	
  able	
  to	
  efficiently	
  remove	
  H2O2,	
  
during	
  oxidative	
  stress	
  (Fig.	
  8).	
  

	
  

	
  
Fig.	
  8:	
  ROS	
  savaging	
  enzymes	
  reactions	
  

CATs	
  are	
  tetrameric	
  heme-­‐containing	
  enzymes	
  catalysing	
  the	
  conversion	
  of	
  H2O2	
  into	
  
H2O	
  and	
  O2	
  ;	
  this	
  reaction	
  is	
  essential	
  for	
  ROS	
  detoxification	
  during	
  stress	
  but	
  plays	
  a	
  
role	
  also	
  in	
  signal	
  perception	
  (Mhamdi	
  et	
  al.,	
  2010;	
  Hu	
  et	
  al.,	
  2010;	
  Nie	
  et	
  al.,	
  2015;	
  Liu	
  
et	
  al.,	
  2011).	
  CAT	
  isozymes	
  have	
  been	
  widely	
  studied	
  in	
  higher	
  plants	
  (Polidoros	
  et	
  al.,	
  
1999)	
  as	
  in	
  H.	
  vulgare	
  (Azevedo	
  et	
  al.,	
  1998),	
  in	
  Helianthus	
  annuus	
  (Azpilicueta	
  et	
  al.,	
  
2007),	
  in	
  Brassica	
  (Frugoli	
  et	
  al.,	
  1996)	
  and	
  others	
  plants.	
  	
  

CAT	
  is	
  mainly	
  localized	
  in	
  peroxisomes,	
  and	
  it	
  has	
  been	
  demostrated	
  it	
  is	
  present	
  in	
  
leaves,	
  cotyledons,	
  roots,	
   in	
  glyoxysomes	
  and	
  unspecialized	
  peroxisomes	
  as	
  well	
  (Su	
  
et	
  al.,	
  2014);	
  CAT	
  has	
  found	
  in	
  mitochondria	
  too	
  (Scandalios,	
  1990;	
  Heazlewood	
  et	
  al.,	
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2004;	
  Shugaev	
  et	
  al.,	
  2011).	
  

Otherwise,	
   Apx	
   belongs	
   to	
   the	
   class	
   I	
   heme-­‐peroxidases	
   and	
   is	
   found	
   in	
   most	
  
eukaryotes	
  including	
  higher	
  plants	
  (Battistuzzi	
  et	
  al.,	
  2001;	
  Sharma	
  and	
  Dubey,	
  2004;	
  
Yadav	
  et	
  al.,	
  2014).	
  

APX	
   has	
   a	
   higher	
   affinity	
   for	
  H2O2	
   and	
   utilizes	
   ascorbate	
   (AsA)	
   as	
   specific	
   electron	
  
donor	
  for	
  the	
  reduction	
  of	
  H2O2into	
  H2O	
  in	
  organelles	
  including	
  chloroplasts,	
  cytosol,	
  
mitochondria,	
   and	
   peroxisomes	
   (Groden	
   and	
   Beck	
   1979;	
   Miyake	
   and	
   Asada	
   1996)	
  
(Fig.	
  9).	
  

	
  
	
  
Fig.	
  9:	
  apx	
  reaction.	
  

Different	
   studies	
   reveal	
   an	
   increase/decrease	
   of	
   these	
   activities	
   during	
   stress;	
   a	
  
decrease	
   in	
   catalase	
   activity,	
   related	
   to	
   changes	
   in	
   salicylic	
   acid	
   content	
   during	
  
oxidative	
  stress,	
  were	
  observed	
   in	
  rice,	
  wheat,	
  and	
  cucumber	
  seedlings	
  (Shim	
  et	
  al.,	
  
2003);	
   an	
   increase	
   in	
   catalase	
   activities,	
   and	
   an	
   up-­‐regulation	
   of	
   soluble	
   ascorbate	
  
peroxidase	
   is	
   observed	
   in	
   leaves	
   of	
  Pelargonium	
  zonale	
   exposed	
   to	
   strong	
   sunlight	
  
condition	
   (Vidović	
   et	
   al.,	
   2016);	
   higher	
   CAT	
   activity	
   were	
   found	
   in	
   cadmium	
   (Cd)-­‐
exposed	
   Brassica	
   napus	
   (Hasanuzzaman	
   et	
   al.,	
   2012b),	
  Oryza	
   sativa	
   (Hsu	
   and	
   Kao,	
  
2004),	
  Brassica	
  juncea	
  (Mobin	
  and	
  Khan,	
  2007),	
  Triticum	
  aestivum	
  (Khan	
  et	
  al.,	
  2007),	
  
and	
  arsenic-­‐exposed	
  Triticum	
  aestivum	
  seedlings	
  (Hasanuzzaman	
  and	
  Fujita,	
  2013a).	
  	
  
In	
   contrast,	
   Cd	
   exposure	
   caused	
   a	
   decline	
   in	
   CAT	
   activity	
   (Balestrasse	
   et	
   al.,	
   2001;	
  
Agami	
  and	
  Mohamed,	
  2013).	
  

In	
   general	
   all	
   these	
   conditions	
   are	
   able	
   to	
   induce	
   a	
   stress	
   response	
   resulting	
   in	
  
changes	
   of	
   the	
   activities	
   of	
   these	
   enzymes	
   and	
   the	
   regulation	
   of	
   their	
   levels	
   of	
  
synthesis	
  and/or	
  expression.	
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1.9 Fumarase	
  
Fumarase	
   (fumarate	
   hydratase;	
   E.C.	
   4.2.1.2.)	
   is	
   an	
   important	
   enzyme	
   of	
   the	
  
tricarboxylic	
  acid	
  (TCA)	
  cycle	
  (Fig.	
  10).	
  
	
  

	
  
Fig	
  .10:	
  TCA	
  (Krebs	
  Cycle)	
  reactions.	
  

This	
  cycle	
  is	
  known	
  also	
  as	
  citric	
  acid	
  cycle	
  (or	
  Krebs	
  cycle)	
  consisting	
  of	
  a	
  series	
  of	
  
biochemical	
   reactions	
   to	
   generate	
   energy	
   from	
   acetyl-­‐CoA	
   derived	
   from	
  
carbohydrates,	
   fats	
   and	
   proteins.	
   Fumarase	
   catalyses	
   the	
   reversible	
   hydration	
   of	
  
fumarate	
  to	
  malate.	
  

A	
  study	
  on	
  purified	
  pea	
  fumarase	
  revealed	
  inhibition	
  by	
  physiological	
  concentrations	
  
of	
   pyruvate,	
   2-­‐oxoglutarate	
   and	
   the	
   adenine	
  nucleotides	
  ATP,	
  ADP	
  and	
  AMP	
   (Behal	
  
and	
  Oliver,	
  1997).	
  

Fumarase	
   is	
   localized	
   in	
  mitochondria	
  but	
  a	
   localization	
  of	
   it	
   in	
   the	
  cytosol	
  has	
  also	
  
been	
   confirmed	
   for	
   such	
  plants	
   as	
  Arabidopsis	
   thaliana	
   and	
  maize	
   (Eprintsev	
   et	
   al.,	
  
2014);	
   in	
   contrast,	
   in	
   sycamore,	
   potato	
   and	
   tomato	
   only	
   a	
   single	
   gene,	
   and	
   single	
  
mitochondrial	
  isoform	
  were	
  detected,	
  as	
  in	
  rice	
  and	
  poplar,	
  whose	
  genomes	
  present	
  
only	
  a	
  single	
  gene	
  encoding	
  for	
  fumarase	
  (reviewed	
  in	
  Araújo	
  et	
  al.,	
  2011).	
  

A	
   main	
   role	
   for	
   fumarase	
   during	
   stress	
   is	
   reported	
   in	
   plant	
   cells;	
   in	
   Arabidopsis	
  
thaliana,	
  fumarase	
  is	
  essential	
  for	
  cold	
  acclimation	
  of	
  metabolism	
  in	
  the	
  cold-­‐tolerant	
  
model	
   varieties	
   (Dyson	
   et	
   al.,	
   2016),	
   and	
   during	
   light	
   stress	
   (Eprintsev,	
   2016);	
   in	
  
Hordeum	
   vulgare	
   (López-­‐Millán	
   et	
   al.,	
   2012),	
   and	
   Beta	
   vulgaris	
   L.	
   (Sagardoy	
   et	
   al.,	
  
2011),	
   leaf	
   extracts	
   after	
   Fe-­‐deficient	
   and	
   Zn	
   excess	
   stress	
   showed	
   an	
   increased	
  
fumarase	
  activity.	
  

All	
   these	
   studies	
   reveal	
   the	
   importance	
   of	
   this	
   enzyme	
   during	
   the	
   stress	
   and	
   the	
  
possibility	
  of	
  the	
  plant	
  to	
  counteract	
  the	
  stress	
  through	
  changes	
  in	
  activity	
  and	
  levels	
  
of	
  this	
  enzyme.	
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1.10 NADH-­‐GOGAT	
  
Nitrogen	
   assimilation	
   into	
   carbon	
   skeletons	
   represents	
   a	
   physiological	
   process	
   of	
   a	
  
great	
  importance	
  for	
  plant	
  growth	
  and	
  development.	
  	
  
The	
   primary	
   assimilation	
   of	
   NH4+	
   into	
   aminoacids	
   occurs	
   thanks	
   to	
   glutamine	
  
synthetase	
  (GS,	
  EC	
  6.3.1.2)	
  and	
  glutamate	
  synthase	
  (2-­‐oxoglutarate	
  aminotransferase,	
  
GOGAT.	
  In	
  higher	
  plants	
  were	
  described	
  two	
  isforms	
  of	
  GOGAT.	
  These	
  isoforms	
  have	
  
different	
   characteristic	
   such	
   molecular	
   mass,	
   kinetics,	
   tissue	
   distribution,	
   and	
  
different	
  specificity	
  towards	
  the	
  reductant:	
  Fd-­‐GOGAT	
  (EC	
  1.4.7.1),	
  NADH-­‐GOGAT	
  (EC	
  
1.4.1.14)	
  (Suzuki	
  and	
  Gadal,	
  1982).	
  

The	
   Fd-­‐GOGAT	
   is	
   a	
   monomeric	
   iron	
   sulphur	
   flavoprotein	
   made	
   by	
   a	
   single	
  
polypeptide	
   chain	
   of	
   150	
   kDa	
   (Vanoni	
   and	
   Curti,	
   1999).	
   Most	
   of	
   the	
   Fd-­‐GOGAT	
  
activity	
  is	
  located	
  in	
  the	
  leaf	
  chloroplasts	
  and	
  it	
  is	
  involved	
  in	
  the	
  assimilation	
  of	
  NH4+	
  
derived	
  from	
  nitrate	
  reduction,	
  or	
  from	
  photorespiration	
  (Turano	
  and	
  Muhitch,	
  1999;	
  
Pajuelo	
  et	
  al.,	
  1997).	
  

On	
  the	
  other	
  hand,	
  NADH-­‐dependent	
  glutamate	
  synthase	
  (NADH-­‐GOGAT;	
  EC	
  1.4.1.14)	
  
is	
  a	
  monomeric	
  iron	
  sulphur	
  flavoprotein	
  with	
  a	
  molecular	
  mass	
  of	
  200–240	
  kDa	
  and	
  
its	
   activity	
   is	
   located	
   mainly	
   in	
   the	
   root	
   plastids	
   (Gregerson	
   et	
   al.,	
   1993;	
   Lea	
   and	
  
Miflin,	
  2003).	
  The	
  reaction	
  of	
  the	
  NADH-­‐GOGAT	
  consists	
  in	
  the	
  transfer	
  of	
  the	
  amide	
  
group	
  of	
  glutamine	
  formed	
  by	
  glutamine	
  synthetase	
  (GS;	
  EC	
  6.3.1.2)	
  to	
  2-­‐oxoglutarate	
  
to	
  obtained	
  two	
  molecules	
  of	
  glutamate	
  (Fig.	
  11).	
  

	
  
Fig.	
  11:	
  NADH-­‐GOGAT	
  reaction.	
  

Different	
   studies	
   reveal	
   that	
   NADH-­‐GOGAT	
   assimilates	
   non-­‐photorespiratory	
  
ammonium	
  (Lancienet	
  al.,	
  2002,	
  Potel	
  et	
  al.,	
  2009)	
  in	
  Arabidopsis,	
  and	
  it	
  is	
  implicated,	
  
especially	
  in	
  young	
  leaves,	
  and	
  grains	
  at	
  the	
  early	
  stage	
  of	
  ripening	
  of	
  rice,	
  in	
  the	
  re-­‐
utilization	
   of	
   glutamine	
   transported	
   from	
   the	
   phloem	
   and	
   xylem	
   (Hayakawa	
   et	
   al.,	
  
1994).	
  
Variations	
   in	
   transcripts	
   and	
   activity	
   of	
   NADH-­‐GOGAT	
   were	
   observed	
   in	
   different	
  
stress	
   status.	
   In	
   the	
   epidermis	
   and	
   exodermis	
   of	
   rice	
   roots	
   a	
   specific	
   expression	
   of	
  
NADH-­‐dependent	
  glutamate	
  synthase	
  protein	
  (REF?),	
  and	
  a	
  variation	
  in	
  activity	
  and	
  
levels	
  of	
  this	
  enzyme	
  in	
  Hordeum	
  vulgare	
  in	
  response	
  to	
  the	
  supply	
  of	
  ammonium	
  ions	
  
has	
  been	
  described	
  (Esposito	
  et	
  al.	
  2005).	
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1.11 Phosphoenolpyruvate	
  carboxylase	
  
Phosphoenolpyruvate	
  carboxylase	
   (PEPCase,	
  EC	
  4.1.1.31)	
  is	
  the	
  enzyme	
  responsible	
  
for	
  the	
  primary	
  fixation	
  of	
  CO2	
  into	
  oxaloacetate,	
  which	
  is	
  subsequently	
  converted	
  to	
  
malate	
  (O’Leary,	
  1982)	
  (Fig.	
  12).	
  

	
  
Fig.	
  12:	
  Phosphoenolpyruvate	
  carboxilase	
  reaction.	
  

PEPCase	
  is	
  present	
  in	
  bacteria,	
  algae,	
  and	
  higher	
  plants	
  and	
  in	
  addition	
  to	
  its	
  role	
  in	
  
photosynthesis,	
   levels	
  and	
  activity	
  of	
  pep	
  carboxylase	
  have	
  been	
  reported	
  to	
  vary	
  in	
  
response	
   to	
   different	
   abiotic	
   stresses	
   (García-­‐Mauriño	
   et	
   al.	
   2003;	
   Monreal	
   et	
   al.	
  
2013)	
   for	
   replenishment	
   of	
   tricarboxylic	
   acid	
   cycle	
   intermediates,	
   NADPH	
  
regeneration,	
  and	
  recapture	
  of	
  respired	
  CO,	
  (Chollet	
  et	
  al.,	
  1996;	
  Lepiniec	
  et	
  al.,	
  2003;	
  
Izui	
  et	
  al.,	
  2004).	
  

PEPCase	
   is	
   regulated	
   by	
   a	
   phosphoenolpyruvate	
   carboxylase-­‐kinase	
   (PEPCaseK)	
  
which	
   in	
   turn	
   is	
   regulated	
   by	
   different	
   stress	
   as	
   salinity	
   condition.	
   Indeed	
   in	
   salt-­‐
treated	
  Sorghum	
  plants	
  an	
  increased	
  PEPCase-­‐K	
  activity	
  and,	
  as	
  consequence,	
  also	
  of	
  
PEPcase,	
  were	
  observed	
  (Echevarría	
  et	
  al.	
  2001;	
  García-­‐Mauriño	
  et	
  al.,	
  2003)	
  and	
  an	
  
increase	
  of	
  ABA	
  was	
   responsible	
   for	
   this	
   (Monreal	
   et	
   al.,	
   2007a).	
  The	
   same	
   salinity	
  
effects	
  on	
  PEPCase	
  activity	
  were	
  also	
  observed	
  in	
  Hordeum	
  vulgare	
  (a	
  C3	
  plant),	
  and	
  
Aleuropus	
  litoralis	
  (a	
  C3–C4	
  intermediate	
  plant)	
  (Amzallag	
  et	
  al.,	
  1990;	
  Popova	
  et	
  al.,	
  
1995).	
  

Moreover	
   in	
   C4	
   plants,	
   PEPCase	
   is	
   controlled	
   by	
   a	
   light-­‐dependent	
   regulatory	
  
phosphorylation	
  process	
  (Chollet	
  et	
  al.,	
  1996;	
  Vidal	
  et	
  al.,	
  1996)	
  but	
  also	
  by	
  chilling	
  
(Friesen	
  et	
  al.,	
  2016).	
  
The	
  fact	
  that	
  PEPCase	
  has	
  an	
  important	
  role	
  in	
  C4	
  and	
  CAM	
  plant	
  metabolism	
  allows	
  
this	
  enzyme	
  to	
  be	
  implicated	
  in	
  the	
  adaptation	
  to	
  stress	
  in	
  different	
  higher	
  plants,	
  and	
  
to	
  be	
  one	
  of	
  the	
  principal	
  enzymes	
  involved	
  in	
  the	
  regulation	
  of	
  stress	
  conditions.	
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1.12 Heat	
  shock	
  proteins	
  (HSP70)	
  
Protein	
  function	
  is	
  determinant	
  for	
  all	
  the	
  reaction	
  inside	
  the	
  cells,	
  but	
  the	
  function	
  is	
  
influenced	
  by	
  how	
  the	
  protein	
  is	
  correctly	
  folded	
  to	
  form	
  a	
  specific	
  three-­‐dimensional	
  
structure.	
  The	
   three-­‐	
  dimensional	
  structure	
  of	
   the	
  proteins	
   is	
  not	
  determinated	
   just	
  
by	
  their	
  primary	
  structure,	
  contributing	
  only	
  50%	
  for	
  the	
  correct	
  folding	
  (Dobson	
  et	
  
al.,	
  1998),	
  but	
  also	
  by	
  free	
  energy	
  of	
  the	
  constituent	
  amino	
  acid	
  residues	
  (Levitt	
  et	
  al.,	
  
1997)	
   as	
   described	
   in	
   principle	
   in	
   vitro	
   studies	
   by	
   Anfinsen	
   (1972	
   Nobel	
   prize	
   in	
  
chemistry)	
   (Fig.	
   13).	
   However,	
   cells	
   conditions	
   as	
   temperature,	
   pH,	
   salt	
  
concentration,	
  tend	
  to	
  destabilise	
  the	
  correct	
  final	
  structure	
  of	
  the	
  protein.	
  	
  

For	
   these	
   reasons,	
  molecular	
   chaperones	
   are	
  presents	
   into	
   the	
   cells;	
   these	
  proteins	
  
help	
   the	
   correct	
   folding	
   of	
   proteins,	
   and	
   they	
   able	
   to	
   prevent	
   the	
   uncorrect	
  
association,	
  or	
  aggregation,	
  of	
  exposed	
  hydrophobic	
  surfaces	
  of	
  unfolded	
  or	
  partially	
  
folded	
   proteins.	
   Under	
   stress	
   conditions,	
   such	
   as	
   heat	
   shock,	
   the	
   presence	
   of	
   these	
  
chaperones	
   is	
   very	
   important	
   cause	
   that	
   allows	
   cellular	
   proteins	
   to	
   avoid	
   and/or	
  
recover	
  from	
  aggregation.	
  

Among	
  the	
  different	
  chaperones	
  a	
  major	
  role	
  in	
  the	
  stress	
  response	
  is	
  given	
  by	
  heat	
  
shock	
  proteins	
  (HSP).	
  These	
  proteins	
  are	
   located	
   in	
  all	
  cell	
  compartments	
  (cyt,	
  myt,	
  
clp,	
   nucleus,	
   ER),	
   and	
   are	
   generally	
   divided	
   in	
   different	
   classes:	
   HSP100,	
   HSP90,	
  
HSP70,	
  HSP60	
  e	
  small	
  HSP	
  (with	
  molecular	
  weight	
  between	
  17	
  e	
  30	
  kDa).	
  

In	
  particular	
  the	
  70kD	
  stress	
  proteins	
  comprise	
  a	
  ubiquitous	
  set	
  of	
  highly	
  conserved	
  
molecular	
   chaperones	
   that	
   range	
   in	
   actual	
   size	
   from	
   68	
   to	
   110kD	
   (Vierling,	
   1991;	
  
Miernyk,	
  1997)..	
  Some	
  family	
  members	
  could	
  be	
  divided	
  in	
  two	
  types:	
  	
  

	
  

• HSC70:	
  the	
  70-­‐kD	
  heat	
  shock	
  cognate	
  which	
  are	
  constitutively	
  expressed	
  	
  

• HSP70:	
   the	
   70-­‐kD	
   heat	
   shock	
   protein	
   which	
   are	
   expressed	
   only	
   when	
   the	
  
organism	
   is	
   challenged	
   by	
   environmental	
   stresses	
   such	
   as	
   temperature	
  
extremes,	
  anoxia,	
  heavy	
  metals,	
  and	
  predation	
  

The	
   HSP70	
   could	
   be	
   so	
   very	
   important	
   during	
   abiotic	
   stress	
   such	
   as	
   in	
   Elodea	
  
canadensis	
  (Esposito	
  et	
  al.,	
  2007)	
  and	
  in	
  the	
  moss	
  Leptodyctium	
  riparium	
  (Esposito	
  et	
  
al.,	
  2012).	
  
	
  

	
  
Fig.	
  13:	
  Heat	
  shock	
  proteins	
  conserved	
  domanin	
  (Nature	
  review).	
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2 AIMS	
  OF	
  THE	
  PROJECT	
  	
  
u Overexpression	
  and	
  purification	
  of	
  the	
  recombinant	
  poplar	
  wt-­‐P2-­‐G6PDH	
  and	
  

ser	
  to	
  cys	
  mutants	
  	
  
u Analysis	
  of	
  the	
  effects	
  of	
  different	
  heavy	
  metals	
  on	
  enzyme	
  activity	
  and	
  kinetic	
  

parameters	
  
u Determination	
  of	
   the	
  effects	
  of	
  Nickel	
  on	
  Barley	
  plants	
  growth,	
  physiological	
  

parameters,	
  and	
  activities	
  of	
  basal	
  metabolism	
  enzymes	
  	
  
u Analysis	
   of	
   the	
   possible	
   changes	
   in	
   G6PDH	
   activities,occurrence	
   and	
  

transcripts	
  in	
  plants	
  after	
  exposition	
  to	
  Nickel	
  	
  
u Analyse	
   the	
   subcellular	
   localization	
   of	
   different	
   barley	
   G6PDH	
   isoforms	
   in	
  

Arabidopsis	
  protoplasts	
  and	
  N.benthamiana	
  leaves	
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4 MATERIALS	
  AND	
  METHOD	
  

4.1 Induction	
  of	
  Gene	
  Expression	
  and	
  Bacterial	
  growth	
  
The	
   plastidic	
   G6PDH	
   sequence	
   was	
   identified	
   from	
   poplar	
   (Populus	
   trichocarpa)	
  
genome	
   (http://www.plantgdb.org/PtGDB/)	
   and	
   sequenced	
   using	
   poplar	
   cDNA	
  
(courtesy	
  of	
   J.-­‐P.	
   Jacquot	
  –	
  N.	
  Rouhier,	
  Nancy,	
  France).	
  The	
   sequence	
  was	
   cloned	
   in	
  
pET15b	
   plasmid,	
   and	
   the	
   recombinant	
   protein	
   was	
   overexpressed	
   in	
   E.	
   coli	
   strain	
  
BL21(DE3)psBET	
  as	
  standard	
  host,	
  after	
  transformation	
  by	
  electroporation	
  at	
  1.8	
  KV,	
  
600Ω,	
  3µF	
  (BioRad	
  Gene	
  Pulser	
  elettroporator).	
  	
  
Different	
   bacteria	
   colonies	
  were	
   tested	
   to	
   verify	
   their	
   capability	
   to	
   overexpress	
   the	
  
recombinant	
  protein.	
  Colonies	
  were	
  grown	
  in	
  3	
  ml	
  of	
  LB	
  medium	
  (10%	
  Tripton,	
  5%	
  
east	
  extract,	
  10%	
  NaCl)	
  with	
  ampicillin	
  and	
  kanamycin	
  (50	
  mg/L)	
  for	
  4h	
  and	
  after	
  for	
  
other	
   3h	
   with	
   the	
   inductor	
   isopropyl-­‐b-­‐D-­‐thiogalactoside	
   (IPTG-­‐0,	
   1mM).	
   Bacteria	
  
were	
  harvested	
  by	
  centrifugation	
  at	
  3000	
  rpm	
  for	
  10	
  min,	
  and	
  the	
  pellet	
  resusped	
  in	
  
BBF	
  +	
  β-­‐mercaptoethanol	
  for	
  SDS-­‐PAGE.	
  	
  
The	
  colony	
  best	
  expressing	
  the	
  recombinant	
  protein	
  was	
  used	
  for	
  bulk	
  preparation	
  of	
  
the	
  enzyme	
  .	
  The	
  colony	
  was	
  inoculated	
  in	
  250	
  ml	
  of	
  sterile	
  LB	
  medium	
  (10%	
  Tripton,	
  
5%	
  east	
  extract,	
  10%	
  NaCl),	
  and	
  grown	
  on	
  an	
  orbital	
  shaker	
  over	
  night	
  at	
  37	
  °C.	
  	
  
Aliquot	
  of	
  this	
  suspension	
  was	
  inoculated	
  in	
  1	
  to	
  3	
  litre(s)	
  of	
  LB	
  medium	
  containing	
  
ampicillin	
  and	
  kanamycin	
  (50mg/L),	
  until	
  a	
  0.06-­‐	
  0.08	
  O.D.	
   (600	
  nm)	
  was	
  obtained,	
  
and	
  grown	
  at	
  37°	
  C.	
  After	
  3	
  hours	
  (about	
  0.8	
  O.D	
  –	
  600	
  nm),	
  the	
  growth	
  was	
  blocked	
  
moving	
  the	
  bacterial	
  suspension	
  at	
  4°C	
  and	
  adding	
  ethanol	
  0.5%	
  for	
  4	
  hours.	
  Then	
  the	
  
colture	
  was	
  induced	
  for	
  recombinant	
  protein	
  synthesis	
  by	
  adding	
  0.1	
  mM	
  isopropyl-­‐
b-­‐D-­‐thiogalactoside	
  (IPTG)	
  at	
  20°C	
  over	
  night	
  or	
  to	
  1,1	
  O.D.	
  (600	
  nm).	
  Cells	
  were	
  then	
  
harvested	
  by	
  centrifugation	
  at	
  6000	
  rpm,	
  4	
  °C	
  for	
  20	
  minutes	
  (Beckman	
  Avant	
  JA	
  25).	
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4.2 Isolation	
  and	
  purification	
  of	
  G6PDH	
  	
  
Cells	
  pellet	
  was	
  resuspended	
   in	
  a	
  buffer	
  containing	
  50	
  mM	
  K₂HPO₄,	
  50mM	
  KH₂PO₄,	
  
300	
  mM	
  NaCl,	
  10	
  mM	
  Imidazole,	
  pH	
  7.4	
  by	
  gentle	
  shaking	
  (Lab	
  Line	
  Super	
  Mixer).	
  
The	
   resuspended	
  cells	
  were	
   treated	
  with	
  0,1%	
  of	
  polyethylenimine	
   for	
  20	
  minutes,	
  
sonicated	
   for	
   5	
   min	
   (ON/OFF	
   00.05.00,	
   Misonix	
   Processor	
   XL)	
   for	
   two	
   cycles,	
   and	
  
centrifuged	
  at	
  16000	
  rpm	
  for	
  45	
  minutes	
  at	
  4°C	
  (Beckman	
  Avant	
  JA	
  25).	
  	
  

The	
  surnatant	
  containing	
  enzymatic	
  activity	
  was	
  stored	
  and	
  used	
  for	
  purification.	
  	
  
Ammonium	
   sulphate	
   (NH4)2SO4	
   was	
   added	
   to	
   70%	
   saturation	
   and	
   the	
   suspension	
  
incubated	
  at	
  4°C	
  overnight;	
   the	
  protein	
  containing	
  G6PDH	
  activity	
  precipitated,	
  and	
  
after	
   centrifugation	
   (16000	
   rpm	
   for	
  45	
  minutes	
   at	
  4°C	
   -­‐	
  Beckman	
  Avant	
   JA	
  25)	
   the	
  
pellet	
   was	
   dissolved	
   in	
   50	
   mM	
   K₂HPO₄,	
   50	
   mM	
   KH2PO,	
   300	
   mM	
   NaCl,	
   10	
   mM	
  
Imidazole,	
   pH	
   8.0;	
   the	
   suspension	
   was	
   desalted	
   by	
   gel	
   filtration	
   (PD10	
   column	
   -­‐	
  
Sephadex	
  G25;	
  GE-­‐Healthcare)	
  	
  
The	
   PtP2-­‐G6PDH	
   was	
   purified	
   by	
   Immobilized	
   Metal	
   Ion	
   Affinity	
   Chromatography	
  
(IMAC)	
  using	
  1	
  ml	
  Hi-­‐Trap	
   column	
   (GE-­‐Healthcare)	
   and	
   imidazole	
  elution	
   (Cardi	
   et	
  
al.,	
  2013;	
  2016).	
  The	
  bound	
  recombinant	
  protein	
  was	
  eluted	
  in	
  a	
  buffer	
  containing	
  50	
  
mM	
  K₂HPO₄,	
  50	
  mM	
  KH₂PO₄,	
  300	
  mM	
  NaCl,	
  250	
  mM	
  Imidazole,	
  pH	
  7.4.	
  	
  

	
  PtP2-­‐G6PDH	
  eluted	
  in	
  a	
  single	
  peak,	
  the	
  active	
  fractions	
  were	
  collected	
  and	
  diluted	
  in	
  
30	
   mM	
   Tris-­‐HCl,	
   100	
   mM	
   NaCl,	
   5%	
   glycerol,	
   pH	
   8.00	
   and	
   then	
   concentrated	
   by	
  
ultrafiltration	
  (Diaflo	
  Ultrafilters,	
  Amicon)	
  under	
  N2.	
  

	
  
	
  

	
  

4.2.1	
  G6PDH	
  assay	
  
The	
  activity	
  of	
   the	
  purified	
  enzyme	
  was	
  determined	
  by	
  assays	
  at	
  25°C	
  according	
   to	
  
Cardi	
  et	
  al	
  (2013),	
  by	
  measuring	
  the	
  reduction	
  of	
  NADP+	
  to	
  NADPH	
  at	
  340nm	
  in	
  the	
  
presence	
   of	
   glucose-­‐6-­‐phosphate	
   in	
   a	
   1	
   cm	
   cuvette	
   in	
   Cary	
   60	
   UV-­‐Vis	
   (Agilent	
  
Technologies)	
  spectrophotometer.	
  
The	
  reaction	
  mixture	
  contained	
  5	
  mM	
  MgCl2,	
  150	
  µM	
  NADP+,	
  and	
  3	
  mM	
  G6P	
  in	
  50	
  mM	
  
Tris–HCl	
  buffer,	
  pH	
  7.5.	
  Blank	
  was	
  without	
  G6P.	
  	
  
One	
  unit	
  of	
  enzyme	
  (U)	
  activity	
  defined	
  as	
  the	
  amount	
  of	
  enzyme	
  that	
  reduced	
  1	
  µmol	
  
NADP+	
  per	
  minute,	
  the	
  total	
  activity	
  was	
  expressed	
  as	
  units	
  per	
  mg	
  of	
  protein.	
  
The	
   purified	
   protein	
   was	
   confirmed	
   as	
   pure	
   by	
   SDS-­‐PAGE,	
   and	
   identified	
   using	
  
specific	
  antibodies	
  by	
  Western	
  blotting	
  analyses.	
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4.3 Proteins	
  determination	
  
Protein	
  concentrations	
  were	
  determined	
  according	
  to	
  Bradford	
  (1976).	
  	
  

The	
  Bradford	
  protein	
  assay	
   is	
  a	
  spectroscopic	
  procedure	
  and	
  a	
  colorimetric	
  protein	
  
assay	
   based	
   on	
   the	
   absorbance	
   shift	
   of	
   the	
   dye	
   Comassie	
   Brilliant	
   Blue	
   G-­‐250	
   at	
  
595nm.	
  The	
  increase	
  of	
  absorbance	
  at	
  595	
  nm	
  is	
  proportional	
  to	
  the	
  amount	
  of	
  bound	
  
dye	
   to	
   aromatic	
   aminoacid	
   residues	
   present	
   in	
   the	
   protein	
   chain,	
   and	
   thus	
   to	
   the	
  
amount	
  of	
  protein	
  in	
  the	
  sample,	
  referred	
  to	
  a	
  standard	
  curve	
  obtained	
  using	
  bovine	
  
serum	
  albumin	
  (BSA)	
  as	
  standard	
  protein	
  (Fig.	
  14).	
  
	
  

	
  

	
  
Fig.	
  14:	
  BSA	
  standard	
  curve	
  for	
  proteins	
  determination.	
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4.4 SDS	
  polyacrylamide	
  gel	
  electrophoresis	
  (SDS-­‐PAGE)	
  
SDS-­‐PAGE	
   was	
   performed	
   using	
   Laemmli’s	
   procedure	
   (Laemmli	
   1970).	
   The	
  
acrylamide	
  concentrations	
  were	
  4%	
  (stacking)	
  and	
  10%	
  (running),	
   containing	
  10%	
  
sodium	
  dodecyl	
   sulphate	
   (SDS)	
   for	
   stacking	
   gel	
   and	
   running	
   gel,	
   respectively.	
  After	
  
the	
   run	
   at	
   40mA-­‐180V	
   for	
   75min	
   (BIO-­‐RAD	
  Mini-­‐Protean	
  Tetra	
   System),	
   gels	
  were	
  
stained	
   in	
   a	
   solution	
   of	
   0.1%	
   Comassie	
   Brilliant	
   Blue	
   R-­‐250,	
   50%	
   methanol,	
   10%	
  
acetic	
   acid	
   and	
  40%	
  distilled	
  water	
  by	
   gentle	
   shaking	
   for	
  20	
  min.	
  Gels	
  were	
   rinsed	
  
and	
  washed	
  in	
  the	
  same	
  solution	
  without	
  the	
  dye	
  (Table	
  3).	
  
	
  
	
  
	
  
Running	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Staking	
  

Percentage	
  	
   4%	
  
N.	
  of	
  gels	
   2	
  gels	
   4	
  gels	
  
H2O	
   3.47	
  ml	
   6.94	
  ml	
  
Acrylamid	
  30%	
   1	
  ml	
   2	
  ml	
  
Stacking	
  gel	
  solution	
  	
   1.875	
  ml	
   3.75	
  ml	
  
Glycerol	
  70%	
   1,078	
  ml	
   2.156	
  ml	
  
SDS	
  10%	
   75	
  μl	
   150	
  μl	
  
APS	
  10%	
   37.5	
  μl	
   75	
  μl	
  
TEMED	
   7.5	
  μl	
   15	
  μl	
  
	
   	
  

Percentage	
   10%	
  
N.	
  of	
  gels	
   2	
  gels	
   4	
  gels	
  
H2O	
   5.3	
  ml	
   10.6	
  ml	
  
Acrylamid	
  30%	
   6.6	
  ml	
   13.2	
  ml	
  
Separating	
  gel	
  
solution	
  	
  

5	
  ml	
   10	
  ml	
  

Glycerol	
  70%	
   2.855	
  ml	
   5.71	
  ml	
  
SDS	
  10%	
   200	
  μl	
   400	
  μl	
  
APS	
  10%	
   100	
  μl	
   200	
  μl	
  
TEMED	
   10	
  μl	
   20	
  μl	
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4.5 Western	
  blotting	
  analyses	
  
After	
   SDS-­‐PAGE,	
   proteins	
   were	
   immediately	
   blotted	
   onto	
   a	
   0.2	
   µm	
   nitrocellulose	
  
membrane	
  (Bio-­‐Rad)	
  overnight	
  at	
  9V,	
  300	
  mA.	
  The	
  membrane	
  was	
  saturated	
  by	
  1%	
  
non-­‐fat	
  milk	
  blotting	
  for	
  1h,	
  and	
  after	
  three	
  washing	
  in	
  TBS	
  +	
  1%	
  Tween,	
  filters	
  were	
  
probed	
   with	
   primary	
   antisera	
   for	
   1h.	
   Antisiera	
   against	
   his-­‐tag	
   was	
   SIGMA	
  
cat.1305538	
  (1:1000);	
  antisiera	
  against	
  different	
  potato	
  G6PDH	
   isoforms	
  (Wendt	
  et	
  
al	
  2000)	
  was	
  a	
  generous	
  gift	
  of	
  Prof.	
  A.	
  von	
  Schawen	
  (Munster	
  -­‐	
  Germany).	
  	
  
Then	
  membranes	
  were	
  developed	
  with	
  secondary	
  antibody	
  (anti-­‐mouse	
  for	
  his	
  tag	
  -­‐	
  
Sigma	
   A9044;	
   anti-­‐rabbit	
   for	
   G6PDH	
   -­‐	
   Sigma	
   A0545,	
   1:80.000).	
   Then,	
   reacting	
  
proteins	
   were	
   visualized	
   by	
   enhanced	
   chemiluminescence	
   using	
   Amersham	
   ECL	
  
Prime	
   kit,	
   and	
   images	
   acquired	
   by	
   a	
   high	
   definition	
   camera	
   (Chemidoc	
   System	
   –	
  
Quantity	
  One	
  software	
  –	
  Bio-­‐Rad).	
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4.6 In	
  vitro	
  effects	
  of	
  metal	
  ions	
  
Heavy	
  metals	
  salts	
  were	
  tested	
  for	
  their	
  effects	
  on	
  PtP2G6PDH:	
  CdCl2,	
  CuSO4,	
  ZnSO4,	
  
NiSO4,	
   Pb(CH2COO)23H2O.	
   Assays	
   were	
   carried	
   out	
   under	
   standard	
   conditions,	
  
varying	
  the	
  concentration	
  of	
  single	
  metals.	
  
Results	
  were	
   generally	
   expressed	
   as	
   percentage	
   of	
   the	
   control	
   (no	
   HM).	
   All	
   assays	
  
were	
  performed	
  in	
  5	
  replicates	
  for	
  each	
  concentration.	
  	
  
Metal	
   ions	
  concentrations	
  producing	
  50%	
  inhibition	
  (IC50)	
  were	
  calculated	
  from	
  the	
  
non-­‐linear	
   regression	
   graphs.	
   The	
   same	
   procedure	
   was	
   utilized	
   also	
   for	
   the	
  
PtP2G6PDH	
   mutants,	
   where	
   the	
   cysteine	
   residues	
   present	
   in	
   the	
   sequence	
   were	
  
substituted	
  with	
  serine.	
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4.7 Plant	
  material	
  and	
  growing	
  conditions	
  
Seeds	
   of	
   barley	
   (Hordeum	
  vulgare,	
   Nure)	
  were	
   germinated	
   on	
  moistened	
   paper	
   for	
  
approximately	
  5	
  days.	
  The	
  seedlings	
  were	
  grown	
  in	
  a	
  controlled	
  cabinet	
  according	
  to	
  
Esposito	
  et	
  al.	
  (2001a)	
  at	
  20°C	
  under	
  16-­‐h-­‐light/8-­‐h-­‐dark	
  regime	
  with	
  approximately	
  
180	
  µmol	
  photons	
  m–2	
  s–1.	
  Air	
  was	
  supplied	
  continuously	
  and	
  the	
  nutrient	
  solutions	
  
were	
  controlled	
  for	
  pH	
  and	
  adjusted	
  daily.	
  
Plants	
  were	
  grown	
  for	
  7	
  days	
  in	
  optimal	
  growing	
  conditions	
  in	
  a	
  nutrient	
  solution	
  at	
  
pH	
  6,5	
  (Rigano	
  et	
  al.	
  1996)	
  (Table	
  4):	
  	
  
	
  

KH2PO4	
   0.01M	
  

K2HPO4	
   0.01	
  mM	
  

K2SO4	
   1.25	
  mM	
  

MgCl2	
   1	
  mM	
  

Oligo-­‐elements	
   10	
  mL/L	
  

FeSO4	
  EDTA	
   3.5	
  mg/L	
  

Cacl₂	
   1	
  mM	
  

(NH₄)₂SO₄	
   2.5	
  mM	
  

H2O	
   Final	
  volume	
  1L	
  

	
  

Oligoelements	
   	
  
KCl	
   190	
  mg/L	
  
H3BO3	
   80	
  mg/L	
  

CuSO4	
  x	
  5	
  H2O	
   6	
  mg/L	
  
MnSO4	
   43	
  mg/L	
  

ZnSO4	
  x	
  7	
  H2O	
   30	
  mg/L	
  
(NH4)6Mo7O24	
  x	
  4H2O	
   1	
  mg/L	
  

	
  

After	
  7	
  days	
  barley	
  plants	
  were	
  exposed	
  to	
  different	
  heavy	
  metals.	
  The	
  plants	
  were	
  
treated	
   at	
   different	
   concentrations	
   (0.5	
  mM,	
   1	
  mM,	
   2	
  mM)	
   of	
  metals,	
   and	
   at	
   given	
  
times,	
  samples	
  were	
  collected	
  for	
  measurements	
  (Fig.	
  15).	
  
	
  

	
  
Fig	
  15:	
  Steps	
  of	
  idroponic	
  growth	
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4.8 Proteins	
  extraction	
  and	
  G6PDH	
  activity	
  determination	
  
Extracts	
   for	
  determination	
  of	
  enzymatic	
  activity	
  were	
  prepared	
  from	
  0.3	
  g	
  of	
   leaves	
  
or	
  roots.	
  The	
  plants	
  were	
  washed	
  with	
  distilled	
  water	
  and	
  then	
  cut	
  in	
  small	
  slices	
  for	
  
protein	
  extraction.	
  Samples	
  were	
  mechanical	
  homogenized	
   (Tyssue	
  Lyzer,	
  Quiagen)	
  
at	
  50	
  Hz	
  (2	
  min	
  -­‐	
  5	
  times	
  cycle)	
  in	
  ice-­‐cold	
  extraction	
  buffer	
  different	
  for	
  each	
  protein	
  
(1:2	
  ratio	
  W/V	
  –	
  see	
  after).	
  Homogenates	
  were	
  centrifuged	
  at	
  13000	
  rpm	
  for	
  20	
  min	
  
two	
  times	
  and	
  the	
  supernatant	
  fraction	
  was	
  utilised	
  for	
  analyses.	
  

Extracts	
   for	
   determination	
   of	
   G6PDH	
   enzyme	
   activity	
   and	
   protein	
   content	
   were	
  
prepared	
  in	
  Tris-­‐Hcl	
  50	
  mM,	
  MgCl2	
  5	
  mM,	
  EDTA	
  4	
  mM,	
  10%	
  glicerol,	
  pH	
  7.9	
  extraction	
  
buffer.	
  	
  
G6PDH	
   activity	
   assays	
   were	
   run	
   as	
   previously	
   described	
   (par.	
   4.2.1);	
   protein	
  
determination	
  and	
  western	
  blotting	
  procedure	
  have	
  been	
  described	
  previously	
  (par.	
  
4.3	
  and	
  4.5,	
  respectively).	
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4.9 Determination	
  of	
  catalase	
  activity	
  

Catalase	
  activity	
  was	
  extracted	
  in	
  50	
  mM	
  Tris-­‐HCl,	
  0.1	
  mM	
  EDTA,	
  0.2%	
  Triton	
  X-­‐100,	
  
1	
  mM	
  PMSF,	
  2	
  mM	
  DTT,	
  pH	
  7.	
  
About	
  0.5	
  g	
  of	
  plant	
  roots/leaves	
  were	
  grind	
  in	
  a	
  cold	
  mortar	
  and	
  pestle	
  using	
  liquid	
  
nitrogen	
   and	
   then	
   suspend	
   in	
   a	
   homogenization	
   buffer	
   solution	
   (1:3	
   ratio).	
   The	
  
resultant	
  suspension	
  was	
  centrifuge	
  at	
  14000	
  rpm	
  for	
  30	
  min	
  at	
  4°C.	
  The	
  surnatant	
  
containing	
  activity	
  was	
  utilized	
  for	
  the	
  determination	
  of	
  the	
  catalase	
  rate.	
  
In	
  this	
  protocol,	
  CAT	
  (EC	
  1.11.1.6)	
  activity	
  was	
  estimated	
  according	
  to	
  Beers	
  and	
  Sizer	
  
(1952),	
  measuring	
  the	
  initial	
  rate	
  of	
  disappearance	
  of	
  H2O2	
  at	
  240	
  nm.	
  The	
  assay	
  was	
  
carried	
  out	
  under	
  standard	
  conditions	
   in	
  90	
  mM	
  of	
  K-­‐PO4	
  buffer	
  (pH	
  7)	
  and	
  0,06%	
  
H2O2.	
  	
  
The	
  decrease	
  in	
  H2O2	
  was	
  observed	
  at	
  240	
  nm	
  (10	
  seconds	
  intervals)	
  for	
  180	
  seconds.	
  
The	
  H2O2extinction	
   coefficient	
   (E)	
   =	
   39,4	
  mM-­‐1cm-­‐1at	
   240	
   nm	
   and	
   1	
   nmol	
  H2O2	
  ml-­‐
1min1	
  was	
  defined	
  as	
  1	
  unit	
  of	
  CAT.	
  
	
  
	
  

4.10 Determination	
  of	
  ascorbate	
  peroxidase	
  activity	
  

APX	
   (EC	
   1.11.1.11)	
   activity	
  was	
  measured	
   according	
   to	
   Nakano	
   and	
   Asada	
   (1981),	
  
monitoring	
  the	
  decrease	
  in	
  absorbance	
  at	
  290	
  nm	
  of	
  ascorbate	
  oxidized.	
  
The	
  extraction	
  buffer	
  was	
  50	
  mM	
  Na-­‐P	
  Buffer	
   (pH	
  7.0),	
   2%	
  PVPP,	
  0.1	
  mM	
  EDTA,	
  2	
  
mM	
  Ascorbate.	
  
The	
   reaction	
  mixture	
   contained	
   30	
  mM	
  KH2PO4	
   buffer	
   (pH	
  7.0),	
   0.1	
  mM	
  EDTA,	
   0.5	
  
mM	
   ascorbate	
   and	
   0.06%	
   H2O2.	
   During	
   the	
   assay	
   the	
   reduction	
   in	
   ascorbate	
  
concentration	
  was	
  observed	
  at	
  10	
  seconds	
  intervals	
  for	
  3	
  min	
  at	
  290	
  nm.	
  
	
  
	
  

4.11 Determination	
  of	
  fumarase	
  activity	
  
Samples	
  were	
  homogenized	
  in	
  extraction	
  buffer	
  (50	
  mM	
  Hepes-­‐KOH,	
  pH	
  5	
  mM	
  MgCI2,	
  
1	
  mM	
  EDTA,	
  5	
  mM	
  DTT,	
  1	
  mM	
  PMSF,	
  10%	
  glycerol,	
  and	
  0.1%	
  Triton	
  X-­‐100).	
  

Fumarase	
  assay	
  were	
  performed	
  monitoring	
  the	
  conversion	
  of	
  L-­‐Malate	
  in	
  Fumarate	
  
+	
  H2O.	
  A	
   reaction	
  mixture	
  of	
  L-­‐malic	
   acid	
  was	
  prepared	
  by	
  utilizing	
  7	
  mg/mL	
  of	
  L-­‐
malic	
  acid	
  in	
  100	
  mM	
  KH2PO4,	
  pH	
  7.6;	
  the	
  solution	
  was	
  brought	
  at	
  pH	
  7.6	
  with	
  1N	
  of	
  
KOH.	
  

The	
  increase	
  of	
  absorbance	
  were	
  measured	
  at	
  240nm	
  at	
  25°C	
  for	
  10	
  minutes	
  	
  

48.3	
  mM	
  L-­‐malic	
  acid.	
  The	
  blank	
  were	
  done	
  just	
  with	
  buffer	
  without	
  the	
  sample.	
  In	
  a	
  3	
  
mL	
  reaction	
  mix,	
  the	
  final	
  concentrations	
  were	
  96.7	
  mM	
  potassium	
  phosphate,	
  
One	
  unit	
  of	
  enzyme	
  (U)	
  activity	
  was	
  defined	
  as	
   the	
  amount	
  of	
  enzyme	
  that	
  reduced	
  
1µmol	
  NADP+	
  per	
  minute,	
  the	
  total	
  activity	
  was	
  expressed	
  as	
  units	
  per	
  mg	
  of	
  protein.	
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4.12 Determination	
  of	
  NADH-­‐GOGAT	
  activity	
  
NADH-­‐GOGAT	
  activity	
  was	
  assayed	
  monitoring	
  the	
  conversion	
  of	
  2	
  x	
  L-­‐glutammate	
  +	
  
NAD+	
  +	
  H+	
  ⇄	
  L-­‐glutammine	
  +	
  2-­‐oxoglutarate	
  +	
  NADH	
  by	
  observing	
  NADH	
  oxidation	
  to	
  
NAD+	
  at	
  340	
  nm.	
  

The	
   proteins	
   extraction	
   was	
   done	
   in	
   KH2PO4–KOH	
   25	
   mM,	
   EDTA	
   1	
   mM,	
   cysteine	
  
1mM,	
  FAD+	
  25	
  μM,	
  pH	
  8.8.	
  

The	
  assay	
  mixture	
  contained	
  50	
  mM	
  KH2PO4–KOH,	
  pH	
  7.5,	
  10	
  mM	
  2	
  oxo-­‐glutaric	
  acid,	
  
10	
   mM	
   Gln,	
   1	
   mM	
   NADH,	
   1	
   mM	
   amino-­‐oxyacetate,	
   and	
   extract.	
   The	
   reaction	
   was	
  
started	
  by	
  adding	
  glutamine.	
  The	
  activity	
  was	
  expressed	
  as	
  μmol	
  oxidized	
  NADH	
  min-­‐
1mg-­‐1	
  protein.	
  
	
  

	
  

4.13 Determination	
  of	
  Phosphoenolpyruvate	
  Carboxylase	
  activity	
  
The	
  PEPcase	
   extraction	
  was	
  done	
   in	
  Tris-­‐HCl	
   100	
  mM,	
  MgCl2	
  10	
  mM,	
   20%	
  glicerol,	
  
DTT	
  5	
  mM,	
  pH8.	
  

Phosphoenolpyruvate	
  carboxylase	
  assay	
  was	
  performed	
  based	
  on	
  the	
  principle	
  that:	
  

PEP	
  +	
  HCO3−	
  →	
  Oxaloacetate	
  +	
  Pi	
  (made	
  by	
  PEP	
  carboxylase)	
  

Oxalacetate	
  +	
  NADH	
  →	
  Malate	
  +	
  NAD+	
  (made	
  by	
  Malic	
  Dehydrogenase)	
  
During	
  the	
  assay	
  the	
  formation	
  of	
  oxaloacetate	
  is	
  monitored	
  spectrophotometrically	
  
as	
  a	
  decrease	
  in	
  A340	
  resulting	
  from	
  the	
  oxidation	
  of	
  NADH.	
  The	
  assay	
  was	
  performed	
  
in	
  50	
  mM	
  Tris-­‐HCL	
  pH	
  7,5;	
  18	
  mM	
  MgCl2;	
  0.18	
  mM	
  NADH;	
  0.18	
  mM	
  NaHCO3;	
  0.5	
  U	
  
MDH	
  and	
  0.9	
  mM	
  PEP.	
  

The	
  enzimatic	
  units	
  were	
  obtained	
  recorded	
  first	
   the	
  decrease	
   in	
  A340	
   to	
  establish	
  a	
  
blank	
  rate	
  (spontaneous	
  NADH	
  oxidation)	
  and	
  after	
  the	
  addition	
  of	
  PEP.	
  One	
  unit	
  of	
  
enzyme	
  is	
  defined	
  as	
  the	
  quantity	
  of	
  enzyme	
  able	
  to	
  oxidize	
  one	
  micromole	
  of	
  NADH	
  
per	
  minute	
  at	
  25°C	
  per	
  mg	
  of	
  protein.	
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4.14 HSP70	
  extraction	
  
To	
  evaluate	
  the	
  effects	
  of	
  heavy	
  metals	
  stress,	
  the	
  levels	
  of	
  HSP70	
  were	
  checked.	
  

Samples	
  were	
   taken	
  at	
  given	
   times	
  at	
  different	
  concentrations	
  of	
  heavy	
  metals.	
  The	
  
protein	
   were	
   extracted	
   in	
   25	
   mM	
   Tris-­‐HCl	
   pH	
   7.4,	
   10	
   mM	
   EDTA,	
   1	
   mM	
   β-­‐
mercaeptoethanol	
   and	
   2	
   mM	
   PMSF.	
   The	
   levels	
   of	
   HSP70	
   monitored	
   by	
   western	
  
blotting	
   analyses	
   utilizing	
   antisiera	
   against	
   3	
   different	
   isoforms:	
   mitochondrial,	
  
cytosolic	
  and	
  chloroplastic	
  HSP70	
  (1:1000	
  in	
  TBS,	
  Agrisera).	
  The	
  secondary	
  antibody	
  
was	
  anti-­‐rabbit	
  conjugate	
  RFLP	
  (1:160000	
  in	
  TBS,	
  Sigma).	
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4.15 RNA	
  isolation	
  from	
  leaf	
  material	
  	
  
Total	
  RNA	
  was	
  extracted	
  as	
  described	
  by	
  Sokolowsky	
  (1990)	
  from	
  fresh	
  barley	
  leaves	
  
to	
   obtain	
   total	
   fraction	
   of	
   cDNA.	
   About	
   200	
   to	
   400	
   mg	
   fresh	
   leaves	
   material	
   was	
  
harvested	
  and	
  freezed	
  in	
  liquid	
  nitrogen.	
  	
  

The	
  material	
  was	
  directly	
  homogenized	
  in	
  a	
  precooled	
  tube	
  with	
  mini	
  pistil	
  (4.9	
  mm).	
  
After	
   addition	
   of	
   lysis	
   buffer	
   (1:2	
   ratio),	
   and	
   PCI	
   (25:24:1)	
   (Phenol,	
   Chloroform,	
  
Isoamyl	
   alchol),	
   samples	
  were	
   shaken	
   for	
  20	
  min	
  on	
   an	
  overhead	
   shaker,	
   and	
   then	
  
centrifuged	
   for	
   10	
  min	
   at	
   13.000	
   rpm	
   (Eppendorf	
   5415D).	
   The	
   upper	
   phases	
  were	
  
mixed	
  with	
  same	
  volume	
  of	
  PCI	
  and	
  centrifuged	
  for	
  10	
  min	
  at	
  13.000	
  rpm	
  (Eppendorf	
  
5415D).	
  	
  
The	
  upper	
  phase	
  was	
  brough	
  to	
  3	
  M	
  LiCl,	
  mixed,	
  taken	
  on	
  ice	
  for	
  2h,	
  and	
  centrifuged	
  
for	
   10	
  min	
   at	
   4°C	
   and	
  13.000	
   rpm.	
  The	
  pellet	
  was	
   resuspended	
   in	
   0.1%	
  DEPC	
  H2O	
  
plus	
  0,3M	
  sodium	
  acetate,	
  pH	
  5.2	
  and	
  70%	
  ethanol,	
  mixed,	
  and	
  taken	
  for	
  30	
  min	
  at	
  -­‐
70°C.	
  The	
  sample	
  was	
  centrifuged	
   for	
  10	
  min	
  at	
  4°C	
  and	
  13.000	
  rpm	
  and	
   the	
  pellet	
  
obtained	
  was	
  washed	
  with	
  70%	
  ethanol.	
  After	
  a	
  drying	
  step	
  at	
  room	
  temperature,	
  the	
  
pellet	
  was	
  resolved	
  in	
  suitable	
  amount	
  of	
  0.1%	
  DEPC	
  H2O	
  and	
  stored	
  at	
  -­‐80°C.	
  
	
   Lysis	
  buffer:	
  	
   0.6	
  M	
  NaCl;	
  10	
  mM	
  EDTA;	
  100	
  mM	
  Tris;	
  4%	
  SDS;	
  adjust	
  to	
  

pH	
  8.0	
  with	
  HCl	
  

	
   PCI:	
  	
   25	
  vol.	
  phenol;	
  24	
  vol.	
  chloroform;	
  1	
  vol.	
  isoamyl	
  alcohol	
  

	
   	
  

Total	
  RNA	
  was	
  extracted	
  from	
  leaves	
  of	
  barley	
  plants	
  at	
  different	
  times	
  of	
  treatment;	
  
RNA	
  integrity	
  was	
  checked	
  on	
  denaturating	
  agarose	
  gel	
  0.8%	
  (Fig	
  16).	
  

	
  

Fig.	
  16:	
  Total	
  RNA	
  on	
  0,8%	
  denaturating	
  agarose	
  gel.	
  

Agarose	
   gels	
   observation	
   confirmed	
   the	
   suitable	
   quality	
   of	
   the	
   total	
   RNA.	
   The	
   gel	
  
showed	
  the	
  three	
  expected	
  bands	
  of	
  the	
  ribosomal	
  subunits	
  25S,	
  18S,	
  and	
  16S.	
  

A	
  specific,ready-­‐to-­‐use	
  kit	
  was	
  utilised	
  for	
  cDNA	
  preparation	
  (QuantiTect	
  Reverse	
  
Trasciption	
  Kit,	
  Quiagen).	
  	
  
	
   	
  

 M   C0     C9h   C1d   C7d   N0    N9h    N1d   N7d

25S
18S

16S
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4.16 Real	
  Time-­‐PCR	
  analyses	
  
The	
   Hordeum	
   vulgare	
   genes	
   analysed	
   were:	
   cytosolic	
   G6PDH	
   isoform	
   (cy-­‐G6PDH;	
  
MLOC_7841);	
  plastidial	
  G6PDH	
  isoform	
  (P2-­‐G6PDH	
  MLOC_18415.1),	
  inactive	
  G6PDH	
  
isoform	
   (P0-­‐G6PDH	
   MLOC_79070.2),	
   ascorbate	
   peroxidase	
   (APX	
   AJ006358.1),	
  
catalase	
  (CAT	
  U20778.1),	
  heat	
  shock	
  proteins	
  70	
  (HSP70	
  L32165.1).	
  
Triplicate	
   quantitative	
   assays	
   were	
   performed	
   using	
   an	
   ABI	
   7900	
   HT	
   (Applied	
  
Biosystems,	
   Foster	
   City,	
   CA,	
   USA)	
   and	
   Platinum	
   SYBR	
   Green	
   qPCR	
   SuperMix	
   (Life	
  
Technologies,	
  Carlsbad,	
  CA,	
  USA).	
  	
  
Leaf	
   samples	
   of	
   plant	
   grown	
   under	
   control	
   conditions	
  were	
   used	
   as	
   calibrators;	
   α-­‐	
  
TUBULIN-­‐2	
   (Y08490.1)	
   served	
   as	
   endogenous	
   reference	
   gene.	
  Quantitation	
   of	
   gene	
  
expression	
  was	
  carried	
  out	
  using	
  the	
  2-­‐ΔΔCt	
  method	
  as	
  in	
  Livak	
  &	
  Schmittgen	
  (Livak	
  
and	
  Schmittgen,	
  2001).	
  For	
  each	
  sample,	
  mRNA	
  amount	
  was	
  calculated	
  relatively	
  to	
  
the	
  calibrator	
  sample	
  for	
  the	
  same	
  gene.	
  Primers	
  for	
  each	
  gene	
  is	
  given	
  in	
  Table	
  5.	
  

	
  
cyt	
  G6PDH_frw_realT	
   GGCAAGCTGAAGGCTGTTT	
  

cyt	
  G6PDH_rev_realT	
   GGTCTGCATGTACCCAACCT	
  

P2G6PDH_frw_realT	
  	
   ATCAGCATCATCTGCGAGTG	
  

P2G6PDH_rev_realT	
   ACCTCTTGTTAGGGCAGCAG	
  

P0G6PDH_frw_realT	
  	
   ATTTCATCACGTCCCTGGCA	
  

P0G6PDH_rev_realT	
  	
   TCGGGTAGGTCACGTAAAACC	
  

cat_frw_realT	
   CGACGACAAGATGCTGCAGT	
  

cat_rev_realT	
   TGGTTGTTCTTGAAGCCGC	
  

hsp70_frw_realT	
  	
   GCGTTGAGATCGAGTCCCTCTT	
  

hsp70_rev_realT	
   CCCATGGTCTTGCGGAAAA	
  

apx_frw_realT	
  	
   CGGAGCTTTTGAGTGGTGACA	
  

apx_rev_realT	
  	
   CCGCAGCATATTTCTCCACAA	
  

alfatub_frw_realT	
   CTCCATGATGGCCAAGTGTGA	
  

alfatub_rev_realT	
  	
   ATGTCGCTTGGTCTTGATGGT	
  

Table	
  5.	
  Forward	
  and	
  Reverse	
  primers	
  utilised	
  for	
  qRT-­‐PCR	
  analyses.	
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4.17 Water	
  content	
  (WC)	
  
WC	
  is	
  the	
  total	
  of	
  water	
  present	
  in	
  plant	
  tissues;	
  it	
  is	
  the	
  amount	
  of	
  water	
  in	
  the	
  leaf	
  
relatively	
  to	
  its	
  dry	
  weight.	
  The	
  WC	
  resulted	
  from	
  the	
  formula:	
  	
  
WC	
  (g/g)	
  =	
  (FW-­‐DW)/DW	
  

Where:	
  
FW:	
  fresh	
  weight	
  

DW:	
  dried	
  weight	
  

4.17.1 Relative	
  water	
  content	
  (RWC)	
  

RWC	
  is	
  the	
  water	
  content	
  of	
  a	
  given	
  amount	
  of	
  a	
  leaf	
  relative	
  to	
  its	
  fully	
  hydrated	
  or	
  
fully	
  turgid	
  state.	
  It	
  indicates	
  the	
  hydration	
  state	
  of	
  the	
  leaf.	
  The	
  RWC	
  is	
  done	
  from	
  the	
  
formula:	
  

RWC	
  =	
  (FW-­‐DW)/(TW-­‐DW)	
  
Where:	
  
FW:	
  fresh	
  weight	
  
DW:	
  dried	
  weight	
  
TW:	
  turgid	
  weight	
  
	
  

The	
  fresh	
  weight	
  (FW)	
  of	
  3	
  to	
  5	
  leaves	
  was	
  rapidly	
  determined	
  soon	
  after	
  detaching	
  
from	
   plants	
   grown	
   hydroponically	
   in	
   control	
   conditions.	
   The	
   leaves	
   were	
   then	
  
hydrated	
  for	
  3-­‐4	
  hours	
  by	
  floating	
  in	
  a	
  Petri	
  dish	
  in	
  distilled	
  water	
  to	
  determine	
  the	
  
turgid	
  weight	
  (TW);	
  then	
  the	
  same	
  leaves	
  were	
  dried	
  overnight	
  at	
  70o	
  C	
  for	
  the	
  dried	
  
weight	
  (DW)	
  (STF-­‐N	
  52,	
  Falc).	
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4.18 Determination	
  of	
  leaf	
  pigments	
  
Determinations	
   of	
   chlorophyll-­‐a,	
   chlorophyll-­‐b,	
   carotenoids	
   levels	
  were	
   obtained	
   to	
  
calulate	
   the	
   variation,	
   and	
   abundance,	
   of	
   the	
   photosintetic	
   pigments	
   after	
   1	
   mM	
  
Nickel	
  treatment.	
  

Concentrations	
  of	
  pigments	
  were	
  analysed	
  spectrophotometrically	
  (Zhang	
  e	
  Kirkham,	
  
1996):	
   samples	
   from	
   different	
   treatments	
   were	
   weighted	
   and	
   cut	
   in	
   slices,	
   and	
  
immersed	
   in	
  5	
  mL	
  of	
   80%	
  of	
  pure	
   acetone	
   for	
   seven	
  days	
   at	
   4°C	
   in	
   the	
  dark.	
  After	
  
centrifugation,	
   spectrophotometric	
   analyses	
   were	
   done	
   at	
   different	
   wavelength:	
  
663.2,	
  648.8	
  e	
  470.0	
  nm.	
  

Absorbance	
   values	
   obtained	
   allowed	
   the	
   determination	
   of	
   the	
   pigments	
  
concentrations	
  in	
  μg/ml	
  of	
  surnatant	
  using	
  the	
  following	
  formulas:	
  

[chl	
  a]	
  μg	
  ml-­‐1	
  =	
  (12.25	
  ·	
  A663.2)	
  -­‐	
  (2.79	
  ·	
  A648.8)	
  	
  

[chl	
  b]	
  μg	
  ml-­‐1	
  =	
  (21.50	
  ·	
  A648.8)	
  -­‐	
  (5.10	
  ·	
  A663.2)	
  	
  
[car]	
  μg	
  ml-­‐1	
  =	
  [(1000	
  ·	
  A470.0)	
  -­‐	
  (1.82	
  [chl	
  a]	
  +	
  85.02	
  [chl	
  b])]	
  /	
  198	
  

To	
  evaluate	
  the	
  pigment	
  content	
  respect	
  to	
  fresh	
  weight	
  unit	
  (FW)	
  of	
  plants,	
  the	
  value	
  
were	
  expressed	
  in	
  μg	
  g-­‐1	
  by	
  the	
  following	
  formula:	
  
[Pigment]	
  μg	
  g-­‐1	
  =	
  (Vsurn.	
  /	
  FW)	
  ·	
  [pigment]	
  μg	
  ml-­‐1	
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4.19 Growth	
  variation	
  and	
  inhibition	
  test	
  

The	
   inhibition	
   of	
   growth	
   induced	
   by	
   heavy	
   metal	
   treatments	
   was	
   measured	
   at	
  
different	
  times	
  of	
  exposure:	
  measurements	
  were	
  taken	
  both	
  considering	
  the	
  weight	
  of	
  
the	
  whole	
  plant	
  and	
  separately	
  for	
  roots	
  and	
  leaves.	
  
Growth	
  inhibition	
  (GI)	
  was	
  calculated	
  by	
  the	
  formula:	
  
%GI=	
  [1-­‐	
  (HMWT/HMctrl)]	
  *	
  100	
  
Where:	
  
HMWT:	
  average	
  weight	
  of	
  plants	
  exposed	
  to	
  HMs	
  	
  
HMctrl:	
  average	
  weight	
  of	
  control	
  plants	
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4.20 RAPD	
  analyses	
  
Leaves	
  from	
  barley	
  plants	
  were	
  analysed	
  for	
  RAPD	
  markers.	
  The	
  variability	
  in	
  leaves	
  
was	
   investigated	
   using	
   different	
   primers	
   supplied	
   by	
   Operon	
   Technologies	
   Inc.	
  
(Alameda,	
  Calif.,	
  USA).	
  Total	
  cellular	
  DNA	
  was	
  extracted	
  from	
  0.4	
  g	
  by	
  Isolate	
  II	
  Plant	
  
DNA	
  kit	
  (BioLine).	
  

DNA	
   concentration	
   in	
   the	
   samples	
  was	
   determined	
   spectrometrically	
   and	
   integrity	
  
was	
  checked	
  on	
  1,5%	
  agarose	
  gels	
  (Fig	
  17).	
  

	
  
Fig.	
  17:	
  Agarose	
  gel	
  showing	
  the	
  integrity	
  of	
  the	
  control	
  and	
  treated	
  DNA	
  plants.	
  

RT-­‐PCR	
   for	
   DNA	
   amplification	
  was	
   performed	
   in	
   a	
   volume	
   of	
   25	
   μl,	
   containing	
   the	
  
reaction	
  buffer:	
  10	
  mM	
  Tris-­‐HCl	
  pH	
  8.0,	
  50	
  mM	
  KCl,	
  1.5mM	
  MgCl2	
  plus	
  200	
  μM	
  of	
  each	
  
dNTP,	
   0.8	
   μM	
   10-­‐base	
   primer,	
   25	
   ng	
   of	
   template	
   DNA,	
   and	
   2	
   units	
   of	
   Taq	
   DNA	
  
polymerase.	
  
DNA	
   amplifications	
   were	
   performed	
   using	
   a	
   thermal	
   cycler	
   (Bio-­‐RAD	
   T100).	
   The	
  
cycle	
   used	
   involved	
   one	
   preliminary	
   step	
   of	
   denaturation,	
   followed	
   by	
   40	
   cycles	
   of	
  
denaturation	
  -­‐	
  annealing	
  –	
  elongation,	
  following	
  this	
  scheme:	
  
	
  
	
  

	
  94◦C	
  for	
  5	
  min	
  

	
  94◦C	
  for	
  1	
  min	
  

36◦C	
   for	
   1	
   min	
   40	
  cycles	
  

	
  72◦C	
  for	
  2	
  min	
  

	
  72◦C	
  for	
  5	
  min.	
  	
  

PCR	
  products	
  were	
  separated	
  on	
  1.8%	
  agarose	
  gels	
  by	
  electrophoresis	
  run	
  in	
  1X	
  TBE	
  

buffer	
   (0.089M	
   Tris-­‐borate	
   and	
   0.2mM	
   EDTA;	
   Table	
   6),	
   and	
   visualised	
   with	
   DNA	
  

loading	
  buffer	
  red	
  (Bioline).	
  	
  

M""""C""""N"
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TEB	
  10X	
  

Tris-­‐base	
  108g	
  

Boric	
  Acid	
  55g	
  

EDTA	
  0,5M	
  pH	
  8.0	
  40	
  ml	
  

V.	
  tot.	
  1L	
  

	
  

Reproducibility	
  of	
  RAPD	
  procedure	
  was	
  checked	
  by	
  repeating	
  the	
  analyses	
  of	
  samples	
  
3	
  times.	
  Only	
  bands	
  showing	
  consistent	
  amplification	
  were	
  discussed.	
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4.21 Comet	
  Assays	
  
To	
  determine	
  possible	
  DNA	
  strand	
  breaks,	
   comet	
  assays	
  were	
  performed	
  on	
   leaves	
  
and	
  roots	
  of	
  barley	
  plants.	
  

About	
  150	
  mg	
  of	
  tissue	
  were	
  cut	
  with	
  a	
  sharp	
  blaze	
  in	
  1.5	
  mL	
  of	
  Tris	
  400	
  mM,	
  pH	
  7.5	
  
for	
  15	
  min	
  to	
  allow	
  the	
  protoplast	
  release.	
  

The	
   cellular	
   suspension	
   was	
   then	
   filtered	
   with	
   20	
   μm	
   Miracloth	
   and	
   at	
   500	
   μl	
  
suspension	
  was	
  added	
  500	
  μl	
  LMA	
  (1%	
  low	
  melting	
  agarose	
  in	
  Dulbecco’s	
  PBS).	
  

On	
  a	
  microscope	
  slides,	
  covered	
  by	
  1%	
  NMA	
  (normal	
  melting	
  agarose),	
  were	
  added	
  
80	
  μl	
  of	
  the	
  mix	
  (suspesion+LMA)	
  and	
  stored	
  for	
  5	
  min	
  at	
  4°C.	
  

Cells	
   lysis	
  was	
   obtained	
  with	
   a	
   lysing	
   buffer	
   (2.5	
  mM	
  NaCl,	
   100	
  mM	
  EDTA,	
   10	
  mM	
  
Tris,	
  1%	
  Triton	
  X100,	
  10%	
  DMSO,	
  pH	
  10)	
  for	
  1h	
  at	
  4°C.	
  

The	
  microscope	
  slides	
  were	
  washed	
  2	
  times	
  with	
  400	
  mM	
  Tris-­‐HCl	
  pH	
  7.5	
  and	
  then	
  
put	
  for	
  15	
  min	
  in	
  the	
  electrophoretic	
  buffer	
  (Na2EDTA	
  1	
  mM,	
  NaOH	
  300	
  mM,	
  pH>13)	
  
to	
  allow	
  the	
  DNA	
  release.	
  After	
  the	
  15	
  minutes	
  an	
  electrophoresis	
  was	
  mede	
  on	
  these	
  
samples,	
   25	
   min	
   at	
   25	
   V,	
   300	
   mA.	
   The	
   slides	
   were	
   removed	
   from	
   electrophoresis	
  
chamber,	
  rinsed	
  and	
  neutralized	
  in	
  400	
  mM	
  Tris-­‐HCl,	
  pH7,5.	
  

DNA	
  was	
  visualized	
  by	
  fluorescence	
  microscopy	
  (Nikon	
  Eclipse	
  E1000)	
  after	
  staining	
  
with	
  a	
  50	
  μg	
  DNA-­‐binding	
  dye	
  (DAPI,	
  AppliChem)	
  for	
  3	
  hours.	
  Comets	
  observed	
  were	
  
analysed	
  by	
  ImageJ	
  and	
  Casplab	
  software.	
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4.22 Gradient-­‐PCR	
  
Total	
  RNA	
  was	
  extracted	
  from	
  fresh	
  barley	
  leaves.	
  To	
  obtain	
  the	
  cDNA	
  a	
  ready-­‐to-­‐use	
  
kit	
  was	
   utilized	
   (QuantiTect	
   Reverse	
   Trasciption	
   Kit,	
   Quiagen).	
   The	
   cDNA	
   obtained	
  
was	
   used	
   to	
   perform	
   a	
   gradient-­‐PCR	
  with	
   specific	
   primers	
   in	
   order	
   to	
   amplify	
   the	
  
sequence	
  for	
  P2-­‐G6PDH	
  and	
  P0-­‐G6PDH	
  (Table	
  7).	
  For	
  the	
  amplification	
  a	
  Fusion	
  DNA	
  
Polymerase	
  and	
  a	
  specific	
  buffer	
   for	
  sequence	
  reach	
   in	
  GC	
  was	
  used	
  (Phusion	
  High-­‐
Fidelity	
  DNA	
  Polymerase,	
  ThermoFisher	
  Scientific).	
  

	
  

	
  

PCR	
  conditions	
  were	
  determined	
  as:	
  

	
  

	
  	
   65μl	
  rxn	
   Final	
  conc.	
  
H2O	
   Add	
  to	
  65μl	
   	
  
5X	
  GC	
  Buffer	
   13μl	
   1X	
  
10mM	
  dNTPs	
   1.3μl	
   200	
  mM	
  
10μM	
  Forward	
  primer	
   2.6	
   0.4	
  μM	
  
10μM	
  Reverse	
  primer	
   2.6	
   0.4	
  μM	
  
cDNA	
   100	
  ng	
   	
  
Phusion	
  pol	
   1μl	
   0.004U/μl	
  
	
  

The	
   DNA	
   amplifications	
   were	
   performed	
   using	
   a	
   thermal	
   cycler.	
   The	
   cycle	
   used	
  
consisted	
   in	
   one	
   first	
   step	
   of	
   denaturation	
   followed	
   by	
   40	
   cycles	
   of	
  
denaturation/annealing/elongation.	
  

	
  	
  

	
  

Name	
   Sequence	
  
Restriction	
  
enzyme	
  

Comment	
  

Hv_P2_s_XbaI	
   NNTCTAGAATGGCGCTCTCCTGCATGAGG	
   XbaI	
  
Tm:67.48°C	
  
GC:61%	
  

HvP2-­‐StopasXhoI	
   WWCTCGAGGTGTTCCGAGCCGCCCA	
   XhoI	
  
Tm:65.41°C	
  
GC:	
  70%	
  

Hv_P0_s_XhoI	
   NNCTCGAGATGGTTACGACAGTCCTCCTCG	
   XhoI	
  
TM:64.00°C	
  
GC:54%	
  

HvP0-­‐StopasNco	
   NNCCATGGAGCAGCCATCATCCCATCG	
   NcoI	
  
TM:62.67°C	
  
GC:57%	
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98◦C	
  for	
  30	
  sec	
  

	
  98◦C	
  for	
  10	
  sec	
  

62◦C	
   for	
   15	
   sec	
   40	
  cycles	
  

	
  72◦C	
  for	
  50	
  sec	
  

	
  72◦C	
  for	
  5	
  min.	
  	
  

PCR	
  products	
  were	
  separated	
  by	
  electrophoresis	
  on	
  1%	
  agarose	
  gels,	
  run	
  in	
  1X	
  TAE	
  
buffer.	
  

	
  TAE	
  50X	
  

Tris-­‐base	
  242gr	
  

Glacial	
  acetic	
  acid	
  57.1gr	
  

EDTA	
  0,5M	
  pH	
  8.0	
  100	
  ml	
  

V.	
  tot.	
  1L	
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4.23 Cloning	
  into	
  pBSK	
  
Bands	
  obtained	
  from	
  gradient-­‐PCR	
  were	
  purified	
  using	
  a	
  specific	
  kit	
  (NucleoSpin-­‐	
  Gel	
  
and	
  Clean	
  up,	
  Macherey-­‐Nagel).	
  The	
  purified	
  products	
  were	
  cloned	
  into	
  pBSK	
  empty	
  
vector	
  by	
  blunt-­‐ends	
  ligation	
  using	
  41.2	
  ng	
  of	
  vector	
  and	
  134	
  ng	
  of	
  insert.	
  
The	
  protocol	
  was	
  as	
  follows:	
  	
  
pBSK	
   41.2	
  ng	
  
Insert	
   134	
  ng	
  
50%	
  PEG4000	
   2	
  µl	
  
10X	
  T4	
  ligase	
  buffer	
   2	
  µl	
  
T4	
  ligase	
   0.2	
  µl	
  (5U)	
  
H2O	
   Add	
  to	
  20	
  µl	
  
	
  

Samples	
   were	
   incubated	
   for	
   1h	
   at	
   room	
   temperature	
   and	
   then	
   the	
   mixtures	
   were	
  
used	
  for	
  the	
  transformation	
  of	
  chemically	
  competent	
  cells.	
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4.24 Transformation	
  of	
  E.	
  coli	
  
E.coli	
  strain	
  XL1blu	
  was	
  used	
  as	
  standard	
  host.	
  Competent	
  cells	
  were	
  transformed	
  by	
  
thermic	
  shock	
  using	
  the	
  ligation	
  mixture.	
  The	
  competent	
  cells	
  were	
  thawed	
  at	
  RT	
  and	
  
maintained	
  on	
  ice;	
  the	
  ligation	
  mixture	
  was	
  added	
  to	
  each	
  sample	
  and	
  let	
  for	
  30	
  min	
  
on	
   ice.	
   Then	
   cells	
   were	
   incubated	
   for	
   90s	
   at	
   42°C;	
   resuspended	
   in	
   0.8	
   mL	
   of	
   ΨB	
  
without	
  antibiotics,	
  and	
  put	
  on	
  a	
   termoshaker	
   for	
  1h	
  at	
  37°C	
  at	
  800rpm.	
  Cells	
  were	
  
harvested	
  by	
  centrifugation	
  for	
  3	
  min	
  at	
  3000	
  rpm,	
  and	
  plated	
  on	
  YT-­‐plates	
  +Amp	
  +	
  
tetracycline	
  +	
  IPTG.	
  Colonies	
  result	
  visible	
  after	
  1d	
  at	
  37°C.	
  

ΨB-­‐Medium	
  

Tryptone	
   	
   	
   	
   2%	
  

Yeast	
  extract	
  	
   	
   	
   	
   0.5%	
  

MgSO4	
  (M.w	
  246.48	
  g/mol)	
  	
   16.26	
  gr	
  

KCl	
  (M.w	
  74.56	
  g/mol)	
  	
   	
   1.492	
  gr	
  

pH	
  7.6	
  with	
  KOH	
  

YT-­‐Medium	
  

Tryptone	
   	
   	
   	
   8.0	
  g/l	
  

Yeast	
  extract	
  	
   	
   	
   	
   5.0	
  g/l	
  

NaCl	
  	
   	
   	
   	
   2.5	
  g	
  /l	
  

pH	
  7.0	
  with	
  NaOH	
  

	
  

For	
  plates	
  add:	
  Agar	
  (1.5%)	
   15	
  g/l	
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4.25 Plasmid-­‐Mini-­‐Preparation	
  from	
  E.	
  coli	
  
Plasmid	
  miniprep	
  was	
  made	
  using	
  a	
  manual	
  protocol	
  from	
  E.coli	
  in	
  order	
  to	
  ascertain	
  
the	
   correctness	
   of	
   sequence	
   insertion	
   into	
   the	
   plasmid.	
   Briefly,	
   1.5	
   mL	
   bacteria	
  
suspension	
  was	
   centrifuged	
   for	
  2	
  min	
  at	
  7.000	
   rpm,	
   the	
   supernatant	
  discarded	
  and	
  
the	
  pellet	
   resuspended	
   in	
  200	
  µL	
   solution	
  1	
  by	
  vortexing.	
  200	
  µL	
  of	
   solution	
  2	
  and	
  
200	
  µL	
  solution	
  3	
  were	
  added	
  and	
  solution	
  obtained	
  was	
  inverted	
  6	
  -­‐	
  8	
  times	
  without	
  
vortexing.	
  

Samples	
  were	
  incubated	
  for	
  10	
  min	
  on	
  ice,	
  centrifuged	
  for	
  10	
  min	
  at	
  13.500	
  rpm,	
  4°C	
  
and	
  the	
  supernatant	
  transferred	
  in	
  a	
  new	
  tube	
  with	
  450	
  µL	
  isopropanol;	
  after	
  mixing	
  
thoroughly,	
  this	
  was	
  centrifuged	
  for	
  10	
  min	
  at	
  13.500	
  rpm,	
  4°C.	
  The	
  supernatant	
  was	
  
discarded	
  and	
  the	
  pellet	
  after	
  a	
  washing	
  in	
  300	
  µL	
  70%	
  ethanol	
  was	
  centrifuged	
  for	
  5	
  
min	
  at	
  13.500	
  rpm	
  at	
  RT;	
  after	
  drying	
  samples	
  were	
  resuspended	
  in	
  30	
  µL	
  H2O.	
  

Solutions:	
  	
  

Solution	
  1:	
   50	
  mM	
  Tris-­‐HCl,	
  pH	
  8	
  

	
   10	
  mM	
  EDTA	
  

	
   RNAse	
  (0.1	
  mg/mL)	
  

Solution	
  2:	
  	
   0.2	
  M	
  NaOH	
  

	
   1	
  %	
  SDS	
  

Solution	
  3:	
   3	
  M	
  Potassium	
  acetate	
  	
  

	
   Set	
  pH	
  4.8	
  with	
  glacial	
  acetic	
  acid	
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4.26 pBSK	
  enzyme	
  digestion	
  
The	
   correct	
   insertion	
   of	
   the	
   full	
   length	
   P2-­‐G6PDH	
   and	
   P0-­‐G6PDH	
  was	
   checked	
   by	
  
enzymatic	
  digestion	
  of	
   the	
  mini-­‐prep	
  frm	
  the	
  E.coli	
  XL1	
  transformation.	
  The	
  correct	
  
enzymes	
   were	
   selected	
   using	
   digestion	
   informatics	
   analyses	
   (NEBcutter	
   software	
  
tool).	
  The	
  plasmid	
  pBSK	
  +	
  P2G6PDH	
  was	
  cut	
  by	
  a	
  single	
  digestion	
  with	
  HindIII	
  or	
  SacI	
  
while	
  the	
  plasmid	
  pBSK	
  +	
  P0G6PDH	
  was	
  digested	
  with	
  XbaI,	
  SacI	
  or	
  EcoRI.	
  Digestions	
  
were	
  made	
  by	
  incubating	
  the	
  enzyme	
  at	
  37°C	
  for	
  1h,	
  and	
  the	
  fragment	
  obtained	
  were	
  
visualized	
  on	
  1%	
  agarose	
  gel.	
  Only	
   the	
  plasmids	
  showing	
   the	
  correct	
  bands	
  pattern	
  
were	
  utilized	
  for	
  the	
  sequencing.	
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4.27 Subcloning	
  of	
  P2-­‐G6PDH	
  and	
  P0-­‐G6PDH	
  behind	
  the	
  reporter	
  
To	
  obtain	
  a	
  reporter	
  fusion	
  proteins	
  behind	
  the	
  GFP	
  a	
  initial	
  PCR	
  was	
  made	
  with	
  the	
  
pBSK	
   plasmids	
   containing	
   the	
   nucleotidic	
   P2-­‐G6PDH	
   and	
   P0-­‐G6PDH	
   full-­‐length	
  
sequences	
  (Table	
  8).	
  For	
  the	
  amplification	
  a	
  Phusion	
  DNA	
  Polymerase	
  and	
  a	
  specific	
  
buffer	
   for	
   sequence	
   reach	
   in	
   GC	
  was	
   used	
   (Phusion	
  High-­‐Fidelity	
  DNA	
  Polymerase,	
  
ThermoFisher	
  Scientific).	
  

	
  

	
  
Name	
  
	
  

Sequence	
  
Restriction	
  
enzyme	
  

Comment	
  

Hv_P2_s_XbaI	
  full	
  
NNTCTAGAATGGCGCTCTCCTGCATGAGG	
   XbaI	
  

Tm:67.48°C	
  
GC:61%	
  

Hv_P2	
  _as_BHI	
  full	
  
WWGGATCCCTAGTGTTCCGAGCCGCCCA	
   BamHI	
  

Tm:67.0°C	
  
GC:65%	
  

Hv_P2mat_s_Spe	
  
NNACTAGTGGAGCGTCAGGCGACCTTG	
   SpeI	
  

Tm:65.96°C	
  
GC:68%	
  

Hv_P2mat	
  _as_BHI	
  
WWGGATCCCTAGTGTTCCGAGCCGCCCA	
   BamHI	
  

Tm:67.0°C	
  
GC:65%	
  

Hv_P0_s_Spe	
  full	
  
NNACTAGTATGGTTACGACAGTCCTCCTCG	
   SpeI	
  

TM:66.9°C	
  
GC:50%	
  

Hv_P0_as_BHI	
  full	
  
NNGGATCCTCAGCAGCCATCATCCCATC	
   BamHI	
  

TM:62.56	
  
GC:55%	
  

Table	
  8:	
  primers	
  for	
  P0-­‐G6PDH	
  and	
  P2-­‐G6PDH	
  amplification	
  

The	
  PCR	
  condition	
  were	
  as	
  follow:	
  

Component	
   65μl	
  rxn	
   Final	
  conc.	
  
H2O	
   Add	
  to	
  65	
  μl	
   	
  
5X	
  GC	
  Buffer	
   13	
  μl	
   1X	
  
10mM	
  dNTPs	
   1.3	
  μl	
   200	
  mM	
  
10μM	
  Forward	
  primer	
   2.6	
  μl	
   0.4	
  μM	
  
10μM	
  Reverse	
  primer	
   2.6	
  μl	
   0.4	
  μM	
  
pBSK	
   5	
  ng	
   	
  
Phusion	
  pol	
   1	
  μl	
   0.004	
  U/μl	
  
	
  

DNA	
  amplifications	
  were	
  performed	
  using	
  a	
  thermal	
  cycler	
  (T100	
  Bio-­‐Rad).	
  	
  

The	
   thermal	
   cycle	
   used	
  was	
   one	
   first	
   step	
   of	
   denaturation	
   following	
   by	
   35	
   cycle	
   of	
  
denaturation/annealing/elongation.	
  The	
  annealing	
   temperatures	
  were:	
  60°C	
   for	
   the	
  
P2-­‐G6PDH	
  isoforms	
  and	
  53°C	
  for	
  the	
  P0-­‐G6PDH.	
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98◦C	
  for	
  30	
  sec	
  

	
  98◦C	
  for	
  10	
  sec	
  

60◦C/53°C	
  for	
  15	
  sec	
   35	
  cycle	
  

	
  72◦C	
  for	
  50	
  sec	
  

	
  72◦C	
  for	
  5	
  min.	
  	
  

	
  

PCR	
  products	
  were	
  separated	
  by	
  electrophoresis	
  on	
  1%	
  agarose	
  gels,	
  run	
  in	
  1X	
  TAE	
  
buffer.	
  
The	
  bands	
  obtained	
  were	
  purified	
  from	
  the	
  agarose	
  gel	
  by	
  a	
  NucleoSpin-­‐Gel	
  and	
  Clean	
  
up	
  from	
  Macherey-­‐Nagel.	
  Purified	
  products	
  were	
  cloned	
  into	
  pGFP_NX	
  empty	
  vector	
  
by	
  sticky-­‐ends	
  ligation.	
  
The	
   product	
   for	
   P2-­‐G6PDH	
   full	
   length	
   was	
   cut	
   by	
   double	
   digestion	
   with	
   XbaI	
   and	
  
BamHI,	
   the	
  P2-­‐G6PDH	
  mature	
  with	
   SpeI	
   and	
  BamHI;	
   P0-­‐G6PDH	
  was	
   cut	
   by	
  BamHI	
  
and	
  SpeI.	
  
The	
  digestions	
  were	
  obtained	
  by	
  incubation	
  with	
  enzymes	
  at	
  37°C	
  for	
  1h	
  for	
  the	
  P2-­‐
G6PDH	
  while	
   for	
   the	
   P0-­‐G6PDH	
  was	
   performed	
   first	
   1h	
   digestion	
  with	
   BamHI	
   and	
  
then,	
  after	
  the	
  1h,	
  a	
  digestion	
  with	
  SpeI	
  for	
  only	
  10	
  minutes.	
  

For	
  the	
  ligation	
  were	
  used	
  60ng	
  of	
  vector,	
  previously	
  digested	
  with	
  SpeI	
  and	
  BamHI,	
  
and	
  100	
  ng	
  of	
  insert	
  as	
  described	
  in	
  table	
  9.	
  

	
  

pGFP_NX	
   60	
  ng	
  
Insert	
   100	
  ng	
  
50%	
  PEG4000	
   2	
  µl	
  
10X	
  T4	
  ligase	
  buffer	
   2	
  µl	
  
T4	
  ligase	
   0.2	
  µl	
  (5U)	
  
H2O	
   Add	
  to	
  20	
  µl	
  
Table	
  9:	
  ligation	
  mixture	
  

	
  
	
  
Samples	
  were	
  incubated	
  for	
  1h	
  at	
  RT,	
  then	
  the	
  mix	
  were	
  used	
  for	
  the	
  transformation	
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of	
  E.coli	
  strain	
  XL1	
  blue.	
  Transformed	
  bacteria	
  were	
  utilized	
  for	
  the	
  purification	
  of	
  the	
  
plasmids	
  containing	
  the	
  nucleotidic	
  sequence	
  for	
  P2-­‐G6PDH	
  and	
  P0-­‐G6PDH	
  isoforms,	
  
using	
  a	
  kit	
  (Nucleo	
  Spin	
  Plasmid	
  Easy	
  Pure,	
  Macherey	
  Nagel).	
  	
  
The	
  correctness	
  of	
  the	
  plasmid	
  insertions	
  were	
  controlled	
  by	
  digestion	
  with	
  specific	
  
enzymes:	
  	
  

• pGFP_NX+P2full:	
  digested	
  with	
  XbaI	
  and	
  SacI	
  
• pGFP_NX+P2mat:	
  digested	
  with	
  SpeI	
  and	
  BamHI	
  
• pGFP_NX+P0full:	
  digested	
  with	
  XbaI	
  

Digested	
  fragments	
  were	
  visualized	
  on	
  1%	
  agarose	
  gel.	
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4.28 Subcloning	
  of	
  P2-­‐G6PDH	
  and	
  P0-­‐G6PDH	
  in	
  front	
  of	
  the	
  reporter	
  
The	
   reporter	
   fusion	
   proteins	
   in	
   front	
   of	
   the	
   GFP/OFP	
  were	
   obtained	
   by	
   enzymatic	
  
digestion	
   of	
   the	
   pBSK	
   plasmids	
   containing	
   the	
   nucleotidic	
   sequences	
   for	
   the	
   P2-­‐
G6PDH	
  and	
  P0-­‐G6PDH	
  full	
   length.	
  The	
  plasmid	
  pBSK	
  +	
  P2-­‐G6PDHwas	
  digested	
  with	
  
XbaI	
   and	
   XhoI,	
  while	
   the	
   pBSK	
   +	
   P0-­‐G6PDH	
  was	
   digested	
  with	
   XhoI	
   and	
  NcoI.	
   The	
  
digested	
   fragments	
  were	
  visualized	
  on	
  1%	
  agarose	
  gel	
  and	
   the	
  bands	
  purified	
   from	
  
the	
  agarose	
  gel,	
  and	
  ligated	
  in	
  pGFP_NX	
  and	
  pOFP_NX.	
  For	
  the	
  ligation	
  60ng	
  of	
  vector	
  
were	
  used,	
  digested	
  with	
  the	
  correct	
  enzyme	
  in	
  the	
  presence	
  of	
  100	
  ng	
  of	
  insert.	
  The	
  
products	
  of	
  the	
  ligation	
  were	
  used	
  to	
  transform	
  E.coli	
  strain	
  XL1	
  blue	
  and	
  the	
  purified	
  
plasmids	
   containing	
   the	
   nucleotidic	
   sequence	
   for	
   the	
   P2-­‐G6PDH	
   and	
   P0-­‐G6PDH	
  
isoforms	
  were	
  digested	
  to	
  control	
   the	
  correct	
   insertion.	
  The	
  plasmids	
  pGFP_NX+P2-­‐
G6PDH	
   (pOFP_NX)	
   were	
   digested	
   with	
   HindIII	
   while	
   the	
   plasmids	
   pGFP_NX+P0-­‐
G6PDH	
  were	
  digested	
  with	
  XbaI.	
  
The	
  digested	
  fragments	
  were	
  visualized	
  on	
  1%	
  agarose	
  gel.	
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4.29 Protoplast	
  isolation	
  from	
  leaf	
  tissue	
  (tobacco,	
  Arabidopsis)	
  

Seeds	
   of	
   tobacco	
   and	
   Arabidopsis	
   were	
   germinated	
   on	
   sterile	
   medium	
   (1/2	
  
Murashige	
  and	
  Skoog	
  basal	
  medium	
  -­‐	
  MS	
  medium),	
  1%	
  sucrose	
  and	
  0.8%	
  agar,	
  pH	
  
5.5	
  in	
  Petri	
  dishes	
  for	
  several	
  days,	
  exposed	
  to	
  a	
  photoperiod	
  of	
  16	
  hours.	
  When	
  the	
  
plant	
  seedlings	
  were	
  visible,	
  these	
  were	
  transferred	
  in	
  a	
  sterile	
  box	
  with	
  the	
  same	
  
medium	
  until	
  protoplast	
  extraction.	
  (Fig.	
  18).	
  

	
  

Fig	
  .18:	
  A)	
  Arabidopsis	
  seeds;	
  B)	
  rosettes;	
  C)	
  young	
  plants;	
  D)	
  protoplasts	
  

	
  

Young	
  leaves	
  from	
  3	
  to	
  4	
  week	
  old	
  plants	
  grown	
  on	
  sterile	
  MS	
  medium,	
  1%	
  sucrose	
  were	
  
harvested	
  into	
  a	
  sterile	
  Petri	
  dish	
  with	
  5	
  ml	
  osmoticum	
  (0.5	
  M	
  mannitol	
  for	
  tobacco,	
  and	
  
0.45	
  M	
  mannitol	
  for	
  Arabidopsis).	
  

The	
   tissues	
  were	
   cut	
  with	
   a	
   sharp	
   razor	
   blade	
   into	
   thin,	
   ca.	
   1	
  mm	
  wide	
   strips,	
   and	
  
leaves	
  placed	
  right-­‐side-­‐up	
  in	
  a	
  fresh	
  Petri	
  dish	
  to	
  float	
  on	
  20	
  ml	
  osmoticum	
  for	
  pre-­‐
plasmolysis	
   for	
   1h	
   at	
   RT.	
   The	
   osmoticum	
   was	
   removed,	
   replaced	
   with	
   12	
   ml	
   of	
  
enzymatic	
  solution	
  and	
  incubated	
  in	
  darkness	
  for	
  12h	
  -­‐	
  16h	
  at	
  21-­‐25°C	
  (no	
  shaking).	
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The	
   next	
  morning	
   the	
   Petri	
   dish	
  was	
   quickly	
   shaken	
   to	
   release	
   protoplasts,	
   and	
   the	
  
maceration	
  state	
  and	
  intactness	
  were	
  checked	
  under	
  an	
  optical	
  microscope.	
  

The	
   protoplast	
   suspension	
   was	
   filtered	
   through	
   a	
   125	
   µm	
   mesh	
   over	
   63	
   µm	
   mesh	
  
combination	
   into	
  a	
   glass	
   container.	
  The	
   filtration	
  device	
  was	
   raised	
  with	
  8	
  ml	
  0.2	
  M	
  
CaCl2	
  using	
  a	
  10	
  ml	
  wide-­‐bore	
  pipettes	
  to	
  saved	
  protoplast.	
  

The	
  protoplast	
  solution	
  was	
  centrifuged	
  for	
  5	
  min	
  at	
  60	
  g	
  in	
  a	
  swing-­‐out	
  rotor	
  at	
  15°C.	
  

The	
  protoplasts	
  obtained	
  were	
  washed	
  for	
  2-­‐times	
  in	
  6	
  ml	
  0.5	
  M	
  (0.45	
  M	
  for	
  tobacco	
  
protoplast)	
  mannitol	
  plus	
  3	
  ml	
  0.2	
  M	
  CaCl2,	
  mixed	
  by	
  gentle	
  inversion,	
  and	
  centrifuge	
  
again	
  for	
  5	
  min	
  at	
  60	
  g.	
  

The	
   pellet	
   was	
   then	
   resuspended	
   in	
   10	
   ml	
   W5	
   medium	
   (artificial	
   sea	
   water)	
   and	
  
protoplasts	
  counted	
  with	
  a	
  haemocytometer	
  (e.g.	
  Neubauer:	
  Volume	
  =	
  0.1	
  µl).	
  

After	
   1	
  h	
   on	
   ice	
   the	
   solution	
  was	
   centrifuged	
   (as	
   above),	
   the	
   supernatant	
  discarded,	
  
and	
   the	
   protoplast	
   number	
   adjusted	
   to	
   1.67	
   million/ml	
   with	
   ice-­‐cold	
   Mannitol-­‐Mg	
  
solution	
  ManMg	
  (=	
  500000/300	
  µl).	
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4.30 Protoplast	
  transfection	
  for	
  transient	
  gene	
  expression	
  with	
  plasmid	
  
DNA	
  

30	
  µg	
  of	
  plasmid	
  DNA	
  (1	
  µg/µl	
  in	
  TE)	
  were	
  placed	
  in	
  the	
  centre	
  of	
  small	
  Greiner	
  Petri	
  
dishes	
  and	
  mixed	
  with	
  300	
  µl	
  protoplast	
  suspension.	
  

500	
  µl	
  of	
  PEG	
  solution	
  were	
  dropped	
   from	
  a	
  distance	
  of	
  ca.	
  5	
  cm	
  on	
  protoplast-­‐DNA	
  
mixture,	
  and	
  the	
  solution	
  was	
  incubated	
  for	
  30	
  min	
  at	
  RT	
  (transfection).	
  

Successively,	
  (every	
  5	
  min)	
  the	
  sample	
  was	
  diluted	
  with	
  a	
  total	
  of	
  7	
  ml	
  of	
  W5	
  medium	
  
(i.e.	
  +	
  0.5	
  ml,	
  +	
  1	
  ml,	
  +	
  2	
  ml,	
  +	
  3	
  ml	
  =	
  6.5	
  ml),	
   transferred	
   into	
   fresh	
  screw-­‐cap	
  glass	
  
tubes	
  and	
  centrifuged	
  for	
  5	
  min	
  at	
  60	
  g	
  in	
  a	
  swing-­‐out	
  rotor	
  at	
  15°C.	
  

The	
   transfected	
  protoplasts	
  were	
   resuspended	
   in	
   3	
  ml	
  Gamborg’s	
  B5	
  medium	
   (with	
  
hormones),	
   transferred	
   into	
   small	
   Petri	
   dishes,	
   and	
   incubated	
   at	
   RT	
   over	
   night	
   (or	
  
longer)	
  in	
  the	
  dark.	
  Gene	
  expression	
  was	
  controlled	
  at	
  different	
  time	
  points	
  by	
  CLSM.	
  
	
  
Solutions	
  for	
  transient	
  gene	
  expression	
  in	
  protoplasts:	
  
Enzyme	
  solution:	
  	
  

• 0.5	
  M	
  mannitol	
  for	
  tobacco	
  (0.45	
  M	
  for	
  Arabidopsis)	
  
• 10	
  mM	
  CaCl2	
  	
  
• 1%	
  Cellulase	
  (Onozuka	
  R-­‐10,	
  Serva)	
  
• 0.25%	
  Macerozyme	
  (Onozuka	
  R-­‐10,	
  Serva)	
  
(stir	
  in	
  cold	
  room,	
  sterile-­‐filtrate	
  (0.2	
  µm)	
  and	
  store	
  at	
  -­‐20°C.)	
  

0.2	
  M	
  CaCl2	
   	
  
W5	
  medium:	
  	
  

• 145	
  mM	
  NaCl	
  
• 125	
  mM	
  CaCl2	
  
• 5	
  mM	
  KCl	
  
• 5	
  mM	
  Glucose	
  
• pH	
  5-­‐6,	
  autoclave	
   	
  

ManMg	
  solution:	
   	
  

• 0.5	
  M	
  mannitol	
  
• 15	
  mM	
  MgCl2	
  
• 0.1%	
  MES	
  
• pH	
  5.7	
  with	
  0.1	
  N	
  KOH,	
  sterile-­‐filtrate	
  (0.2	
  µm)	
  

	
  
PEG	
  solution:	
   	
  

• 0.4	
  M	
  mannitol	
  
• 0.1	
  M	
  Ca(NO3)2	
  
• 0.1%	
  MES	
  
• pH	
  8	
  with	
  0.1	
  N	
  KOH	
  	
  
• add	
  40	
  g	
  PEG	
  6000	
  
• sterile	
  filtrate	
  (0.2	
  µm)	
  and	
  freeze	
  at	
  -­‐20°C	
  

	
  

Gamborg’s	
  B5	
  medium:	
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• 3.17	
  g/L	
  B5	
  complete	
  (Duchefa,	
  Haarlem,	
  NL)	
  
• 0.5	
  M	
  glucose	
  (0.45	
  M	
  for	
  Arabidopsis)	
  
• pH	
  5.7	
  with	
  0.1	
  N	
  KOH,	
  	
  

	
  sterile	
  filtrate	
  store	
  at	
  -­‐20°C	
  
	
  

B5	
  hormone	
  additions:	
   Tobacco	
  (for	
  50	
  ml	
  B5T)	
   Arabidopsis	
  (for	
  50	
  ml	
  B5A)	
  
	
  

2.4D	
  (1	
  mg/ml	
  H2O)	
   0.1	
  	
   mg/L	
   =	
  	
   5	
  µl	
   1	
   mg/L	
   =	
   50	
  µl	
  

BAP	
  (1	
  mg/ml	
  EtOH)	
   0.2	
   mg/L	
   =	
  	
   10	
  µl	
   	
   0.15	
   mg/L	
   =	
   7.5	
  µl	
  
NAA	
  (1	
  mg/ml	
  DMSO)	
   	
  1	
  	
   mg/L	
   =	
  	
   50	
  µl	
   	
   -­‐	
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4.31 Binary	
  vectors	
  
Binary	
  vectors	
  were	
  prepared	
  to	
  analyse	
  the	
  subcellular	
  localization	
  of	
  the	
  isoforms	
  
in	
  whole	
  plant	
  by	
  agro-­‐infiltration.	
  The	
  pGFP_NX	
  (pOFP_NX)	
  +	
  G6PDHs	
  isoforms	
  were	
  
digested	
  with	
  specific	
  enzymes	
  to	
  obtain	
  fragments	
  containing	
  the	
  whole	
  nucleotidic	
  
sequences	
   of	
   different	
  G6PDH	
   isoforms	
  plus	
   the	
   sequence	
   for	
  GFP/OFP,	
   and	
   finally	
  
subcloned	
  in	
  pGPTVII-­‐HYG.	
  

P2-­‐G6PDH	
  full	
  length	
  the	
  plasmid	
  was	
  cut	
  by	
  double	
  digestion	
  with	
  XbaI	
  and	
  EcoRI	
  ;	
  
P0-­‐G6PDH	
  the	
  plasmid	
  was	
  cut	
  by	
  HindIII	
  and	
  EcoRI.	
  	
  
The	
  digestions	
  were	
  obtained	
  by	
   incubating	
   the	
  enzymes	
  at	
  37°C	
   for	
  1h,	
  EcoRI	
  was	
  
added	
   10	
   min	
   before	
   the	
   end	
   of	
   1h	
   digestion.	
   Fragments	
   were	
   visualized	
   on	
   1%	
  
agarose	
  gel,	
  purified	
  and	
  ligated	
  in	
  pGPTVII-­‐HYG.	
  

For	
   the	
   ligation	
   were	
   used	
   65	
   ng	
   of	
   vector,	
   previously	
   digested	
   with	
   appropriate	
  
restriction	
   enzyme,	
   and	
   80	
   ng	
   of	
   insert.	
   The	
   products	
   of	
   the	
   ligation	
  were	
   used	
   to	
  
transform	
   E.coli	
   strain	
   XL10.	
   A	
   control	
   PCR	
   was	
   performed	
   to	
   verify	
   the	
   correct	
  
insertion	
   of	
   sequences	
   in	
   the	
   plasmids	
   after	
   purification	
   from	
   the	
   transformed	
  
bacteria.	
  The	
  PCR	
  conditions	
  were	
  as	
  follows:	
  
	
  
Component	
   65μl	
  rxn	
   Final	
  conc.	
  
H2O	
   Add	
  to	
  65μl	
   	
  
5X	
  Buffer	
   13μl	
   1X	
  
10mM	
  dNTPs	
   1,3μl	
   200mM	
  
10μM	
  pNosT	
  primer	
   2.6	
   0.4	
  μM	
  
10μM	
  p35S	
  primer	
   2.6	
   0.4	
  μM	
  
vector	
   10ng	
   	
  
Taq	
   1μl	
   0.004U/μl	
  
	
  

Conditions:	
  	
  

98◦C	
  for	
  3	
  min	
  

98◦C	
  for	
  30	
  sec	
  

62◦C	
   for	
   30	
   sec	
   35	
   cycles	
  

72◦C	
  for	
  2,30	
  min	
  

72◦C	
  for	
  7	
  min.	
  	
  

PCR	
  products	
  were	
  observed	
  on	
  1%	
  agarose	
  gels	
  and	
  corrects	
  plasmids	
  were	
  utilized	
  
to	
  transform	
  Agrobacterium	
  competent	
  cells.	
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4.32 Transformation	
  of	
  Agrobacteria	
  
The	
  Agrobacteria	
  competent	
  cells	
  were	
  thawed	
  at	
  RT	
  and	
  kept	
  on	
  ice.	
  At	
  each	
  sample	
  
wad	
  added	
  about	
  1	
  µg	
  DNA,	
  mixed	
  and	
  incubated	
  for	
  5	
  min	
  on	
  ice.	
  Cells	
  were	
  freezed	
  
in	
  liquid	
  Nitrogen	
  (5	
  min),	
  and	
  incubated	
  for	
  5	
  min	
  at	
  37°C;	
  then	
  1	
  mL	
  of	
  YT	
  without	
  
antibiotics	
   was	
   added,	
   and	
   the	
   samples	
   were	
   incubated	
   for	
   2	
   -­‐	
   4	
   h	
   at	
   RT	
  
(preferentially	
  at	
  28°C).	
  Finally	
  cells	
  were	
  harvested	
  by	
  centrifugation	
  and	
  plated	
  on	
  
YT-­‐plates	
  +	
  Kanamycin	
  (25mg/L)	
  +	
  Rifampicin	
  (100mg/L).	
  

Colonies	
  were	
  visible	
  after	
  2	
  d	
  at	
  28°	
  C.	
  

YT-­‐Medium	
  

Tryptone	
   8.0	
  g/l	
  

Yeast	
  extract	
  	
   5.0	
  g/l	
  

NaCl	
  	
   2.5	
  g	
  /l	
  

pH	
  7.0	
  with	
  NaOH	
  

For	
  plates	
  add	
  

Agar	
  (1.5%)	
   15	
  g/l	
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4.33 Agro-­‐infiltration	
  of	
  tobacco	
  leaves	
  
The	
  transformed	
  Agrobacteria	
  were	
  inoculated	
  with	
  3	
  mL	
  YT	
  +	
  Kanamycin	
  (25mg/L)	
  
+	
  Rifampicin	
   (100mg/L)	
  and	
   let	
   roll	
  over	
  night	
   (O/N)	
  at	
  28°C.	
  The	
  same	
  procedure	
  
was	
  used	
  also	
  for	
  19K	
  strain.	
  1	
  mL	
  of	
  the	
  O/N	
  culture	
  were	
  inoculated	
  in	
  50	
  mL	
  YT	
  +	
  
AB	
  +	
  500	
  µL	
  1M	
  MES	
  pH	
  5,6	
  plus	
  freshly	
  prepared	
  10	
  µL	
  of	
  100	
  mM	
  acetosyringone	
  in	
  
DMSO,	
  and	
  incubated	
  O/N	
  at	
  28°C	
  under	
  gentle	
  shaking.	
  The	
  cells	
  were	
  harvested	
  by	
  
centrifugation	
  for	
  15	
  min	
  at	
  3500	
  rpm.	
  

Agrobacteria	
  were	
  resuspended	
  in	
  buffer	
  10	
  mM	
  MgCl2;	
  10	
  mM	
  MES,	
  pH	
  5.6	
  and	
  100	
  
µM	
   Acetosyringone	
   until	
   OD600	
   was	
   taken	
   to	
   1	
   (for	
   19K-­‐strain	
   to	
   2)	
   and	
   then	
   the	
  
Agrobacteria	
  were	
  incubated	
  in	
  the	
  dark	
  for	
  2-­‐3h.	
  The	
  suspension	
  was	
  mixed	
  1:1	
  with	
  
the	
   19K-­‐strain	
   and	
   infiltrated	
   into	
   the	
   tobacco	
   leaves	
   using	
   of	
   1	
   ml	
   syringes.	
   N.	
  
benthamiana	
  plants	
  were	
  cultivated	
  under	
  normal	
  conditions.	
  After	
  2	
  days	
  of	
  growth,	
  
small	
  leaf	
  slices	
  were	
  analysed	
  under	
  the	
  CLSM	
  (Fig.	
  19).	
  

	
  

	
  

Fig.	
   19:	
   A)	
   Agro-­‐infiltration	
   of	
   N.	
   benthamiana	
   leaves;	
   B)	
   N.	
   benthamiana	
   plant;	
   C)	
   cutting	
   of	
  

leaves	
  slices;	
  D)	
  CLSM	
  analyses	
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4.34 Statistical	
  analysis	
  

Each	
  experiment	
  was	
  made	
  in	
  at	
  least	
  five	
  replicates.	
  Values	
  were	
  expressed	
  as	
  mean	
  
±	
   standard	
   deviation	
   (SD).	
   The	
   statistical	
   significance	
   of	
   qRT-­‐PCR	
   and	
   enzymatic	
  
assay	
  was	
  evaluated	
  through	
  Student’s	
  t-­‐test	
  (p≤	
  0.05,	
  at	
  least).	
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5 RESULTS	
  

5.1 Overexpression	
  of	
  G6PDH	
  isoforms	
  
E.coli	
   strain	
   BL21(DE3)psBET	
   was	
   used	
   as	
   a	
   standard	
   host;	
   competent	
   cells	
   were	
  
transformed	
   with	
   pET15b	
   vector	
   containing	
   the	
   sequence	
   for	
   the	
   P2-­‐G6PDH	
   from	
  
Populus	
  trichocarpa	
  (PtP2-­‐G6PDH).	
  
Positive	
  colonies	
  were	
  utilised	
  for	
  a	
  test	
  to	
  verify	
  the	
  expression	
  of	
  the	
  recombinant	
  
protein	
  by	
  the	
  transformed	
  bacteria	
  (Fig.	
  20).	
  
	
  

	
  
SDS	
   gel	
   showing	
   a	
   protein	
   of	
   the	
   expected	
  MW	
   corresponding	
   to	
   P2	
   G6PDH.	
  M:	
  Markers;	
   C-­‐:	
  
Control	
   (E.	
   coli	
   without	
   transformed	
   plasmid);	
   C1,C2,C3,C4:	
   different	
   colonies	
   without	
   IPTG;	
  
C5,C6,C7,C8:	
  transformed	
  colonies	
  after	
  induction	
  with	
  IPTG.	
  

Those	
  colonies	
  best	
  expressing	
  the	
  recombinant	
  protein	
  were	
  utilised	
  to	
  grow	
  a	
  large	
  
scale	
  culture	
  (1	
  to	
  3	
  litres)	
  for	
  enzyme	
  purification.	
  
A	
  rapid	
  procedure	
  for	
  the	
  purification	
  of	
  recombinant	
  PtP2-­‐G6PDH	
  was	
  utilised.	
  	
  
The	
  purification	
  protocol	
   consisted	
   in	
  a	
  gel	
   filtration	
   step,	
   followed	
  by	
   Immobilized	
  
Metal	
   Ion	
  Affinity	
   Chromatography	
   (IMAC).	
   The	
   elution	
   of	
   the	
   recombinant	
   protein	
  
was	
  obtained	
  using	
  buffer	
  containing	
  250mM	
  Imidazole.	
  After	
  IMAC,	
  the	
  recombinant	
  
protein	
  was	
  judged	
  sufficiently	
  pure	
  by	
  SDS-­‐PAGE	
  and	
  western	
  blotting	
  (Fig.	
  21)	
  and	
  
utilised	
  for	
  following	
  measurements.	
  
	
  

	
  

	
  
Fig.	
  21:	
  I	
  Immobilized	
  Metal	
  Affinity	
  Chromatography	
  (IMAC)	
  profile	
  eluating	
  from	
  a	
  HiTrap	
  Ni	
  
column	
   (1	
   ml	
   –	
   GE	
   Healthcare)	
   using	
   buffer	
   with	
   K2HPO4	
   50mM,	
   KH2PO4	
   50mM,	
   imidazole	
  
250mM,	
  NaCl	
  300mM,	
  pH7,4.	
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The	
  specific	
  activity	
  of	
  the	
  purified	
  recombinant	
  enzyme	
  was	
  8000	
  U/mg	
  protein.	
  
Both	
   SDS-­‐PAGE	
   and	
   immunoblotting	
   with	
   antisiera	
   against	
   the	
   his-­‐tag	
   indicated	
   a	
  
highly	
  pure	
  enzyme	
  preparation	
  (Fig.	
  22).	
  
	
  

	
  
Fig.	
  22	
  –	
  Electrophoretic	
  analysis	
  of	
  PtP2-­‐G6PDH.	
  A:	
  SDS	
  gels	
  showing	
  a	
  protein	
  of	
  the	
  expected	
  
MW	
  corresponding	
  to	
  P2	
  G6PDH.	
  M:	
  Markers;	
  C-­‐:	
  Control	
  (E.	
  coli	
  without	
  transformed	
  plasmid);	
  
C+:	
   transformed	
   colonies	
   after	
   induction	
   with	
   IPTG;	
   P:	
   purified	
   protein	
   after	
   IMAC.	
   B:	
  
Immunoblotting	
  using	
  antisera	
  versus	
  Cy-­‐G6PDH	
  Ab	
  (potato);	
  P2-­‐G6PDH	
  (potato);	
  His-­‐tag.	
  Lys:	
  
bacterial	
  lysate;	
  Surn:	
  soluble	
  fraction;	
  Purif:	
  purified	
  protein	
  (as	
  in	
  A).	
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5.2 In	
  vitro	
  inhibition	
  assays	
  
The	
   recombinant	
   PtP2-­‐G6PDH-­‐wt	
   activity	
   was	
   tested	
   in	
   the	
   presence	
   of	
   different	
  
heavy	
  metals:	
  Cd++,	
  Cu++,	
  Zn++,	
  Ni++,	
  Pb++	
  in	
  order	
  to	
  investigate	
  their	
  possible	
  action	
  as	
  
inhibitors	
  (Fig.	
  23),	
  and	
  IC50	
  values	
  were	
  calculated	
  after	
  1h	
  of	
  incubation	
  with	
  metals	
  
(Table	
  10).	
  
The	
  most	
   toxic	
  of	
   the	
  metals	
   tested	
  was	
  copper,	
  with	
  a	
   IC50	
  <26	
  μM,	
  while	
   the	
   less	
  
effective	
  was	
  Lead,	
  with	
  a	
  IC50	
  about	
  100-­‐fold	
  higher.	
  	
  
	
  

Metal	
  ions	
   IC50	
  (mM)	
  

Cu++	
   0.0257	
  

Zn++	
   0.050	
  

Cd++	
  	
   0.123	
  

Ni++	
   0.881	
  

Pb++	
   2.821	
  

	
  

Table	
  10:	
  IC50	
  values	
  after	
  1h	
  of	
  incubation	
  with	
  heavy	
  metals	
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Fig.23:	
  The	
  graph	
  showed	
  the	
  effects	
  of	
  heavy	
  metals	
  on	
  G6PDH	
  activity	
  (activity%	
  versus	
  time	
  

of	
  incubation	
  with	
  each	
  metal	
  concentration)	
  	
  

	
  

The	
  effects	
  of	
  HMs	
  on	
  PtP2-­‐G6PDH	
  activity	
  could	
  be	
  divided	
  in	
  three	
  groups:	
  	
  
Pb+2	
   did	
   not	
   show	
   any	
   substantial	
   effect	
   on	
   PtP2-­‐G6PDH	
   activity	
   at	
   all	
   the	
  
concentrations	
  tested.	
  	
  

Ni++	
  and	
   Cd++	
  showed	
   similar	
   effects:	
   after	
   10	
  minutes	
   40-­‐52%	
   (Ni++),	
   and	
   45-­‐65%	
  
(Cd++)	
  inhibition	
  was	
  observed;	
  then	
  a	
  slow	
  decrease	
  in	
  activity	
  continued	
  up	
  to	
  10h	
  
when	
  the	
  inhibition	
  was	
  reduced	
  to	
  less	
  than	
  10-­‐15%	
  of	
  the	
  initial	
  value.	
  	
  
Finally,	
   Zn++	
   and	
   Cu++	
   induced	
   a	
   progressive	
   decrease	
   time	
   and	
   concentrations	
  
dependent,	
  even	
  if	
  at	
  different	
  extent:	
  2	
  mM	
  Zn++	
  caused	
  a	
  rapid	
  50%	
  decrease	
  after	
  1	
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minute	
   which	
   continuously	
   lowered	
   to	
   13%	
   after	
   10	
   hours;	
   1	
   mM	
   Cu++	
   after	
   10	
  
minutes	
  induced	
  a	
  40%	
  decrease	
  in	
  the	
  activity	
  d	
  and	
  at	
  2mM	
  the	
  residual	
  rate	
  was	
  
only	
   10%	
   of	
   the	
   initial	
   value.	
   After	
   10h	
   the	
   activities	
   were	
   below	
   15%	
   in	
   all	
   the	
  
conditions	
  and	
  essentially	
  null	
  at	
  1-­‐2mM	
  for	
  both	
  Cu++	
  and	
  Zn++.	
  

These	
  results	
  would	
  suggest	
  both	
  a	
  direct	
  effect	
  of	
  specific	
  HMs	
  on	
  enzyme	
  structure	
  
and	
   functionality,	
   and	
   /	
   or	
   a	
   competition	
   of	
   HMs	
   with	
   the	
   physiological	
   element	
  
widely	
  known	
  as	
  an	
  essential	
  cofactor	
  of	
  G6PDH	
  reaction,	
  Mg++.	
  
Thus,	
   the	
  KmMg++	
  was	
   calculated	
  on	
  highly	
  desalted	
  preparation	
  of	
   the	
   recombinant	
  
enzyme.	
  These	
  measurements	
  indicated	
  a	
  KmMg++	
  =	
  90	
  μM	
  (Figure	
  24).	
  
	
  
	
  
	
  

	
  
	
  
	
  
Fig	
  24:	
  KmMg++	
  of	
  the	
  PtP2-­‐G6PDH	
  
	
  
The	
  effects	
  of	
  the	
  metals	
  were	
  observed	
  in	
  the	
  presence	
  of	
  saturating	
  (5	
  mM)	
  and	
  sub	
  
saturating	
  (0.5-­‐2.5	
  mM)	
  Mg++	
   in	
  the	
  presence	
  of	
  different	
  HMs,	
   in	
  order	
  to	
  establish	
  
the	
  competition	
  with	
  the	
  magnesium,	
  if	
  any,	
  of	
  the	
  HMs	
  tested	
  (Fig.	
  25).	
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Fig.	
  25:	
  The	
  graph	
  showed	
  the	
  effects	
  of	
  heavy	
  metals	
  on	
  G6PDH	
  activity	
  at	
  different	
  magnesium	
  
concentration.	
  

	
  

Except	
  for	
  Cd++	
  and	
  Ni++,	
  all	
  the	
  metals	
  exerted	
  a	
  limited	
  inhibition	
  of	
  PtP2-­‐G6PDH	
  
activity	
  when	
  saturating	
  Mg	
  is	
  present.	
  

Pb++	
   and	
   Zn++	
   had	
   the	
   worst	
   effects	
   on	
   enzyme	
   activity	
   when	
   the	
   magnesium	
  
concentration	
   is	
   sub-­‐saturating,	
   resulting	
   in	
   a	
   substantial	
   loss	
   of	
   activity	
   at	
   0.1	
  
mM.	
  Ni++	
   and	
   Zn++	
   showed	
  milder	
   effects;	
   anyway,	
   a	
   continuous	
   loss	
   of	
   activity	
  
rate	
  was	
  observed	
  with	
  both	
  metals.	
  	
  
Interestingly,	
  Cu++	
  inhibition	
  was	
  the	
  lighter	
  among	
  all	
  HMs	
  tested.	
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5.3 Purification	
  and	
  incubation	
  of	
  PtP2-­‐G6PDH	
  mutants	
  
Cysteine	
   to	
   serine	
   mutants	
   of	
   PtP2-­‐G6PDH	
   were	
   available	
   in	
   the	
   laboratory,	
   and	
  
obtained	
  as	
  described	
  in	
  Cardi	
  et	
  al.,	
  (2016);	
  these	
  recombinant	
  proteins	
  were	
  tested	
  
–	
   as	
   for	
  wt	
   enzyme	
   -­‐	
  with	
   the	
   different	
   HMs,	
   in	
   order	
   to	
   verify	
   if	
   specific	
   cysteine	
  
residues,	
  highly	
  conserved	
  in	
  the	
  G6PDH	
  sequence,	
  may	
  have	
  a	
  role	
  in	
  the	
  inhibition	
  
by	
  metals	
  of	
  enzyme	
  activity.	
  

The	
  mutant	
  enzymes	
  C145S,	
  C242S,	
  and	
  C194S	
  were	
  generally	
  unaffected	
  (less	
  than	
  
50%	
   inhibition	
   after	
   10	
  min)	
   by	
  most	
   of	
   the	
  metals	
   tested	
   up	
   to	
   1	
  mM;	
   noticeable	
  
inhibition	
   was	
   observed	
   only	
   at	
   1-­‐2	
   mM	
   Cu	
   (C145S),	
   and	
   with	
   lead	
   and	
   copper	
  
(C194S).	
  All	
  these	
  mutagenized	
  enzymes	
  exhibited	
  metal	
  inhibitions	
  lower	
  than	
  50%.	
  
In	
  contrast,	
  the	
  disulphide-­‐bridge	
  cysteines	
  mutagenized	
  enzymes	
  C175S	
  and	
  C183S	
  
were	
   both	
   promptly	
   and	
   severely	
   inhibited	
   by	
   all	
   HMs	
   (Fig.	
   26).	
   A	
   comprehensive	
  
table	
  of	
  the	
  effects	
  of	
  metals	
  on	
  cysteine	
  mutant	
  enzymes	
  after	
  1	
  min	
  of	
  exposure	
  was	
  
shown	
  (Table	
  11):	
  

Pb2+	
  did	
  not	
  show	
  appreciable	
  effects	
  on	
  PtP2-­‐G6PDH-­‐wt;	
  and	
  on	
  C242S	
  and	
  C194S	
  at	
  
all	
  the	
  levels	
  tested,	
  except	
  with	
  2	
  mM	
  Pb2+.	
  On	
  the	
  contrary,	
  C175S,	
  C183S	
  and	
  C194S	
  
mutagenized	
  enzymes	
  showed	
  a	
  decreased	
  G6PDH	
  activity	
  on	
  lead	
  exposure.	
  

Ni2+,	
  Cd2+	
  and	
  Zn2+	
  caused	
  a	
  decrease	
  in	
  activity	
  despite	
  of	
  the	
  HM	
  concentration	
  used	
  
and	
  time	
  intervals	
  tested.	
  The	
  most	
  marked	
  effect	
  was	
  obtained	
  for	
  C175S,	
  C183S	
  and	
  
C194S	
  mutants,	
  where	
  incubation	
  with	
  HMs	
  induced	
  a	
  over	
  80%	
  inhibition	
  of	
  G6PDH.	
  

Cu2+	
  is	
  the	
  strongest	
  inhibitor	
  of	
  enzyme	
  activity:	
  the	
  effect	
  is	
  rapid,	
  causing	
  a	
  strong	
  
decrease	
   in	
   enzyme	
  activity	
   after	
   just	
   few	
  minutes;	
   in	
  disulfide	
  mutants	
  C175S	
  and	
  
C183S	
  a	
  total	
  inhibition	
  of	
  G6PDH	
  activity	
  was	
  observed	
  after	
  10	
  min	
  at	
  0,5	
  mMCu++.	
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Fig.	
  26:	
  %G6PDH	
  activity	
  of	
  several	
  cys	
  to	
  ser	
  mutants	
  after	
  incubation	
  with	
  differents	
  Heavy	
  

metals.	
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Regulatory	
  Cysteines	
  

	
   	
  

	
  
[HM]	
   WT	
   C145S	
   C175S	
   C183S	
   C194S	
   C242S	
  

	
  
0	
   100	
   100	
   100	
   100	
   100	
   100	
  

	
  
	
  	
   100%	
   71%	
   18%	
   19%	
   56%	
   75%	
  

Pb	
   0,1	
  mM	
   98 99 60 80 80 80 

	
  	
   1	
  mM	
   100 100 54 24 64 60 

Ni	
   0,1	
  mM	
   98 98 52 53 80 89 

	
  	
   1	
  mM	
   55 89 43 32 60 60 

Cd	
   0,1	
  mM	
   79 80 29 22 83 80 

	
  	
   1	
  mM	
   73 60 24 14 63 60 

Zn	
   0,1	
  mM	
   90 80 26 33 80 80 

	
  	
   1	
  mM	
   76 60 25 12 60 60 

Cu	
   0,1	
  mM	
   94	
   80 24 45 80 80 

	
  	
   1	
  mM	
   70	
   60 23 5 60 60 

	
   	
   	
        

	
   	
  
Colors	
  Legend	
  

	
   	
   	
   	
  

	
   	
  
	
  	
   100≤90	
  %	
   	
  	
   59≤50	
  %	
   	
  	
   19≤0	
  %	
  

	
   	
  
	
  	
   89≤80	
  %	
   	
  	
   49≤40	
  %	
   	
  	
   	
  	
  

	
   	
  
	
  	
   79≤70	
  %	
   	
  	
   39≤30	
  %	
   	
  	
   %	
  WT	
  (CxxxS)	
  

	
   	
  
	
  	
   69≤60	
  %	
   	
  	
   29≤20	
  %	
   	
  	
   	
  	
  

Table	
  11:	
  G6PDH	
  activity	
  assays	
  on	
  wt	
  e	
  mutants	
  of	
  PtP2-­‐G6PDH	
  after	
  incubation	
  with	
  different	
  

heavy	
  metals	
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5.4 G6PDH	
  activity	
  in	
  Hordeum	
  vulgare	
  plants	
  
In	
  order	
  to	
  assess	
  the	
  effects	
  of	
  heavy	
  metals	
  on	
  whole	
  living	
  plants,	
  Hordeum	
  vulgare	
  
plants	
  grown	
  in	
  hydroculture	
  were	
  treated	
  with	
  differents	
  heavy	
  metals	
  at	
  differents	
  
concentrations.	
  At	
  given	
  times	
  barley	
  plants	
  were	
  collected,	
  and	
  G6PDH	
  assays	
  were	
  
performed	
  (Fig.	
  27).	
  
	
  
	
  
	
  

	
  
Fig.	
  27:	
  The	
  graph	
  shows	
  changes	
  in	
  G6PDH	
  activity	
  after	
  incubation	
  of	
  barley	
  plants	
  with	
  1	
  mM	
  
of	
  each	
  heavy	
  metals	
  (activity%	
  versus	
  time	
  of	
  incubation).	
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Fig.	
   28:	
   The	
   graph	
   shows	
   changes	
   in	
   G6PDH	
   activity	
   after	
   incubation	
   of	
   barley	
   plants	
   with	
  
different	
  heavy	
  metals	
  (activity%	
  versus	
  time	
  of	
  incubation	
  with	
  each	
  metal	
  concentration.	
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Total	
  G6PDH	
  activity	
  in	
  barley	
  leaves	
  was	
  30	
  ±	
  4	
  nmol	
  *	
  min-­‐1	
  *	
  mg-­‐1	
  prot.;	
  in	
  the	
  roots	
  
enzyme	
  rate	
  was	
  110±8	
  nmol	
  *	
  min-­‐1	
  *	
  mg-­‐1prot	
  (Fig.	
  28).	
  

Generally,	
   in	
   the	
   leaves	
  HMs	
  exposure	
   resulted	
   in	
  a	
   limited	
   -­‐	
  but	
  evident	
   -­‐	
   increase	
  
with	
  some	
  elements,	
  whereas	
  in	
  the	
  roots	
  a	
  general	
  detrimental	
  effect	
  was	
  observed.	
  	
  

Specifically,	
  among	
  the	
  metals	
  tested,	
  in	
  the	
  leaves	
  Ni++	
  and	
  Cd++	
  were	
  those	
  causing	
  
most	
   evident	
   changes	
   in	
   G6PDH	
   activities,	
   2.5-­‐fold	
   increase	
   and	
   2.3-­‐fold,	
   at	
   1	
   mM	
  
after	
  1	
  d,	
  respectively;	
  Cu++	
  induced	
  a	
  2	
  -­‐fold	
  increase	
  up	
  to	
  7d	
  at	
  1	
  mM.	
  Zn++	
  caused	
  a	
  
negligible	
  effect,	
   and	
  a	
   low	
   increase	
   in	
  G6PDH	
  activity	
  was	
  observed	
  only	
  at	
  2	
  mM,	
  
after	
  6	
  to	
  9	
  hours.	
  	
  

In	
  the	
  roots,	
  Cu++	
  and	
  Cd++	
  caused	
  a	
  severe	
  decrease	
  in	
  G6PDH	
  activity,	
   the	
  residual	
  
rate	
   was	
   less	
   than	
   40%	
   after	
   1d	
   at	
   1-­‐2	
   mM;	
   lead	
   and	
   zinc	
   did	
   not	
   showed	
   major	
  
effects	
  up	
  to	
  2	
  mM,	
  when	
  their	
  toxic	
  effects	
  lowered	
  G6PDH	
  activity	
  at	
  less	
  than	
  50%	
  
after	
  1d.	
   Interestingly,	
  Ni++	
   induced	
  an	
   increase	
  of	
  enzyme	
  rate	
  at	
  1-­‐2	
  mM	
  within	
  1	
  
day;	
  after	
  that	
  G6PDH	
  activity	
  crashed	
  at	
  less	
  than	
  30%.	
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5.5 Measurements	
  of	
  different	
  enzymatic	
  activities	
  in	
  barley	
  plants	
  
In	
  order	
  to	
  estimate	
  if	
  heavy	
  metals	
  were	
  able	
  to	
  cause	
  changes	
  in	
  different	
  enzymes	
  
involved	
   in	
   basal	
   metabolism,	
   activity	
   assays	
   were	
   performed	
   on	
   barley	
   plants	
  
exposed	
  to	
  Nickel,	
  the	
  metal	
  causing	
  the	
  higher	
  inhibition	
  effects	
  on	
  PtP2-­‐G6PDH.	
  	
  

The	
  assays	
  were	
  made	
  after	
  exposing	
  plants	
  to	
  1	
  mM	
  Ni,	
  the	
  level	
  resulting	
  the	
  major	
  
variation	
  of	
  PtP2G6PDH	
  activity	
  in	
  plants	
  during	
  the	
  stress.	
  

	
  

5.5.1 Catalase	
  and	
  ascorbate	
  peroxidase	
  activities	
  
Catalase	
   (EC	
   1.11.1.6)	
   and	
   ascorbate	
   peroxidase	
   (EC	
   1.11.1.11)	
   activities	
   were	
  
estimated	
  to	
  assess	
  the	
  ROS	
  scavenging	
  capability	
  during	
  oxidative	
  stress	
  induced	
  by	
  
Ni	
  (Fig.	
  29).	
  

	
  
Fig.	
  29:	
  The	
  graph	
  shows	
  changes	
  in	
  Cat	
  and	
  apx	
  activities	
  after	
  incubation	
  of	
  barley	
  plants	
  with	
  
1mM	
  Nickel	
  (activity%	
  versus	
  time	
  of	
  incubation	
  with	
  metal).	
  

	
  

Basal	
  catalase	
  activity	
  (control	
  =	
  100%)	
  was	
  583.4	
  ±	
  10,7	
  nmol	
  *	
  min-­‐1	
  *	
  mg-­‐1	
  prot	
  in	
  
the	
  roots,	
  and	
  643.9	
  ±	
  15,2	
  nmol	
  *	
  min-­‐1	
  *	
  mg-­‐1	
  prot	
  in	
  the	
  leaves.	
  An	
  increase	
  of	
  about	
  
20%	
   in	
   the	
   activity	
   was	
   observed	
   in	
   both	
   leaves	
   and	
   roots	
   after	
   9	
   hours	
   of	
   Ni	
  
exposure;	
   after	
   1d,	
   a	
   2.3-­‐fold	
   increase	
  was	
   detected	
   in	
   the	
   leaves;	
   in	
   the	
   roots	
   the	
  
activity	
  increased	
  slightly	
  to	
  return	
  to	
  the	
  basal	
  value	
  after	
  7d.	
  	
  

Differently,	
   apx	
  activity	
   immediately	
   raised	
  by	
  50-­‐60%	
  after	
  9h	
  with	
   respect	
   to	
   the	
  
control	
   plants	
   (basal	
   activity:	
   108	
   ±	
   10	
   nmol	
   *	
   min-­‐1	
   *	
   mg-­‐1	
   prot);	
   in	
   the	
   leaves,	
  
enzyme	
  rate	
  increased	
  by	
  30-­‐40%	
  with	
  respect	
  to	
  the	
  basal	
  rate	
  (126.92	
  ±	
  2,4	
  nmol	
  *	
  
min-­‐1	
  *	
  mg-­‐1	
  prot)	
  within	
  1d.	
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5.5.2 NADH-­‐GOGAT	
  activity	
  determination	
  
NADH-­‐	
   Glutamine	
   oxoglutarate	
   aminotransferase	
   (NADH-­‐GOGAT-­‐	
   EC	
   1.4.1.14)	
   was	
  
utilized	
  as	
  marker	
  of	
  nitrogen	
  metabolism	
  during	
  Ni++	
  stress	
  (Fig.	
  30).	
  	
  

	
  
Fig.	
   30:	
   The	
   graph	
   shows	
   changes	
   in	
   NADH-­‐GOGAT	
   activity	
   after	
   incubation	
   of	
   barley	
   plants	
  
with	
  1mM	
  Nickel(activity%	
  versus	
  time	
  of	
  incubation	
  with	
  metal	
  

Enzyme	
   rate	
   increased	
   by	
   50%	
  with	
   respect	
   to	
   the	
   initial	
   value	
   (10295	
   ±	
   40	
   nmol	
  
min-­‐1	
   mg-­‐1	
   prot)	
   in	
   barley	
   roots	
   after	
   9h	
   exposure	
   to	
   Ni.	
   After	
   1d,	
   the	
   activity	
  
gradually	
  returned	
  to	
  the	
  initial	
  condition.	
  

In	
  the	
  leaves,	
  activity	
  gradually	
  and	
  continuously	
  increased:	
  after	
  7	
  days	
  the	
  activity	
  
was	
  about	
  80%	
  higher	
  than	
  the	
  basal	
  activity	
  (793	
  ±	
  17.4	
  nmol	
  min-­‐1	
  mg-­‐1	
  prot	
  in	
  the	
  
leaves).	
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5.5.3 Phosphoenolpyruvate	
  Carboxylase	
  Assay	
  
PEPcase	
  (EC	
  4.4.4.31)	
  was	
  utilized	
  as	
  marker	
  of	
  dark	
  CO2	
  fixation	
  metabolism	
  during	
  
Ni++	
  stress	
  (Fig.	
  31).	
  
	
  

	
  
Fig.	
  31:	
  The	
  graph	
  show	
  changes	
  in	
  PEPcase	
  activity	
  after	
  incubation	
  of	
  barley	
  plants	
  with	
  1mM	
  
Nickel	
  (activity	
  as	
  %	
  versus	
  time	
  of	
  incubation)	
  

The	
  basal	
  phosphoenolpyruvate	
  carboxylase	
  activity	
  (PEPcase	
  EC	
  4.4.4.31)	
  (=	
  100%)	
  
was	
  45	
  ±	
  1	
  nmol	
  *	
  min-­‐1	
  *	
  mg-­‐1	
  prot	
  in	
  the	
  roots,	
  and	
  27.7	
  ±	
  1.4	
  nmol	
  *	
  min-­‐1	
  *	
  mg-­‐1	
  
prot	
  in	
  the	
  leaves.	
  
The	
  exposure	
  to	
  Ni++,	
  differently	
  from	
  the	
  other	
  enzymes	
  tested,	
  caused	
  few	
  changes	
  
in	
  PEPcase	
  activity	
  in	
  the	
  roots	
  while	
  a	
  gradual	
  increase	
  was	
  observed	
  in	
  the	
  leaves,	
  
where	
  the	
  final	
  activity	
  was	
  60%	
  higher	
  than	
  in	
  control	
  plants.	
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5.5.4 Fumarase	
  assay	
  
The	
  effects	
  of	
  Ni++	
  on	
  mitochondrial	
  TCA	
  were	
  monitored	
  by	
   fumarase	
  activity	
   (Fig	
  
32).	
  

	
  
Fig.	
  32:	
  The	
  graphs	
  show	
  changes	
  in	
  Fumarase	
  activity	
  after	
  incubation	
  of	
  barley	
  plants	
  with	
  1	
  
mM	
  Nickel	
  (activity	
  as	
  %	
  vs	
  time	
  of	
  incubation	
  with	
  metal)	
  
The	
  effects	
  of	
  Ni++	
  on	
  mitochondrial	
  TCA	
  were	
  monitored	
  by	
  fumarase	
  activity.	
  
Basal	
  activity	
  (=	
  100%)	
  was	
  85	
  ±	
  5.5	
  nmol	
  *	
  min-­‐1	
  *	
  mg-­‐1	
  prot	
  in	
  the	
  roots,	
  and	
  128.5	
  ±	
  
1.5	
  nmol	
  *	
  min-­‐1	
  *	
  mg-­‐1	
  prot	
  in	
  the	
  leaves.	
  
	
  A	
   drastic	
   increase	
   of	
   fumarase	
   activity	
  was	
   especially	
   detected	
   in	
   the	
   roots,	
  where	
  
activity	
   increased	
  by	
  400%	
  just	
  after	
  one	
  day;	
   in	
   the	
   leaves	
  a	
  modest	
  15%	
  increase	
  
was,	
  observed.	
  
	
   	
  



	
   81	
  

5.6 Western	
  Blottings	
  
The	
  possible	
   correlation	
  between	
   variations	
   in	
   enzyme	
   activities	
   and	
   abundance	
   of	
  
the	
  proteins	
  levels	
  was	
  investigated	
  by	
  western	
  blotting	
  analyses	
  on	
  both	
  leaves	
  and	
  
roots	
   of	
   barley	
   plants	
   exposed	
   to	
   1	
   mM	
   Nickel.	
   In	
   order	
   to	
   quantify	
   the	
   results,	
  
reacting	
  bands	
  were	
  measured	
  by	
  densitometric	
  analysis	
  using	
  Quantity	
  one	
  tools.	
  	
  
	
  

5.6.1 Determination	
  of	
  G6PDH	
  levels	
  
	
  

	
  
Fig.	
  33:	
  Western	
  Blotting	
  analyses	
  with	
  antisiera	
  direct	
  against	
  the	
  different	
  G6PDH	
  isoforms	
  in	
  
barley	
  leaves	
  and	
  roots.	
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Fig.	
   34:	
   Densiometric	
   analyses	
   of	
   the	
   resulted	
   bands	
   of	
   the	
   western	
   blotting	
   using	
   antisiera	
  
against	
  the	
  G6PDH	
  isoforms.	
  

Western	
  blottings	
  revealed	
  changes	
  in	
  the	
  occurrence	
  of	
  the	
  three	
  G6PDH	
  isoforms	
  in	
  
both	
  roots	
  and	
  leaves	
  of	
  barley	
  plants	
  exposed	
  to	
  1	
  mM	
  Ni++	
  (Fig.	
  33-­‐34).	
  
In	
  the	
  leaves,	
  P1-­‐G6PDH	
  levels	
  slightly	
  increased	
  in	
  the	
  first	
  24h;	
  similarly,	
  P2-­‐G6PDH	
  
levels	
  increased	
  slowly,	
  but	
  continuously,	
  up	
  to	
  the	
  7th	
  day;	
  in	
  contrast,	
  a	
  rapid	
  35%	
  
increase	
   in	
   Cy-­‐G6PDH	
   occurrence	
   was	
   observed	
   after	
   9h	
   and	
   maintained	
   in	
   the	
  
following	
  period.	
  

In	
  the	
  roots,	
  a	
  prompt	
  increase	
  of	
  cyt-­‐G6PDH	
  was	
  observed	
  after	
  9h,	
  but	
  also	
  rapidly	
  
the	
   levels	
   of	
   the	
   cytosolic	
   isoform	
   returned	
   to	
   the	
   basal	
   levels.	
   As	
   in	
   leaves,	
   a	
  
continuous	
   and	
   constant	
   increase	
  of	
   detectable	
  P2-­‐G6PDH	
  was	
  observed,	
   even	
   if	
   in	
  
the	
  roots	
  its	
  levels	
  slightly	
  declined	
  at	
  7d	
  at	
  80%	
  of	
  the	
  initial	
  values.	
  

5.6.2 Determination	
  of	
  different	
  enzymes	
  levels	
  
Wesyern	
   blottings	
   analyses	
   were	
   utilized	
   to	
   determine	
   the	
   levels	
   of	
   the	
   others	
  
enzymes	
  tested	
  in	
  barley	
  leaves	
  (Fig	
  35-­‐36).	
  	
  
	
  

	
  
	
  
Fig.	
  35:	
  Western	
  Blotting	
  analyses	
  with	
  antisiera	
  direct	
  against	
  the	
  different	
  HSP70	
  isoforms	
  (A)	
  
and	
  against	
  PEPcase	
  (B)	
  in	
  barley	
  leaves.	
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Fig.	
   36:	
   Densiometric	
   analyses	
   of	
   the	
   resulted	
   bands	
   of	
   the	
   western	
   blotting	
   using	
   antisiera	
  
against	
  the	
  HSP70	
  isoforms	
  and	
  against	
  PEPcase.	
  

	
  

Due	
   to	
   the	
   availability	
   of	
   antisera	
   discriminating	
   the	
   different	
   Hsp70	
   isoforms,	
  
western	
   blottings	
   were	
   made	
   in	
   order	
   to	
   investigate	
   the	
   possible	
   changes	
   in	
   the	
  
different	
  HSP70	
  isoforms	
  in	
  barley	
  leaves	
  extracts	
  exposed	
  to	
  1	
  mM	
  Ni++.	
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The	
   cytosolic	
   isoform	
   was	
   the	
   HSP70	
   most	
   affected	
   by	
   the	
   metal:	
   a	
   prompt	
   35%	
  
increase	
  of	
   cytHSP70	
  band	
  was	
  observed	
   in	
  Ni-­‐exposed	
  plants	
  after	
  9h.	
   In	
  contrast,	
  
only	
   slight	
   increases,	
   less	
   than	
   15%,	
   were	
   observed	
   in	
   both	
   mithocondrial	
   and	
  
chloroplastic	
  HSP70	
  isoforms	
  in	
  the	
  first	
  24h.	
  

Differently,	
  PEPcase	
  levels	
  remained	
  unchanged	
  upon	
  Ni	
  exposure,	
  increasing	
  by	
  40%	
  
only	
  after	
  7	
  days	
  of	
  treatment.	
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5.7 qRT-­‐PCR	
  
	
  The	
   changes	
   observed	
   in	
   acivities	
   of	
   different	
   enzymes,	
   and	
   in	
   the	
   occurrence	
   of	
  
proteins,	
   strongly	
   suggest	
   possible	
   variations	
   in	
   the	
   expression	
   of	
   relative	
   genes.	
  
Therefore,	
   qRT-­‐PCR	
   analyses	
   were	
   done	
   using	
   specific	
   primers	
   fordifferent	
   genes	
  
(expressed	
  as	
  fold-­‐change	
  with	
  respect	
  to	
  control)	
   in	
  the	
   leaves	
  of	
  Hordeum	
  vulgare	
  
plants	
  exposed	
  to	
  1	
  mM	
  Ni++	
  for	
  7	
  days	
  (Fig.	
  37).	
  

	
  

	
  
Fig.	
  37:	
  qRT-­‐PCR	
  of	
  differents	
  Hordeum	
  vulgare	
  genes	
  after	
  exposition	
  to	
  1mM	
  Nickel.	
  

	
  

The	
  expression	
  of	
  Cy-­‐G6PDH	
  increased	
  2-­‐fold	
  after	
  1d	
  after	
  Ni++	
  exposure,	
  and	
  up	
  to	
  
3-­‐fold	
  after	
  7d.	
  A	
  similar	
  behaviour	
  was	
  observed	
  for	
  P2-­‐G6PDH	
  also.	
  
Interestingly,	
   P0-­‐G6PDH	
   slowly	
   increased	
   in	
   the	
   first	
   part	
   of	
   the	
   experiment,	
  while	
  
after	
  7d	
  a	
  massive	
  5-­‐fold	
  increase	
  in	
  the	
  expression	
  of	
  this	
  gene	
  was	
  observed.	
  	
  
Regarding	
  others	
  genes	
  tested,	
  a	
  general	
  increase	
  was	
  observed	
  in	
  both	
  APX	
  (2-­‐fold)	
  
and	
   catalase	
   (3-­‐fold);	
   intriguingly,	
   HSP70	
   genes	
   increased	
   more	
   than	
   5-­‐fold,	
  
indicating	
  a	
  prompt	
  response	
  to	
  stress	
  by	
  the	
  plant	
  cell	
  (Fig.	
  37).	
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5.8 RAPD	
  analyses	
  
RAPD	
   analyses	
  were	
  made	
   to	
   determine	
   if	
   the	
   presence	
   of	
  Ni++	
  was	
   able	
   to	
   induce	
  
genotossic	
  damage	
  by	
  breakages	
  in	
  the	
  DNA.	
  
	
  

	
  
Fig.	
  38:	
  Agarose	
  gel	
  of	
  the	
  RAPD	
  analyses	
  of	
  the	
  control	
  and	
  treated	
  DNA	
  plants.	
  

	
  

Among	
  11	
  primers	
  pairs	
  tested,	
  only	
  one	
  pair,	
  p8,	
  revealed	
  the	
  presence	
  of	
  a	
  different	
  
amplification	
  pattern	
  with	
  respect	
  the	
  control	
  plants	
  (Fig.	
  38).	
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5.9 Comet	
  assay	
  
Comet	
  Assay	
  analyses	
  were	
  also	
  made	
  to	
  verify	
  the	
  presence	
  of	
  point	
  mutations	
  in	
  the	
  
DNA	
  of	
  the	
  treated	
  plants.	
  	
  
Observations	
   were	
   made	
   on	
   leaves	
   and	
   roots:	
   comets	
   obtained	
   (Fig.	
   39)	
   were	
  
analyzed	
  by	
  ImageJ,	
  and	
  Open	
  Comet	
  software	
  to	
  determine	
  %	
  DNA	
  in	
  comet	
  heads	
  
and	
  %DNA	
   in	
   comet	
   tails,	
   and	
   to	
   calculate	
   their	
   incidence	
   in	
   the	
  population	
   (Table	
  
12).	
  
	
  
	
  

	
  
Fig.	
  39:	
  Comet	
  obtained	
  after	
  tratment	
  with	
  1mM	
  Nickel	
  

	
  

	
  

	
   %	
  Head	
  DNA	
   %	
  Tail	
  DNA	
   %	
  Comets	
  on	
  total	
  
nuclei	
  

Roots	
   72%	
   28%	
   9%	
  

Leaves	
   87%	
   13%	
   7%	
  

	
  

Table	
  12:	
  %DNA	
  obtained	
  with	
  Open	
  Comet	
  software	
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5.10 Analyses	
  of	
  the	
  growth	
  factor	
  
The	
  impact	
  of	
  Ni++	
  was	
  tested	
  by	
  monitoring	
  different	
  parameters	
  as	
  water	
  content,	
  
growth	
  variation,	
  and	
  pigments	
  content	
  (chlorophyll-­‐a,	
  chlorophyll-­‐b,	
  carotenoids).	
  	
  

5.11 Growth	
  variation	
  

The	
  measure	
  was	
  obtained	
  considering	
  the	
  weight	
  of	
  the	
  total	
  plant	
  and	
  considering	
  
separately	
  the	
  different	
  part	
  of	
  the	
  plant	
  (roots,	
  leaves).	
  

	
  

	
  
Fig.	
  40:	
  Variation	
  of	
  growth,	
  and	
  growth	
  inhibition	
  with	
  1mM	
  Nickel	
  

	
  

Figure	
  40	
   suggests	
   that	
   the	
  presence	
  of	
  Ni++	
  was	
   able	
   to	
   induce	
   a	
   slowdown	
   in	
   the	
  
growth	
  of	
  treated	
  plants.	
  After	
  1d,	
  the	
  growth	
  was	
  6%	
  slower	
  than	
  in	
  control	
  plants,	
  
and	
  this	
  decrease	
  increased	
  up	
  to	
  less	
  17%	
  after	
  7d	
  of	
  Ni++	
  exposure,	
  compared	
  to	
  the	
  
control	
  plants.	
  Particularly	
  most	
  of	
   the	
   inhibition	
  was	
  observed	
   in	
   the	
   roots,	
  where	
  
Ni++	
  induced	
  80%	
  of	
  the	
  total	
  inhibition.	
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5.12 Water	
  content	
  
Water	
   content	
   (WC)	
   and	
   relative	
  water	
   content	
   (RWC)	
  were	
  measured	
   at	
   different	
  
times	
  after	
  Ni	
  treatment.	
  The	
  content	
  was	
  quantified	
  by	
  calculating	
  the	
  ratio	
  between	
  
the	
  weights	
  of	
  treated	
  plants	
  to	
  their	
  fully	
  hydrated,	
  turgid	
  state.	
  

	
  

	
  
Fig.	
  41:	
  Variation	
  of	
  WC	
  and	
  RWC	
  in	
  control	
  plant	
  and	
  treated	
  plant	
  with	
  1mM	
  Nickel	
  

	
  

A	
  big	
  difference	
  between	
  WC	
  and	
  RWC	
  was	
  observed	
   (Fig.	
   41),	
   suggesting	
   that	
   the	
  
water	
  content	
  was	
  different	
  if	
  the	
  weight	
  of	
  the	
  plant	
  is	
  compared,	
  or	
  not,	
  to	
  its	
  turgid	
  
weight.	
  The	
  graph	
  showed	
  no	
  apparent	
  differences	
  in	
  RWC,	
  while	
  an	
  increase	
  of	
  the	
  
percentage	
   of	
  WC	
  was	
   observed	
   in	
   treated	
   plants.	
   These	
   results	
  may	
   indicate	
   that	
  
Nickel	
  did	
  not	
  induce	
  changes	
  in	
  plants	
  turgid	
  state	
  (%	
  RWC	
  did	
  not	
  change),	
  and	
  so	
  
in	
  their	
  hydration	
  state	
  but	
  just	
  in	
  the	
  capability	
  to	
  absorbing	
  more	
  water.	
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5.13 Pigments	
  content	
  
Analyses	
  of	
  the	
  pigments	
  content	
  were	
  performed	
  after	
  exposure	
  of	
  barley	
  plants	
  to	
  1	
  
mM	
  Ni++.	
  
Under	
   HMs	
   stress,	
   sensible	
   changes	
   in	
   photosynthetic	
   pigments	
   are	
   able	
   to	
   cause	
  
major	
  changes	
  in	
  both	
  quantity	
  and	
  quality	
  of	
  the	
  chloroplasts	
  ETC.	
  	
  
	
  

	
  
Fig.	
  42:	
  The	
  graphs	
  show	
  the	
  variations	
  of	
  photosynthetic	
  pigments	
  levels.	
  

	
  
Ni	
  exposure	
  induced	
  variations	
  in	
  the	
  levels	
  of	
  different	
  photosynthetic	
  pigments:	
  chl-­‐
a,	
  chl-­‐b	
  and	
  carotenoids	
  reached	
  the	
  highest	
  values	
  after	
  9h	
  of	
  treatment	
  (Fig.	
  42).	
  	
  
Carotenoids	
  increased	
  by	
  50%	
  after	
  9h,	
  while	
  chl	
  a	
  and	
  chl	
  b	
  raised	
  their	
  levels	
  by	
  40	
  
and	
  30%,	
  respectively.	
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5.14 RNA	
  extraction	
  and	
  Gradient-­‐PCR	
  
Total	
   RNA	
  was	
   extracted	
   from	
   young	
   barley	
   plants	
   treated	
   in	
   optimal	
   condition	
   in	
  
order	
   to	
   obtain	
   the	
   different	
   constructs	
   necessary	
   to	
   determine	
   the	
   subcellular	
  
localisation	
  of	
  P2-­‐G6PDH	
  and	
  P0-­‐G6DPH.	
  	
  

RNA	
  was	
   retrotrascribed	
   to	
   cDNA	
  and	
  a	
  Gradient-­‐PCR	
  was	
  performed	
  with	
   specific	
  
primers	
   to	
   obtain	
   the	
   correct	
   sequences.	
   Samples	
   were	
   loaded	
   on	
   1%	
   agarose	
   gel	
  
revealing	
  the	
  correct	
  amplification	
  of	
  the	
  sequences	
  (Fig.	
  43),	
  

These	
  sequences	
  were	
  purified	
  from	
  the	
  gel	
  and	
  ligated	
  in	
  pBSK	
  vector.	
  	
  

	
  
Fig.	
  43:	
  1%	
  agarose	
  gel	
  of	
  samples	
  obtained	
  from	
  the	
  gradient	
  PCR	
  	
  

The	
  ligation	
  mix	
  were	
  utilized	
  to	
  transform	
  competents	
  cells	
  of	
  E.	
  coli	
  strain	
  XL1-­‐blu.	
  
Vectors	
  were	
  purified	
  by	
  miniprep	
  from	
  these	
  colonies,	
  digested	
  and	
  tested	
  to	
  verify	
  
the	
   correct	
   insertion	
  of	
  P2-­‐G6PDH	
  and	
  P0-­‐G6PDH	
  sequences	
   into	
  pBSK	
  vector	
   (Fig.	
  
44)	
  

Vectors	
   revealing	
   the	
   correct	
   right	
   insertion	
   of	
   the	
   sequences	
   into	
   pBSK,	
   were	
  
sequenced	
  for	
  a	
  final	
  check.	
  

	
  
Fig.	
  44:	
  1%	
  agarose	
  gel	
  of	
  samples	
  obtained	
  from	
  digestion	
  after	
  miniprep	
  purification.	
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5.15 Cloning	
  of	
  Hv-­‐G6PD2;	
  Hv-­‐G6PD0	
  (behind	
  reporter)	
  
To	
  obtain	
  all	
  the	
  different	
  reporters	
  fusion	
  proteins,	
  the	
  pBSK	
  vectors	
  containing	
  the	
  
sequences	
   for	
   P0-­‐G6PDH	
   and	
   P2-­‐G6PDH	
   were	
   utilized	
   to	
   get	
   amplification	
   of	
  
fragments	
  to	
  insert	
  in	
  pGFP_NX	
  vectors	
  behind	
  the	
  reporter	
  (GFP)	
  (Fig.	
  45).	
  

	
  

	
   	
  
Fig.	
  45:	
  1%	
  agarose	
  gel	
  of	
  the	
  products	
  obtained	
  from	
  the	
  PCR	
  on	
  pBSK+P2	
  and	
  pBSK+P0.	
  

	
  

Bands	
  obtained	
  were	
  purified	
  from	
  the	
  gels,	
  and	
  the	
  products	
  inserted	
  into	
  pGFP_NX.	
  
Again,	
   transformation	
   of	
   competent	
   E.	
   coli,	
   miniprep	
   and	
   digestion	
   tests	
   were	
  
performed,	
  in	
  order	
  to	
  check	
  the	
  correct	
  insertion	
  into	
  the	
  vector	
  (Fig.	
  46).	
  

	
  

	
  
Fig.	
  46:	
  1%	
  agarose	
  gel	
  of	
  the	
  samples	
  pGFP_NX+P2	
  mature	
  and	
  full	
  lenght	
  after	
  digestion.	
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5.16 Cloning	
  of	
  Hv-­‐G6PD2;	
  Hv-­‐G6PD0	
  (in	
  front	
  of	
  the	
  reporter)	
  
The	
   cloning	
   of	
   the	
   G6PDH	
   sequences	
   “in	
   front”	
   of	
   GFP/OFP	
   required	
   a	
   different	
  
strategy:	
  the	
  protocol	
  consisted	
  in	
  the	
  digestion	
  of	
  pBSK+P2	
  and	
  pBSK+P0	
  vectors	
  in	
  
order	
   to	
   cut	
  out	
   the	
   specific	
   fragments	
   to	
   insert	
   into	
  pGFP_NX/pOFP_NX	
   in	
   front	
  of	
  
the	
  reporter	
  (GFP-­‐OFP)	
  (Fig.	
  47)	
  
	
  

	
  
Fig.	
  47:	
  1%	
  agarose	
  gel	
  of	
  the	
  samples	
  obtained	
  from	
  the	
  digestion	
  of	
  pBSK+P2/P0.	
  

	
  

The	
   bands	
   obtained	
   were	
   purified	
   from	
   1%	
   agarose	
   gels,	
   and	
   subcloned	
   in	
   the	
  
reporter	
   vectors.	
   As	
   standard	
   procedure,	
   the	
   ligation	
   mixture	
   was	
   utilized	
   to	
  
transform	
  E.	
  coli	
   and	
   the	
   vectors	
  obtained	
  after	
  miniprep	
  were	
  digested	
   and	
   tested	
  
(Fig.	
  48).	
  The	
  correct	
  vectors	
  were	
  utilized	
  to	
  investigate	
  the	
  subcellular	
  localization	
  
of	
  P2-­‐G6PDH	
  and	
  P0-­‐G6PDH	
  in	
  Arabidopsis	
  protoplasts.	
  	
  

	
  

	
  
Fig.	
  48:	
  Digestion	
  of	
  the	
  vectors	
  obtained	
  from	
  the	
  miniprep	
  after	
  transformation	
  of	
  E.coli.	
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5.17 Arabidopsis	
  thaliana	
  growing	
  and	
  protoplast	
  extraction	
  and	
  
transfection	
  

Seeds	
   of	
   Arabidopsis	
   thaliana	
   were	
   germinated	
   on	
   sterile	
   MS	
   medium	
   with	
   a	
  
photoperiod	
  of	
  16	
  hours.	
  When	
  rosettes	
  were	
  visible,	
  plantlets	
  were	
  transferred	
  in	
  
a	
   sterile	
   box	
   until	
   protoplast	
   extraction.	
  Arabidopsis	
  protoplast	
   were	
   transfected	
  
with	
   the	
   different	
   reporter	
   vectors	
   in	
   order	
   to	
   determine	
   the	
   subcellular	
   G6PDH	
  
localization.	
  Here	
  follow	
  the	
  results	
  of	
  these	
  experiments:	
  

	
  

• P2-­‐GFP	
  +	
  OFP-­‐Lac50	
  &	
  P2-­‐OFP	
  +	
  GFP-­‐Lac50:	
  HvP2-­‐G6PDH	
  with	
  GFP	
  (or	
  OFP)	
  
fused	
   to	
   the	
   C-­‐terminal	
   end,	
   is	
   targeted	
   to	
   chloroplasts	
   of	
   cells	
   isolated	
   from	
  
sugar	
  grown	
  plants	
  (Fig.	
  49).	
  

	
   	
  
Fig.	
  49:	
  P2-­‐GFP	
  and	
  P2-­‐OFP	
  in	
  Arabidopsis	
  protoplasts	
  

• GFP-­‐P2	
   +	
   OFP-­‐Lac50:	
   HvP2-­‐G6PDH	
  with	
   GFP	
   fused	
   to	
   the	
   N-­‐terminal	
   end,	
  
retaining	
   the	
   transit	
   peptide,	
   partially	
   co-­‐localized	
   with	
   the	
   peroxisome	
  
marker	
  (Fig.	
  50).	
  

	
   	
  
Fig.	
  50:	
  GFP-­‐P2+OFP-­‐Lac50	
  in	
  Arabidopsis	
  protoplasts	
  

	
  

• GFP-­‐P2mat	
   +	
  OFP-­‐Lac50:	
   Interestingly,	
  HvP2-­‐G6PDH	
  with	
  GFP	
   fused	
   to	
   the	
  
N-­‐terminal	
   end,	
   without	
   the	
   transit	
   peptide	
   (“mature”	
   HvP2-­‐G6PDH),	
   was	
  
localized	
  in	
  the	
  cytoplasm	
  (Fig.	
  51).	
  

	
   	
  
Fig.	
  51:	
  GFP-­‐P2	
  mature	
  +OFP-­‐Lac50	
  in	
  Arabidopsis	
  protoplasts	
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• P0-­‐GFP	
  +	
  OFP-­‐Lac50:	
  HvP0-­‐G6PDH	
  with	
  GFP	
  fused	
  to	
  the	
  C-­‐terminal	
  end	
  was	
  
targeted	
  to	
  chloroplasts	
  (Fig.	
  52).	
  
	
  

	
  
Fig.	
  52:	
  P0-­‐GFP+OFP-­‐Lac50	
  in	
  Arabidopsis	
  protoplasts	
  

	
  
• GFP-­‐P0	
   +	
   OFP-­‐Lac50:	
   In	
   contrast,	
   HvP0-­‐G6PDH	
   with	
   GFP	
   fused	
   to	
   the	
   N-­‐

terminal	
  end	
  remained	
  in	
  the	
  cytosol	
  (Fig.	
  53)	
  

	
  

	
  
Fig.	
  53:	
  GFP-­‐P0+OFP-­‐Lac50	
  in	
  Arabidopsis	
  protoplasts	
  

	
  

• GFP-­‐P0mat	
   +	
   OFP-­‐Lac50:	
   Mature	
   (devoid	
   of	
   the	
   transit	
   peptide)	
   HvP0-­‐
G6PDH	
  with	
  GFP	
  fused	
  to	
  the	
  N-­‐terminal	
  end,	
  remained	
  in	
  the	
  cytosol	
  as	
  well	
  
(Fig.	
  54)	
  

	
   	
  
Fig.	
  54:	
  GFP-­‐P0	
  mature	
  +OFP-­‐Lac50	
  in	
  Arabidopsis	
  protoplasts	
  

	
  
	
  

The protein is targeted to 
chloroplasts 
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5.18 Protoplast	
  co-­‐transfection	
  
The	
   same	
   constructs	
   were	
   utilized	
   also	
   to	
   analyse	
   the	
   sublocalization	
   after	
   co-­‐
transfection	
   and	
   so	
   to	
   determine	
   if	
   the	
   presence	
   of	
   the	
   P0-­‐G6PDH	
   was	
   able	
   to	
  
determine	
  variation	
  in	
  P2-­‐G6PDH	
  localization.	
  
	
  

• P2-­‐OFP	
  +	
  P0-­‐GFP:	
  Both	
  HvP2-­‐G6PDH	
  with	
  OFP	
  fused	
  to	
  the	
  C-­‐terminal,	
  and	
  
HvP0-­‐G6PDH	
  with	
  GFP	
  fused	
  to	
  the	
  C-­‐terminal	
  end,	
  localized	
  in	
  the	
  chloroplast	
  
stroma	
  (Fig.	
  55).	
  

	
  
Fig.	
  55:	
  cotransfection	
  P2-­‐GFP	
  +	
  P0-­‐GFP	
  in	
  Arabidopsis	
  protoplasts	
  

	
  

• P2-­‐OFP	
  +	
  GFP-­‐P0:	
  HvP2-­‐G6PDH	
  with	
  OFP	
  fused	
  to	
  the	
  C-­‐terminal	
  localized	
  in	
  
the	
   chloroplasts,	
   and	
   HvP0-­‐G6PDH	
   with	
   GFP	
   fused	
   to	
   the	
   N-­‐terminal	
   end	
  
localized	
  in	
  the	
  cytosol,	
  as	
  they	
  did	
  in	
  the	
  single	
  transfection	
  experiments	
  (Fig.	
  
56).	
  

	
  
	
  

Fig.	
  56:	
  cotransfection	
  P2-­‐GFP	
  +	
  GFP-­‐P0	
  in	
  Arabidopsis	
  protoplasts	
  

	
   	
  

Both proteins 
localize in the 

chloroplast stroma 

Hv_P0& GFP&
Hv_P2& OFP&

GFP&&&&&&&&&&&&&&&&&&&OFP&&&&&&&&&&&&Chlorophyll&&&&&&&&Merge&&&&&&&&&&&&&&Brigh7ield&&&&&(Arabidopsis&protoplast)&

P2 localizes in 
chloroplasts and 
P0 in the cytosol 

Hv_P0&GFP&
Hv_P2& OFP&

GFP&&&&&&&&&&&&&&&&&&&OFP&&&&&&&&&&&&Chlorophyll&&&&&&&&Merge&&&&&&&&&&&&&&Brigh7ield&&&&&(Arabidopsis&protoplast)&



	
   98	
  

5.19 Binary	
  vectors	
  
To	
   obtain	
   the	
   binary	
   vectors	
   for	
   the	
   agro-­‐infiltration	
   of	
  N.	
   bentamiana	
   leaves,	
   the	
  
reporter	
   fusion	
   plasmids	
   containing	
   P2-­‐G6PDH	
   and	
   P0-­‐G6PDH	
   were	
   digested	
   by	
  
specific	
   enzymes	
   to	
   obtain	
   fragments	
   constituted	
   by	
   GFP/OFP	
   +	
   P2-­‐G6PDH/P0-­‐
G6PDH.	
   These	
   fragments	
   could	
   be	
   inserted	
   directly	
   into	
   the	
   pGPTVII-­‐GFP-­‐HYG	
  
vectors.	
  

To	
  this	
  aim,	
  pGFP_NX	
  (pOFP_NX)	
  plus	
  P2-­‐G6PDH	
  were	
  digested	
  with	
  XbaI	
  and	
  EcoRI;	
  
while	
  the	
  pGFP_NX	
  plus	
  P0-­‐G6PDH	
  were	
  digested	
  with	
  HindIII	
  and	
  EcoRI.	
  	
  
The	
   fragments	
   were	
   purified	
   and	
   ligated	
   into	
   the	
   pGPTVII-­‐GFP-­‐HYG	
   vectors	
   and	
  
utilyzed	
   to	
   transform	
   E.coli	
   XL10.	
   In	
   order	
   to	
   check	
   the	
   correct	
   insertion	
   of	
   the	
  
sequences,	
   PCR	
  with	
   p35S	
   promoter	
   primers,	
   and	
   pNosT	
   terminator	
   primers	
  were	
  
done	
  on	
  the	
  vectors	
  after	
  isolation	
  from	
  transformed	
  E.coli	
  XL10	
  colonies	
  (Fig.	
  57).	
  

	
  

	
  
Fig.	
  57:	
  1%	
  agarose	
  gel	
  of	
  the	
  products	
  obtained	
  from	
  PCR	
  with	
  p35S	
  primer	
  and	
  pNosT	
  primer.	
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5.20 Agro-­‐infitration	
  
The	
   vectors	
   were	
   utilised	
   for	
   the	
  Agrobacteria	
   transformation	
   and	
   the	
   subsequent	
  
Agro-­‐infiltration	
  of	
  N.bentamiana	
  leaves.	
  	
  
After	
  the	
  agro-­‐infiltration,	
  plants	
  were	
  grown	
  for	
  two	
  days	
  under	
  optimal	
  conditions	
  
and	
  then	
  leaf	
  slices	
  were	
  utilized	
  for	
  CLSM	
  analyses.	
  	
  
	
  

• P2-­‐GFP	
   &	
   P2-­‐OFP:	
   HvP2-­‐G6PDH	
   with	
   OFP	
   or	
   GFP	
   fused	
   to	
   the	
   C-­‐terminal	
  
localized	
  in	
  the	
  plastids	
  of	
  epidermal,	
  heterotrophic	
  cells	
  (Fig.	
  58).	
  

	
  
Fig.	
  58:	
  P2-­‐GFP	
  in	
  N.	
  benthamiana	
  leaves	
  epidermal	
  layer	
  

	
  

• P2-­‐GFP:	
   In	
  contrast,	
  HvP2-­‐G6PDH	
  with	
  GFP	
  fused	
  to	
  the	
  C-­‐terminal	
  localized	
  
in	
  the	
  cytosol	
  of	
  mesophyll,	
  photoautotrophic	
  cells	
  (Fig.	
  59).	
  

	
  
Fig.	
  59:	
  P2-­‐GFP	
  in	
  N.	
  benthamiana	
  leaves	
  mesophill	
  layer	
  

	
  

GFP-­‐P2mat	
  +	
  OFP-­‐Lac50:	
  HvP2-­‐G6PDH	
  with	
  GFP	
  fused	
  to	
  the	
  N-­‐terminal	
  end,	
  
without	
   the	
   transit	
   peptide	
   (“mature”	
   HvP2-­‐G6PDH),	
   was	
   localized	
   in	
   the	
  
cytosol	
   of	
   epidermal,	
   heterotrophic	
   cells.	
   The	
   OFP-­‐Lac50	
   construct	
   clearly	
  
indicated	
  that	
  “mature”	
  HvP2-­‐G6PDH	
  was	
  not	
  directed	
  into	
  peroxisomes	
  (Fig.	
  
60).	
  

!!!!!!!!!!!!!GFP!!!!!!!!!!!!!!!!!!OFP!!!!!!!!!!!!!Chlorophill!!!!!!Merge!!!!!!!!!!Brigh1ield!!!!!!Brigh1ield!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!+Merge!
!

Hv_P2! GFP!

EPIDERMAL!LAYER!

P2#GFP&&&P2#OFP&
LocalizaBon:!plasBds!
of!heterotrophic!cells!

!!!!!!!!!!!!!GFP!!!!!!!!!!!!!!!!!!OFP!!!!!!!!!!!!!Chlorophyll!!!!!!Merge!!!!!!!!!!Brigh2ield!!!!!!Brigh2ield!
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Fig.	
  60:	
  GFP-­‐P2	
  mature	
  in	
  N.	
  benthamiana	
  leaves	
  	
  

	
  

• GFP-­‐P2	
  +	
  OFP-­‐Lac50:	
   Intriguingly,	
  a	
  partial	
  co-­‐localization	
  with	
  peroxisomal	
  
marker	
  was	
  observed	
  for	
  HvP2-­‐G6PDH	
  with	
  GFP	
  fused	
  to	
  the	
  N-­‐terminal	
  end,	
  
retaining	
  the	
  transit	
  peptide	
  (HvP2-­‐G6PDH)	
  (Fig.	
  61).	
  

	
  
Fig.	
  61:	
  GFP-­‐P2	
  in	
  N.	
  benthamiana	
  leaves	
  	
  

	
  

• GFP-­‐P0	
   +	
   OFP-­‐Lac50:	
   HvP0-­‐G6PDH	
  with	
   GFP	
   fused	
   to	
   the	
   N-­‐terminal	
   end,	
  
localized	
  in	
  the	
  cytosol	
  of	
  mesophyll,	
  photosynthetic	
  cells	
  (Fig.	
  62)	
  

	
  

	
  
Fig	
  62:	
  GFP-­‐P0	
  in	
  N.	
  benthamiana	
  leaves	
  	
  

	
  

• GFP-­‐P0	
   +	
   P2-­‐OFP:	
   HvP0-­‐G6PDH	
   with	
   GFP	
   fused	
   to	
   the	
   N-­‐terminal	
   end	
  
localized	
   in	
   the	
   cytosol	
   of	
  mesophyll,	
   photosintetic	
   cells,	
  while	
  HvP2-­‐G6PDH	
  
with	
   OFP	
   fused	
   to	
   the	
   C-­‐terminal	
   localized	
   in	
   the	
   plastids	
   of	
   etherotrophic	
  
cells,	
  chloroplasts	
  of	
  mesophylls	
  cells	
  and	
  in	
  peroxisomes	
  (Fig.	
  63)	
  

	
  
Fig.	
  63:	
  GFP-­‐P0	
  +	
  P2-­‐GFP	
  in	
  N.	
  benthamiana	
  leaves	
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6 Discussion	
  
The	
   recombinant	
   plastidic	
   isoform	
   P2-­‐G6PDH	
   from	
   Populus	
   trichocarpa	
   was	
  
overexpressed	
   and	
   produced	
   in	
   E.coli,	
   and	
   purified	
   homogeneity	
   by	
   IMAC.	
   The	
  
purified	
  wt,	
  his	
  tagged	
  enzyme	
  had	
  a	
  specific	
  activity	
  of	
  8000	
  U/mg	
  protein.	
  
The	
  kinetic	
  properties	
  of	
  PtP2-­‐G6PDH	
  resembled	
  those	
  observed	
  for	
  the	
  recombinant	
  
isoform	
  in	
  potato	
  (Wendt	
  et	
  al	
  2000),	
  P2-­‐G6PDH	
  purified	
  from	
  barley	
  roots	
  (Esposito	
  
et	
  al	
  2001a);	
  and	
  recombinant	
  barley	
  P2-­‐G6PDH,	
  with	
  and	
  without	
  the	
  his-­‐tag	
  (Cardi	
  
et	
  al.,	
  2013).	
  At	
  this	
  regard,	
  it	
  should	
  be	
  underlined	
  that	
  the	
  his-­‐tail	
  did	
  not	
  affect	
  the	
  
main	
   kinetic	
   properties	
   of	
   this	
   enzyme,	
   as	
   previously	
   demonstrated	
   for	
   barley	
   P2-­‐
G6PDH	
  (Cardi	
  et	
  al.,	
  2013).	
  
Our	
   results	
   suggest	
   that	
   Cu+2	
  was	
   the	
  most	
   powerful	
   inhibitor	
   of	
   P2-­‐G6PDH	
   in	
   the	
  
long-­‐term:	
  the	
  inhibition	
  potentials	
  could	
  described	
  by	
  the	
  following	
  sequence:	
  Cu++	
  >	
  
Zn++	
  >	
  Cd++	
  >	
  	
  Ni++	
  >	
  Pb++.	
  
This	
   sequence	
   is	
   similar	
   to	
   the	
   sequence	
   obtained	
   by	
   thermodinamics	
   experiments	
  
reviewed	
   by	
   Dudev	
   and	
   Lim	
   (2014),	
   and	
   previous	
   results	
   on based	
   on	
   carbonic	
  
anhydrase	
  II	
  (Zn-­‐protein)	
  which	
  showed,	
  the	
  metal	
  ion	
  affinities	
  increase	
  in	
  the	
  order	
  
Mn++<	
  Co++	
  <	
  Ni++	
  <	
  Zn++	
  <	
  Cu++	
  (McCall	
  and	
  Fierke,	
  2004).	
  
Moreover	
   many	
   enzymatic	
   activities	
   require	
   Mg++	
   for	
   activation	
   and	
   stability	
  
(Christensen	
   et	
   al	
   2005),	
   and	
  G6PDH	
  has	
  been	
  widely	
   known	
  as	
   stabilised	
  by	
  Mg++	
  
(Esposito	
  et	
  al.	
  2001)	
  for	
  this	
  reason	
  the	
  recombinant	
  enzyme	
  for	
  P.trichocarpa	
  was	
  
desalted	
  in	
  order	
  to	
  eliminate	
  all	
  Mg++	
  present.	
  Effectively,	
   this	
  desalted	
  preparation	
  
showed	
   a	
   null	
   activity	
   in	
   the	
   presence	
   of	
   NADP+	
   and	
   G6P,	
   and	
   the	
   activity	
   can	
   be	
  
observed	
  only	
  when	
  Mg++	
  was	
  added,	
  resulting	
  in	
  a	
  Km	
  Mg++	
  of	
  90	
  μM.	
  Under	
  standard	
  
assay	
   conditions,	
   Mg++	
   is	
   in	
   a	
   large	
   excess	
   (5	
   mM,	
   about	
   55-­‐fold	
   Km	
   value),	
   and	
  
exceeds	
   of	
   about	
   30-­‐fold	
  NADP+	
   concentration;	
   thus	
   it	
   is	
   expected	
   that	
  magnesium	
  
should	
  stabilize	
  both	
  NADP+	
  and	
  NADPH,	
  allowing	
  both	
  the	
  free	
  access	
  to	
  the	
  active	
  
site,	
   and	
   the	
   release	
   of	
   the	
   reduced	
   cofactor.	
   Basically,	
   the	
   reactions	
   utilising	
   di-­‐
nucleotides	
  phosphates	
  -­‐	
  such	
  as	
  NAD+	
  and	
  NADP+	
  -­‐	
  are	
  stabilised	
  by	
  Mg++,	
  due	
  to	
  the	
  
effects	
   on	
   the	
   ADP	
   that	
   is	
   half	
   of	
   these	
   molecules,	
   which	
   are	
   facilitated	
   in	
   their	
  
access/release	
  from	
  enzyme	
  active	
  site.	
  Theorically,	
  it	
  can	
  be	
  supposed	
  that	
  a	
  lack	
  of	
  
Mg++	
  could	
  results	
  in	
  a	
  subtraction	
  of	
  available	
  NADP+	
  for	
  the	
  reaction.	
  
A	
  further	
  point	
  is	
  given	
  by	
  [NADP+],	
  largely	
  exceeding	
  the	
  KmNADP+	
  (at	
  least	
  10	
  fold);	
  
in	
   this	
  case,	
   it	
  can	
  be	
  supposed	
  that	
  under	
  the	
  standard	
  activity	
  assay	
  the	
  substrate	
  
NADP+	
  never	
  limits	
  enzymatic	
  reation.	
  
On	
   the	
  other	
  hand,	
   the	
   large	
   excess	
  of	
  Mg	
  vs	
  NADP+,	
   and	
   the	
  high	
   concentration	
  of	
  
free,	
   available	
   Mg++	
   (which	
   can	
   be	
   considered	
   constant),	
   seem	
   not	
   to	
   exclude	
   a	
  
possible	
   competition	
   of	
   divalent	
   cations	
   utilised	
   in	
   this	
   study	
   vs	
   Mg++,	
   causing	
   the	
  
observed	
  inhibition.	
  	
  
Due	
  to	
  the	
  inhibition	
  observed	
  under	
  standard	
  conditions	
  by	
  HMs,	
  it	
  could	
  be	
  asked	
  if	
  
specific	
  metals	
  could	
  interfere	
  with	
  Mg++	
  docking,	
  and	
  thus	
  NADP+	
  binding.	
  	
  
So	
   it	
   should	
   be	
   argued	
   how	
  G6PDH	
   is	
   affected	
   by	
   the	
   presence	
   of	
  HMs	
   under	
   sub-­‐
optimal	
  Mg++	
  levels.	
  	
  
The	
   sequence	
   of	
   binding	
   of	
   the	
   cofactors	
   and	
   substrates	
   to	
   plant	
   G6PDHs,	
   as	
  
established	
   previously	
   (Cardi	
   et	
   al	
   2013;	
   Castiglia	
   et	
   al	
   2015),	
   follows	
   a	
   sequential	
  
mechanism	
  in	
  which	
  the	
  substrate	
  G6P	
  and	
  the	
  cofactor	
  NADP+	
  can	
  bind	
  indifferently	
  
as	
  first	
  in	
  the	
  active	
  site.	
  
To	
  determine	
   if	
   this	
   inhibition	
  by	
  HM	
   is	
  caused	
  by	
   the	
  competition	
  between	
  metals	
  
and	
  the	
  essential	
  Mg++,	
  inhibition	
  activity	
  experiments	
  at	
  different	
  levels	
  of	
  Mg++	
  were	
  
performed.	
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The	
  data	
  reveal	
  different	
  effects	
  of	
  the	
  metals	
  affecting	
  the	
  enzyme	
  rate.	
  
Lead	
   did	
   not	
   limitate	
   G6PDH	
   activity	
   at	
   saturating	
   magnesium	
   levels	
   (5	
   mM);	
  
intriguingly,	
   this	
   behaviour	
   sensibly	
   changed	
   when	
   magnesium	
   concentration	
   is	
  
below	
  the	
  saturation.	
  Indeed	
  lower	
  levels	
  of	
  Mg++	
  caused	
  an	
  activity	
  decrease	
  of	
  the	
  
recombinant	
  PtP2-­‐G6PDH,	
  over	
  50%	
  at	
  0,1	
  mM	
  HM.	
  These	
  effects	
  could	
  be	
  supposed	
  
as	
  exerted	
  on	
   the	
   functional	
  enzyme,	
  whose	
  structure	
   resulted	
  promptly	
   lost	
   in	
   the	
  
presence	
  of	
  these	
  metals	
  but	
  could	
  be	
  ascribed	
  also	
  to	
  a	
  competition	
  with	
  Mg++.	
  
Zn	
   showed	
   effects	
   compatible	
   with	
   a	
   possible	
   Mg++	
   competition.	
   The	
   zinc	
   at	
   5mM	
  
magnesium	
   is	
   not	
   able	
   to	
   determine	
   activity	
   variation	
   at	
   the	
   beginning	
   of	
   the	
  
incubation	
  period	
  at	
  5mM	
  Mg++	
  but	
  when	
  the	
  Mg	
  concentration	
  is	
  lower	
  the	
  Zn	
  is	
  able	
  
to	
  determina	
  a	
  decrease	
  of	
  enzymatic	
  activity.	
  
Thus,	
  it	
  can	
  be	
  suggested	
  a	
  possible	
  competition	
  of	
  these	
  metals	
  with	
  Mg++.	
  
At	
  this	
  regard	
  Dudev	
  and	
  Lim	
  (2014)	
  demostrate	
  by	
  chemical	
  analyses	
  between	
  two	
  
cations	
   exhibiting	
   the	
   same	
   charge	
   and	
   similar	
   Rion,	
   the	
   metal	
   ion	
   that	
   is	
   a	
   better	
  
electron	
   acceptor	
   binds	
   more	
   favourably	
   to	
   the	
   same	
   ligand.	
   Thus	
   Mg++	
   and	
   Zn++	
  
share	
   the	
   same	
   charge	
   and	
   similar	
   ionic	
   radii;	
   therefore,	
   Zn++	
   is	
   a	
   better	
   charge	
  
acceptor	
  than	
  Mg++	
  ,	
  and	
  a	
  Zn++	
  complex	
  is	
  more	
  favourable	
  -­‐	
  and	
  more	
  stable	
  -­‐	
  than	
  
the	
  corresponding	
  Mg++	
  complex	
  with	
  the	
  same	
  ligands.	
  	
  
Therefore,	
  all	
  Mg++	
  -­‐	
  binding	
  pockets	
  are	
  susceptible	
  to	
  replacement	
  by	
  Zn++;	
  to	
  avoid	
  
this,	
  the	
  cell	
  physiology	
  is	
  forced	
  to	
  maintain	
  high	
  concentrations	
  of	
  Mg++	
  in	
  order	
  to	
  
privilege	
   Mg++	
   among	
   other	
   dications	
   (e.g.,	
   Zn++),	
   and	
   maintaining	
   the	
   cytosolic	
  
concentration	
  of	
  Zn++	
  at	
  10-­‐8	
  M	
  or	
  less.	
  
So	
   when	
   assays	
   were	
   made	
   under	
   subsaturating	
   Mg++	
   levels,	
   both	
   Zn++	
   and	
   Pb++	
  
immediately	
  inhibited	
  the	
  enzyme,	
  indicating	
  a	
  direct	
  competition	
  with	
  magnesium	
  as	
  
soon	
  as	
  it	
  was	
  lower	
  of	
  a	
  largely	
  exceeding	
  concentration.	
  
Cu++,	
   instead,	
   cause	
   less	
   than	
   10%	
   inhibition	
   at	
   0.1	
   mM,	
   and	
   more	
   than	
   75%	
  
inhibition	
  at	
  2	
  mM	
  after	
  1	
  min.	
  
The	
  effects	
  of	
  Nickel	
  and	
  Cadmium	
  were	
  very	
  similar:	
  immediately	
  both	
  induced	
  a	
  35-­‐
50%	
  inhibition	
  in	
  1	
  min	
  after	
  exposition	
  to	
  metals	
  -­‐	
  independently	
  by	
  concentration	
  
of	
  magnesium.	
  These	
  effects	
  are	
  both	
  dose,	
  and	
  magnesium	
  independent:	
  the	
  graphs	
  
show	
  that	
   inhibition	
  at	
   sub	
  optimal	
  magnesium	
  concentrations	
  gradually	
   increased,	
  
indicating	
  that	
  the	
  poisoning	
  effects	
  of	
  Ni	
  and	
  Cd	
  are	
  not	
  competitive	
  with	
  Mg++,	
  and	
  
possibly	
  affected	
  enzyme	
  structures	
  weakened	
  by	
  Mg++	
  deficiency,	
  and	
  thus	
  difficultly	
  
binding	
   NADP+.	
   It	
   should	
   be	
   remembered	
   that	
   NADP+	
   is	
   both	
   a	
   substrate,	
   and	
   a	
  
stabilizer	
  of	
  the	
  enzyme:	
  G6PDH	
  requires	
  a	
  second,	
  structural	
  NADP+	
  for	
  its	
  stability	
  
(Wang	
  et	
  al.,	
  2008).	
  The	
  assessed	
  notion	
  is	
  that	
  the	
  structural	
  NADP+	
  is	
  necessary	
  for	
  
the	
  second	
  dimerization	
  to	
  form	
  a	
  tetrameric	
  enzyme,	
  but	
  these	
  co-­‐factor	
  apparently	
  
does	
   not	
   affect	
   G6PD	
   activity.	
   Thus,	
   the	
   4	
   subunit	
   stage	
   would	
   more	
   stable,	
   and	
  
apparently	
  more	
  active	
  that	
  dimers.	
  
Therefore,	
   it	
  can	
  be	
  argued	
  that	
  Ni	
  and	
  Cd	
  affect	
   the	
  structure	
  of	
   the	
  active	
  enzyme	
  
without	
  competiting	
  with	
  Mg++,	
  and	
  possibily	
  altering	
  the	
  structure	
  of	
  the	
  enzyme	
  and	
  
the	
  NADP+	
  binding.	
  
Moreover,	
   the	
   utilization	
   of	
   cys	
   to	
   ser	
   mutants	
   of	
   the	
   enzyme	
   would	
   help	
   to	
  
understand	
   the	
   nature	
   and	
   extent	
   of	
  HMs	
   effects	
   of	
  PtP2-­‐G6PDH.	
   These	
   data	
   could	
  
also	
   suggest	
   the	
   regions	
   on	
   the	
   enzyme	
   that	
   might	
   play	
   an	
   important	
   role	
   in	
   the	
  
protein	
  inhibition.	
  
The	
  data	
  reveals	
  that	
  only	
  Ni++,	
  ineffective	
  at	
  0.1	
  mM,	
  caused	
  on	
  wt	
  enzyme	
  activity	
  an	
  
appreciable	
  inhibition	
  (50%)	
  at	
  1	
  mM;	
  among	
  the	
  cys-­‐to-­‐ser	
  mutants,	
  C145S	
  seemed	
  
a	
   quite	
   stable	
   enzyme,	
   which	
   did	
   not	
   appear	
   affected	
   seriously	
   by	
   HMs,	
   only	
   40%	
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inhibition	
  was	
  seen	
  at	
  1	
  mM	
  with	
  some	
  elements	
  (Table	
  11);	
  at	
  this	
  regard	
  it	
  should	
  
be	
   noted	
   that	
   this	
   mutant	
   maintained	
   the	
   same	
   level	
   of	
   activity,	
   and	
   kinetic	
  
parameters,	
  as	
  WT	
  (Cardi	
  et	
  al.,	
  2016),	
  suggesting	
  that	
  this	
  residue	
  is	
  not	
  particularly	
  
involvet	
  in	
  the	
  functionality	
  of	
  the	
  enzymatic	
  reaction	
  even	
  if	
  this	
  cys	
  is	
  quite	
  near	
  to	
  
the	
  disulfide	
  bridge,	
  and	
  somewhat	
  influencing	
  NADP+	
  access	
  to	
  the	
  active	
  site.	
  	
  
Other	
   two	
   mutants,	
   C194S	
   and	
   C242S	
   were	
   essentially	
   identical,	
   showing	
   a	
   40%	
  
inihibition	
  at	
  1	
  mM	
  with	
  all	
  the	
  metals.	
  For	
  these	
  preoteins,	
  the	
  inhibition	
  by	
  40	
  %	
  at	
  
1	
  mM	
  lead	
  is	
  intriguingly,	
  and	
  it	
  should	
  be	
  remembered	
  that	
  these	
  enzymes	
  showed	
  
the	
   loss	
   of	
   NADPH	
   inhibition	
   (Cardi	
   et	
   al.,	
   2016)	
   suggesting	
   that	
   these	
   cys	
   are	
  
involved	
  in	
  the	
  general	
  structuring	
  of	
  the	
  enzyme	
  for	
  the	
  binding	
  of	
  the	
  substrate;	
  as	
  
confirm,	
   the	
  putative	
  3D	
   structures	
   suggested	
   that	
   these	
   residues	
   are	
  buried	
   in	
   the	
  
enzyme	
  structure,	
  and	
  quite	
  far	
  from	
  the	
  catalytic	
  site.	
  
More	
   interestingly,	
   the	
  mutants	
   in	
   the	
   cysteines	
   involved	
   in	
   the	
   disulphide	
   bridge,	
  
C175S	
  and	
  C183S	
  (Cardi	
  et	
  al.,	
  2016)	
  were	
  severely	
  inhbited	
  by	
  metals.	
  It	
  should	
  be	
  
underlined	
  that	
  these	
  mutants	
  show	
  a	
  limited	
  activity,	
  less	
  than	
  20%	
  with	
  respect	
  to	
  
the	
   rate	
   measured	
   in	
   the	
   WT	
   enzyme,	
   fully	
   compatible	
   with	
   a	
   reduced	
   G6PDH	
  
(inactive	
   form).	
   This	
   would	
   reinforce	
   the	
   notion	
   that	
   the	
   disulphide	
   strongly	
  
stabilizes	
   the	
   enzyme	
   structure,	
   and	
   possibly	
   the	
   access	
   to	
   the	
   NADP+	
   site:	
   the	
  
mutants	
  mock	
  the	
  reduced,	
  inactive	
  state	
  of	
  plastidial	
  G6PDH,	
  and	
  thus	
  metals	
  could	
  
exerte	
  a	
  further	
  inhibition	
  of	
  the	
  enzyme	
  activity,	
  avoiding	
  the	
  binding	
  of	
  co-­‐factor	
  (or	
  
alternatively	
  the	
  stabilisation	
  of	
  NADP+	
  by	
  Mg++).	
  
Computer	
  modelling	
  of	
   reduced	
  plastidial	
  G6PDH,	
  based	
  on	
   the	
   crystal	
   structure	
  of	
  
the	
   human	
   enzyme	
   (Au	
   et	
   al.	
   2000),	
   indicated	
   that	
   the	
   two	
   regulatory	
   cysteine	
  
residues	
  are	
  positioned	
  in	
  a	
  loop	
  situated	
  near	
  the	
  NADP+-­‐binding	
  domain	
  (Nèe	
  et	
  al	
  
2009).	
   Furthermore,	
   a	
   conserved	
   arginine	
   residue	
   (corresponding	
   to	
   Arg131	
   in	
  
AtG6PDH1,	
  Nèe	
  et	
  al	
  2014)	
  is	
  involved	
  in	
  the	
  coordination	
  of	
  the	
  phosphate	
  group	
  of	
  
NADP+.	
  This	
  disulfide	
  bridge	
  would	
  influence	
  the	
  position	
  and	
  structuring	
  of	
  the	
  loop,	
  
for	
  the	
  binding	
  the	
  2-­‐phosphate	
  of	
  NADP+	
  ;	
  in	
  our	
  experiments	
  the	
  metals	
  could	
  have	
  
a	
  facilitated	
  access	
  to	
  the	
  NADP+	
  binding	
  site	
  because	
  of	
  the	
  substitution	
  of	
  cyt	
  to	
  ser	
  
on	
  this	
  loop.	
  
Interestingly,	
   the	
   drastic	
   effect	
   of	
   copper	
   on	
   all	
   the	
   cys-­‐mutants	
   could	
   be	
  
explained	
   by	
   the	
   evidence	
   that	
   a	
   given	
   aa	
   ligand	
   generally	
   interacts	
  with	
   di-­‐
cations	
  following	
  the	
  first-­‐row	
  transition-­‐metals	
  sequence:	
  Co++,	
  Ni++,	
  Cu++,	
  and	
  
Zn++,	
   and	
   more	
   favourably	
   with	
   Cu++,	
   due	
   to	
   the	
   most	
   negative	
   interaction	
  
energy.	
   Intriguingly,	
   cys	
   shows	
   a	
   predilection	
   for	
   the	
   Cu++	
   (Dudev	
   and	
   Lim,	
  
2014)	
  and	
  for	
  this	
  reason	
  all	
  the	
  cys-­‐G6PDH	
  mutants	
  are	
  deeply	
  affected	
  from	
  
the	
  Cu++	
  presence	
  (also	
  C145S,	
  C194S,	
  C242S).	
  
These	
   inhibitions	
   may	
   cause	
   some	
   important	
   physiological	
   changes	
   as	
   reducing	
  
production	
   of	
   NADPH,	
   which	
   plays	
   important	
   role	
   in	
   the	
   regeneration	
   of	
   reduced	
  
glutathione	
  (GSH),	
  and	
  therefore	
  overwhelming	
  antioxidant	
  defence	
  mechanisms.	
  
The	
  exposure	
  of	
  plants	
  to	
  metals	
  of	
  course	
  induces	
  more	
  general	
  effects	
  on	
  the	
  
physiology	
   of	
   plants,	
   thus	
   a	
   set	
   of	
   experiments	
   directed	
   to	
   investigate	
   the	
  
damages	
  induced	
  by	
  HMs	
  had	
  been	
  designed.	
  
Heavy	
   metals	
   (HM)	
   represent	
   one	
   of	
   the	
   most	
   dangerous	
   sources	
   of	
   pollution	
   in	
  
ecosystems.	
   These	
   metals	
   could	
   be	
   accumulated	
   in	
   the	
   environment	
   and	
   could	
   be	
  
absorbed	
  and/or	
  accumulated	
  by	
  different	
  living	
  organisms	
  (Pinto	
  et	
  al.	
  2004;	
  Cho	
  et	
  
al,	
  2003),	
  and	
  particularly	
  in	
  plants	
  (Arya	
  andMukherjee,	
  2014;	
  Esposito	
  et	
  al.,	
  2007;	
  
Basile	
  et	
  al.,	
  2010).	
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Heavy	
  metals	
  accumulation	
  is	
  able	
  to	
  induce	
  a	
  number	
  of	
  toxic	
  effects	
   in	
  plant	
  cells,	
  
namely	
   ultra	
   structural,	
   physiological,	
   and	
   biochemical	
   damages	
   (Esposito	
   2012;	
  
Basile	
  2015).	
  
Among	
   heavy	
   metals,	
   Nickel	
   represents	
   one	
   of	
   the	
   elements	
   more	
   utilised	
   by	
   the	
  
industry,	
  and	
  so	
  it	
  is	
  widely	
  present	
  in	
  the	
  environment	
  due	
  to	
  this	
  anthropic	
  impact	
  
(Dos	
  Reis	
  et	
  al.,	
  2017).	
  
In	
  this	
  study,	
  Nickel	
  effects	
  were	
  analysed	
  on	
  barley	
  (Hordeum	
  vulgare)	
  plants	
  grown	
  
under	
  controlled	
  condition	
  in	
  order	
  to	
  observe	
  the	
  damages	
  caused	
  by	
  the	
  exposure	
  
to	
  1	
  mM	
  of	
  this	
  metal	
  up	
  to	
  7	
  days.	
  
The	
  results	
  obtained	
  show	
  a	
  general	
  plant	
  stress	
  conditions	
  such	
  an	
  80%	
  inhibition	
  of	
  
root	
  growth;	
  a	
  similar	
  if	
  less	
  effective	
  damage	
  was	
  observed	
  in	
  leaves	
  (minus	
  20%	
  of	
  
growth),	
   similarly	
   as	
   previously	
   described	
   for	
  Brassica	
  after	
   treatment	
   with	
   heavy	
  
metals	
  (Ebbs	
  et	
  al.,	
  1997;	
  John	
  et	
  al.,	
  2009).	
  
Generally,	
  the	
  first	
  visible	
  effect	
  of	
  heavy	
  metal	
  toxicity	
  is	
  the	
  decrease	
  in	
  roots	
  length	
  
and	
  changes	
  in	
  their	
  morphology;	
  this	
  is	
  not	
  unexpected,	
  due	
  to	
  the	
  evidence	
  that	
  root	
  
apparatus	
   is	
   the	
   first	
   part	
   of	
   the	
   plant	
   in	
   contact	
   with	
   the	
   soil	
   pollutants	
   as	
  
demonstrated	
   in	
   Brassica	
   juncea	
   (Feig	
   et	
   al.,	
   2013)	
   and	
   B.	
   oleracea	
   (Barrameda-­‐
Medina	
  et	
  al.,	
  2014).	
  
The	
   exposure	
   to	
   heavy	
   metals	
   caused	
   variations	
   in	
   the	
   photosynthetic	
   apparatus,	
  
namely	
   in	
   pigments,	
   as	
   described	
   in	
   different	
   studies:	
  Gupta	
   et	
   al.	
   (2009)	
   showed	
  
chlorophylls	
   and	
   carotenoids	
   increased	
   under	
   Cromium	
   stress	
   in	
   B.	
   juncea.	
   This	
  
increase	
   is,	
   moreover,	
   correlated	
   to	
   the	
   PSII	
   activity	
   due	
   to	
   a	
   stabilization	
   of	
   the	
  
oxygen	
  evolving	
  complex	
  (OEC)	
  due	
  to	
  metal	
  ions.	
  
The	
   data	
   in	
   barley	
   plants	
   suggest	
   an	
   increase	
   of	
   chl-­‐a,	
   chl-­‐b	
   and	
   carotenoids	
   levels	
  
after	
   few	
   hours	
   of	
   exposure	
   to	
   Nickel.	
   After	
   9h	
   pigments	
   levels	
  were	
   increased	
   by	
  
50%	
   with	
   respect	
   to	
   control	
   plants.	
   This	
   increment	
   could	
   be	
   due	
   to	
   defence	
  
mechanism	
   to	
   protect	
   the	
   photosynthetic	
   apparatus,	
   as	
   happens	
   in	
   Arabidopsis	
  
thaliana	
  after	
  mild	
  ammonium	
  stress	
  (Sanchez-­‐Zabala	
  et	
  al.,	
  2015).	
  
This	
   plant	
   response	
   is	
   possibly	
   due	
   to	
   the	
   different	
   roles	
   played	
   by	
   different	
  
pigments:	
   the	
   carotenoids	
   are	
   involved	
   in	
   the	
   protection	
   of	
   the	
   photosynthetic	
  
apparatus	
   from	
   possible	
   photooxidation	
   (Cheminant	
   et	
   al.,	
   2011):	
   in	
   fact	
   these	
  
pigments	
   strongly	
   increased	
   in	
   the	
   plant	
   during	
   Ni	
   exposure.	
   Moreover,	
   the	
   stress	
  
response	
  machinery	
  increases	
  both	
  chlorophyll-­‐a/b,	
  present	
  in	
  the	
  antennas,	
  possibly	
  
to	
   protect	
   the	
   reaction	
   centers,	
   and	
   chlorophyll-­‐a	
   synthesis,	
   the	
   primary	
   pigment	
  
involved	
  in	
  light	
  absorption.	
  

Another	
   parameter	
   important	
   for	
   plants	
   growth	
   is	
   the	
   water	
   content;	
   WC	
   can	
   be	
  
directly	
  or	
  indirectly	
  regulated	
  under	
  stress	
  conditions	
  (Kramer	
  and	
  Boyer;	
  1995).	
  	
  
In	
   this	
   study,	
  barley	
  plants	
   treated	
  with	
  Ni	
  did	
  not	
  show	
  any	
  appreciable	
  change	
   in	
  
their	
   hydration	
   status	
   (%	
  RWC).	
  As	
   shown	
  by	
  Aroca	
   et	
   al.	
   (2001)	
   for	
   tolerant	
   corn	
  
plants,	
  unalteration	
  of	
  the	
  hydration	
  state	
  could	
  be	
  related	
  to	
  leaf	
  transpiration	
  rate	
  
that	
  did	
  not	
  change	
  during	
  the	
  exposure	
  to	
  low	
  temperatures.	
  
Differently	
   from	
   their	
   hydration	
   state,	
   the	
   ability	
   of	
   the	
   plants	
   to	
   take	
   up	
   water	
  
increased	
   upon	
  HM	
   stress.	
   This	
   has	
   been	
   described	
   in	
  Arabidopsis,	
   and	
   it	
   has	
   been	
  
supposed	
   to	
   be	
   regulated	
   –	
   at	
   least	
   partially	
   -­‐	
   by	
   aquaporins	
   (PIPs)	
   under	
   salinity	
  
(Javot	
  et	
  al.,	
  2003;	
  Postaire	
  et	
  al.,	
  2010).	
  Several	
  studies	
  show	
  that	
  the	
  determination	
  
of	
  a	
  generic	
  mechanism	
  for	
  water	
  content	
  adjustment	
  by	
  PIPs	
  is	
  particularly	
  difficult	
  
to	
  define,	
  because	
  the	
  expression	
  of	
  PIPs	
  genes	
  during	
  salt	
  stress	
  results	
  in	
  a	
  down-­‐
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regulation	
   of	
   15	
   genes,	
   an	
   up-­‐regulation	
   of	
   13	
   and	
   a	
   non-­‐adjustment	
   of	
   9	
   genes	
   in	
  
Phaseolus	
  vulgaris	
  and	
  Zea	
  mays	
  L.	
  (Aroca	
  et	
  al.,	
  2007;	
  Ruiz-­‐Lozano	
  et	
  al.,	
  2009).	
  
Changes	
  induced	
  by	
  Ni	
  exposure	
  in	
  primary	
  metabolism	
  were	
  analysed	
  by	
  measuring	
  
the	
   activity	
   of	
   pivotal	
   enzymes	
   of	
   main	
   metabolic	
   pathways	
   as	
   G6PDH,	
   catalase,	
  
NADH-­‐GOGAT,	
  PEPcase,	
  fumarase	
  and	
  ascorbate	
  peroxidase.	
  
One	
   of	
   the	
   main	
   effects	
   of	
   heavy	
   metals	
   is	
   to	
   induce	
   an	
   oxidative	
   stress	
   in	
   plants	
  
causing	
   an	
   imbalance	
   of	
   the	
   antioxidant	
   system	
   (Keunen	
   et	
   al.,	
   2011).	
  As	
   expected,	
  
some	
   of	
   the	
   key	
   enzymes	
   involved	
   in	
   ROS	
   scavenging,	
   as	
   APX	
   and	
   CAT,	
   strongly	
  
increased	
  their	
  activities	
  both	
  in	
  roots	
  and	
  leaves.	
  CAT	
  activity	
  raised	
  by	
  30%	
  in	
  the	
  
leaves	
  after	
  one	
  day;	
   similarly,	
  APX	
  activity	
  was	
  40%	
  higher	
   than	
   in	
   control	
  plants.	
  
These	
  data	
  may	
  justify	
  the	
  increase	
  of	
  H2O2	
  observed	
  as	
  result	
  of	
  oxidative	
  stress	
  (Gill	
  
et	
  al.	
  2015).	
  
Similarly,	
   the	
   expression	
   of	
   genes	
   for	
   CAT	
   and	
   APX	
   greatly	
   increased	
   following	
  
exposure	
   to	
   nickel.	
   These	
   results	
   are	
   similar	
   to	
   those	
   shown	
  Banik	
   et	
   al.	
   (2016)	
   in	
  
which	
  increase	
  expression	
  of	
  CAT	
  and	
  APX	
  was	
  observed	
  upon	
  salt	
  stress.	
  
Previous	
   studies	
   have	
   shown	
   an	
   association	
   between	
   OPPP	
   and	
   the	
   response	
   to	
  
different	
  stress,	
  due	
  to	
  an	
  increase	
  in	
  activity	
  and	
  levels	
  of	
  G6PDH	
  during	
  exposure	
  of	
  
plants	
   to	
   various	
   biotic	
   and	
   abiotic	
   stresses	
   (Scharte	
   et	
   al.	
   2009;	
   Cardi	
   et	
   al.	
   2011,	
  
2015;	
   Landi	
   et	
   al.,	
   2016).	
   The	
   exposure	
   of	
  Hordeum	
  vulgare	
   plants	
   to	
   1	
  mM	
  nickel	
  
confirmed	
  G6PDH	
  activity	
  and	
  occurrence	
  increase	
  after	
  9h	
  of	
  treatment.	
  Particularly	
  
Western	
  blotting	
  analyses	
  and	
  results	
  of	
  qRT-­‐PCR	
  demonstrated	
  a	
  great	
   increase	
   in	
  
the	
  expression	
  and	
  synthesis	
  of	
   the	
  cytosolic	
   isoform.	
  Similar	
  results	
  were	
  obtained	
  
previously	
  during	
  the	
  exposure	
  of	
  plants	
  of	
  Hordeum	
  vulgare	
  to	
  nitrogen	
  deficiencies	
  
(Edwards	
  et	
  al.,	
  2001b).	
  
In	
   another	
   study	
   (Esposito	
   et	
   al.,	
   2005)	
   a	
   close	
   correlation	
   between	
   variation	
   of	
  
G6PDH	
  and	
   activities	
   of	
  NADH-­‐GOGAT	
  has	
   been	
  proposed,	
   due	
   to	
   the	
   providing	
   by	
  
OPPP	
   of	
   reductants	
   needed	
   for	
   the	
   activity	
   of	
   glutamine	
   oxoglutarate	
  
aminotransferase.	
  The	
  data	
  here	
  shown	
  confirmed	
  a	
  80%	
  increase	
  of	
  NADH-­‐GOGAT	
  
upon	
  Nickel	
  stress	
  in	
  leaves	
  and	
  roots	
  of	
  treated	
  plants.	
  	
  
In	
  addition	
  an	
  increase	
  in	
  the	
  expression	
  of	
  different	
  G6PDH	
  isoforms,	
  as	
  P2-­‐G6PDH	
  
and	
  Cy-­‐G6PDH	
  was	
  observed	
  by	
  RT-­‐qPCR.	
  This	
   increase	
   resembles	
   that	
  of	
   activites	
  
over	
   time,	
  confirming	
  that	
   the	
  cytosolic	
   isoform	
  is	
   the	
  bulk	
  of	
   the	
  activity	
  as	
  shown	
  
before	
  in	
  plants	
  of	
  Hordeum	
  vulgare	
  (Esposito	
  et	
  al.	
  2001b).	
  The	
  isoform	
  P0-­‐G6PDH,	
  
increased	
  after	
  7d	
  of	
  treatment	
  with	
  Ni,	
  indicating	
  a	
  role	
  of	
  this	
  isoform	
  in	
  the	
  long-­‐
term	
  stress	
  response.	
  Particularly,	
   it	
  can	
  be	
  argued	
  that	
  the	
  increase	
  in	
  a	
  P1-­‐G6PDH	
  
isoform	
   could	
   result	
   in	
   the	
   combination	
   with	
   P0-­‐G6PDH,	
   to	
   form	
   a	
   heterodimers	
  
directed	
  inside	
  the	
  peroxisomes,	
  in	
  order	
  to	
  activate	
  a	
  peroxisomal	
  cycle	
  supporting	
  
the	
  increase	
  of	
  NADPH	
  request	
  under	
  stress	
  conditions	
  (Mayer	
  et	
  al.	
  2001).	
  
Other	
  studies	
  have	
  shown	
  variations	
  in	
  PEPcase	
  activity	
  during	
  abiotic	
  stress:	
  Hatzig	
  
et	
  al.	
  (2010)	
  found	
  that	
  an	
  increase	
  in	
  PEPcase	
  activity	
  is	
  linked	
  to	
  the	
  metabolism	
  of	
  
organic	
  acids	
  upon	
  salinity.	
  Similarly,	
   in	
  this	
  research,	
  PEPcase	
  activity	
  increased	
  by	
  
60%	
  in	
  the	
  leaves	
  of	
  stressed	
  plants.	
  In	
  the	
  roots	
  the	
  increase	
  in	
  PEPcase	
  activity	
  was	
  
observed	
   as	
  well,	
   although	
   after	
   7	
   days	
   enzyme	
   rate	
   returned	
   to	
   the	
   initial	
   values.	
  
This	
  increase	
  may	
  be	
  associated	
  with	
  the	
  accumulation	
  of	
  organic	
  anions	
  (malate	
  and	
  
citrate),	
  as	
  in	
  sugar	
  beet	
  plants	
  exposed	
  to	
  high	
  Zn	
  (Sagardoy	
  et	
  al.,	
  2011).	
  
Intriguingly,	
   fumarase	
   activity	
   changed	
   in	
   a	
   different	
   pattern:	
   in	
   the	
   leaves,	
   Ni	
  
exposire	
  caused	
  only	
  risible	
  changes	
  (+15%),	
  while	
   in	
  the	
  roots	
  the	
  enzyme	
  activity	
  
increased	
   4-­‐fold,	
   indicating	
   a	
   major	
   response	
   in	
   mitochondria	
   under	
   metal	
   stress.	
  
This	
  increased	
  activity	
  could	
  be	
  justified	
  by	
  a	
  raise	
  in	
  both	
  malate	
  and	
  citrate	
  levels	
  in	
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the	
  roots,	
  as	
  demonstrated	
   in	
  B.	
  oleracea	
  under	
  Zn	
  stress	
   (Barrameda-­‐Medina	
  et	
  al.	
  
2014).	
   These	
   organic	
   acids	
   are	
   needed	
   to	
   facilitate	
   the	
   transport	
   of	
   metals	
   in	
   the	
  
leaves	
   (malate);	
   and	
   /	
   or	
   complexing	
   the	
   metal	
   for	
   sequestration	
   in	
   the	
   vacuoles	
  
(citrate);	
   or	
   generally	
   simply	
   to	
   protect	
   the	
   cell,	
   by	
   maintaining	
   metal	
   ions	
  
homeostasis	
  (Blasco	
  et	
  al.,	
  2015).	
  
Western	
   blotting	
   analysis	
   with	
   antibodies	
   directed	
   against	
   different	
   isoforms	
   of	
  
G6PDHs	
  and	
  HSP70s,	
  and	
  antibodies	
  directed	
  against	
  the	
  PEPcase	
  showed	
  that	
  nickel	
  
is	
  able	
  to	
  induce	
  increase	
  in	
  proteins	
  levels,	
  possibly	
  to	
  counteract	
  the	
  effects	
  of	
  the	
  
metal	
  stress.	
  	
  
To	
   assess	
   if	
   these	
   increases	
   could	
   be	
   related	
   to	
   an	
   increase	
   in	
   the	
   expression	
   of	
  
corresponding	
   genes,	
   a	
   qRT-­‐PCR	
   analysis	
   has	
   been	
   done,	
   confirming	
   an	
   actual	
  
correspondence	
  between	
  levels	
  of	
  activity,	
  amount	
  of	
  protein	
  and	
  expression	
  levels.	
  
As	
  expected,	
  HSP70	
  isoforms	
  are	
  the	
  genes	
  more	
  changing,	
  showing	
  an	
  activation	
  by	
  
4.69	
  fold.	
  The	
  effects	
  of	
  HMs	
  stress	
  on	
  HSP70	
  have	
  been	
  shown	
  previously	
  on	
  Lemna	
  
minor	
   exposed	
   to	
   cadmium	
   and	
   lead	
   (Basile	
   et	
   al	
   2016),	
   and	
   on	
   the	
   moss	
  
Leptodyctium	
  riparium	
  (Basile	
  et	
  al.,	
  2011).	
  These	
  increases,	
  observed	
  in	
  vitro,	
  can	
  be	
  
related	
  to	
  the	
  levels	
  of	
  metals	
  in	
  polluted	
  river	
  waters	
  (Basile	
  et	
  al	
  2012;	
  2015);	
  and	
  
polluted	
  air	
  as	
  in	
  Conocephalum	
  conicum	
  (Marchantiales)	
  (Basile	
  et	
  al	
  2013).	
  	
  
These	
   results	
   have	
   been	
   confirmed	
   by	
   experiments	
   in	
   this	
   study,	
   where	
   it	
   was	
  
observed	
   an	
   increase	
   in	
   both	
   the	
   transcripts	
   and	
   occurrence	
   of	
   different	
   HSP70	
  
isoforms	
   using	
   specific	
   antibodies;	
   in	
   particular,	
   Western	
   blottings	
   suggest	
   that	
  
cytosolic	
   isoform	
   is	
   majorly	
   expressed	
   with	
   respect	
   to	
   chloroplastic	
   and	
  
mitochondrial	
  HSP70	
  isoforms.	
  
The	
  presence	
  of	
  heavy	
  metals	
  is	
  able	
  to	
  induce	
  genotoxic	
  effects	
  in	
  plants:	
  it	
  has	
  been	
  
demonstrated	
  that	
  exposure	
  to	
  cadmium	
  and	
  aluminum	
  induced	
  a	
  DNA	
  deterioration	
  
in	
   a	
   number	
   of	
   plants,	
   such	
   as	
   Lactuca	
   sativa	
   (Monteiro	
   et	
   al.,	
   2012),	
  N.	
   tabacum	
  
(Tkalecetal.,	
   2014),	
   V.	
   faba	
   and	
   A.	
   cepa	
   (Arya	
   and	
   Mukherjee,	
   2014)	
   and	
  Hordeum	
  
vulgare	
   (Acharyetal.,	
   2012b).	
   These	
   data	
   are	
   comparable	
   to	
   those	
   obtained	
   in	
  
Hordeum	
  vulgare	
  upon	
  Nickel	
  stress.	
  	
  
Both	
   RAPD	
   analysis	
   and	
   Comet	
   assays	
   showed	
   a	
   present,	
   even	
   if	
   slight,	
   genotoxic	
  
damage	
  as	
  reported	
  by	
  Achary	
  et	
  al.	
  (2012b)	
  for	
  barley	
  exposed	
  to	
  aluminum.	
  
In	
   conclusion,	
   as	
   a	
   result,	
   a	
   stress	
   response	
   based	
   on	
   increase	
   of	
   many	
   enzymes	
  
activity	
   involved	
   in	
   ROS	
   scavenging	
   in	
   response	
   to	
   stress	
   was	
   observed	
   in	
   all	
  
subcellular	
  compartments	
  and	
  a	
  metabolic	
  cascade	
  of	
  enzymatic	
  activities	
   is	
   turned	
  
on	
  to	
  counteract	
  stress.	
  	
  
Further	
   studies	
   are	
   needed	
   to	
   better	
   clarify	
   some	
   aspects	
   of	
   this	
   complex	
   set	
   of	
  
responses	
  to	
  the	
  nickel	
  stress,	
  in	
  particular	
  to	
  identify	
  the	
  most	
  important	
  sites	
  of	
  the	
  
nickel	
  accumulation	
  in	
  leaves	
  and	
  roots	
  tissues,	
  and	
  to	
  verify	
  the	
  synthesis	
  of	
  certain	
  
compounds	
   typically	
   used	
   for	
   intracellular	
   detoxification	
   by	
   some	
   metals	
   (such	
   as	
  
cadmium),	
  for	
  example	
  phytochelatins	
  and	
  metallothionines.	
  
Moreover	
   the	
   western	
   blotting	
   analyses	
   made	
   on	
   Hordeum	
   vulgare	
   leaves	
  
demostrated	
   an	
   increase	
   of	
   the	
   P2-­‐G6PDH	
   also	
   in	
   leaves	
   and	
   for	
   this	
   reason	
   we	
  
invastigated	
  the	
  leaf	
  subcellular	
  localization	
  of	
  the	
  plastidial	
  isoform	
  and	
  it's	
  possibile	
  
interaction	
   of	
   the	
   P2-­‐G6PDH	
   and	
   P0-­‐G6PDH	
   in	
   Arabidopsis	
   protoplasts	
   and	
   in	
  
Nicotiana	
  benthamiana	
  leaves.	
  
The	
   experiments	
   reveals	
   the	
  HvP2-­‐G6PDH	
  with	
  GFP	
   (OFP)	
   fused	
   to	
   the	
   C-­‐terminus	
  
end	
  is	
  addressed	
  to	
  chloroplasts	
  of	
  protoplasts	
  from	
  sugar	
  grown	
  cells	
  of	
  Arabidopsis.	
  
In	
  the	
  agro-­‐infiltration	
  experiments	
  in	
  Nicotiana	
  benthamiana	
  leaves	
  the	
  protein	
  can	
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be	
  found	
  in	
  heterotrophic	
  plastids	
   in	
  the	
  epidermis,	
  and	
  in	
  the	
  cytosol	
  of	
  mesophyll	
  
cells.	
  
In	
  Arabidopsis	
  protoplasts	
  (sugar	
  grown	
  cells),	
  when	
  GFP	
  are	
  fused	
  to	
  the	
  N-­‐terminus	
  
the	
   bulk	
   of	
   the	
   signal	
   is	
   found	
   in	
   the	
   cytosol,	
   but	
   in	
   part	
   it	
   can	
   be	
   localised	
  within	
  
peroxisomes	
   (partial	
   co-­‐localization	
   with	
   peroxisomal	
   marker),	
   identified	
   by	
   a	
  
specific	
  fluorescent	
  signal.	
  
Thus	
  we	
  can	
  assess	
  that	
  usually	
  HvP2-­‐G6PDH	
  is	
  directed	
  to	
  heterotrophic	
  plastids.	
  	
  
The	
  apparently	
  unexpected	
  evidence	
  of	
  a	
  cytosolic	
  localization	
  within	
  mesophyll	
  cells	
  
is	
   probably	
   due	
   to	
   the	
   missing	
   recognizing	
   of	
   the	
   peculiar	
   heterotrophic	
   transit	
  
plastidial	
  peptide	
  by	
  chloroplastic	
  Tic-­‐Toc	
  systems	
  in	
  mesophyll	
  cells	
  (Jarvis	
  2008).	
  	
  
When	
   the	
   N-­‐term	
   is	
   blocked	
   by	
   GFP,	
   HvP2-­‐G6PDH	
   is	
   localised	
   partially	
   in	
   the	
  
peroxisomes.	
  From	
  this	
  point,	
  we	
  could	
  argue	
  that	
  N-­‐term	
  is	
  necessary	
  for	
  plastidial	
  
localisation,	
   and	
   if	
   it	
   is	
   not	
   properly	
   folded,	
   the	
   protein	
   can	
   be	
   directed	
   to	
  
peroxisomes.	
  	
  
A	
  possible	
  explanation	
  would	
  suggest	
  the	
  presence	
  of	
  a	
  peroxisomal	
  targeting	
  in	
  the	
  
C-­‐term,	
  but	
  this	
  is	
  not	
  true:	
  using	
  “mature”	
  HvP2-­‐G6PDH	
  with	
  the	
  N-­‐term	
  fused	
  with	
  
GFP	
   the	
   protein	
   is	
   directed	
   into	
   cytoplasm	
   (as	
   predicted	
   for	
   mature	
  HvP2-­‐G6PDH	
  
with	
   C-­‐term	
   fused	
   GFP);	
   therefore	
   the	
   signal	
   to	
   peroxisome	
   should	
   be	
   possibly	
  
localised	
  on	
  the	
  N-­‐term.	
  
Generally,	
  a	
  plastidial	
  transit	
  peptide	
  is	
  unequivocally	
  present	
  on	
  the	
  N-­‐term,	
  so	
  the	
  
HvP2-­‐G6PDH	
   GFP-­‐C	
   term	
   constructs	
   (P2-­‐GFP)	
   are	
   always	
   directed	
   into	
   the	
  
chloroplasts	
  or	
  plastids.	
  Interestingly,	
  GFP	
  constructs	
  on	
  the	
  N-­‐term	
  (GFP-­‐P2)	
  can	
  be	
  
found	
  partially	
   in	
   the	
   cytosol	
   (and	
   this	
   should	
  be	
  quite	
  obvious),	
   and	
   in	
  part	
   in	
   the	
  
peroxisomes	
  (and	
  this	
  is	
  less	
  clear).	
  
The	
   important	
  clue	
   is	
   that	
   “mature”	
  P2-­‐G6PDH,	
  when	
  devoid	
  of	
   the	
  putative	
   transit	
  
peptide	
  (PTP),	
  remained	
  constantly	
  in	
  the	
  cytosol	
  (GFP-­‐mat-­‐P2).	
  This	
  would	
  suggest	
  
the	
  presence	
  of	
  a	
  peroxisomal	
  targeting	
  sequence	
  (PTS	
  II	
   type)	
  within	
  the	
  plastidial	
  
transit	
  peptide.	
  
At	
   this	
   regard,	
   a	
   notably	
   characteristic	
   of	
   barley	
   P2-­‐G6PDH	
   is	
   its	
   apparent	
   unusual	
  
length	
  of	
  the	
  PTP.	
  These	
  sequences	
  are	
  generally	
  less	
  than	
  60	
  aa	
  long,	
  while	
  in	
  barley	
  
protein	
  this	
  is	
  longer	
  than	
  95	
  aa	
  (as	
  supposed	
  by	
  the	
  position	
  of	
  the	
  cleavage	
  site).	
  
This	
   poses	
   the	
   question	
   if	
   there	
   are	
   some	
   other	
   functional	
   parts	
   in	
   N-­‐term.	
   An	
  
analysis	
  of	
  this	
  sequence	
  show	
  that	
  some	
  typical	
  motifs	
  known	
  in	
  the	
  plant	
  plastidial	
  
transit	
  peptides	
  are	
  not	
  assorted	
  in	
  a	
  typical	
  PTP	
  scheme	
  (Lee	
  et	
  al.	
  2008	
  (Plant	
  Cell	
  
20:1603–1622);	
  interestingly,	
  these	
  motifs	
  are	
  concentrated	
  in	
  the	
  first	
  30	
  and	
  in	
  the	
  
last	
   20	
   residues,	
   leaving	
   a	
   region	
   (29-­‐70aa)	
   in	
   which	
   no	
   typical	
   PTP	
  motif	
   can	
   be	
  
easily	
  recognized.	
  	
  
Thus,	
  HvP2-­‐G6PDH	
  presents	
  an	
  unusually	
   long	
  PTP,	
  but	
  a	
   large,	
   central	
  part	
   (about	
  
40aa-­‐long)	
  does	
  not	
  seem	
  to	
  encode	
  for	
  known	
  PTP	
  motifs	
  (Lee	
  et	
  al.,	
  2008).	
  
A	
   typical	
   PTS	
   II	
   sequence	
   is:	
   R/K-­‐L/V/I-­‐XXXXX-­‐H/Q-­‐L/A.	
   If	
   we	
   check	
   this	
   in	
   the	
  
region	
   “void	
   “	
   of	
   functional	
  PTP	
  motifs	
   (29-­‐70aa),	
  we	
   found	
   this	
   sequence	
   (44-­‐52):	
  
RIHAVAGKG,	
   that	
  could	
  be	
  a	
  good	
  candidate	
  as	
  PTS	
  II	
   (in	
   the	
   last	
   two	
  residues,	
   the	
  
changes	
  lys	
  for	
  his,	
  and	
  gly	
  for	
  ala,	
  do	
  not	
  look	
  dramatic,	
  if	
  not	
  equivalent).	
  
Therefore,	
  it	
  can	
  supposed	
  that	
  under	
  stress	
  conditions,	
  PTS	
  II	
  can	
  be	
  exposed	
  better	
  
than	
   the	
  usual	
  PTP,	
   thus	
  directing	
   the	
  P2-­‐G6PDH	
  within	
  peroxisomes	
   to	
   counteract	
  
the	
  oxidative	
  stress	
  (Fig.	
  64).	
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Fig.	
  64:	
  Scheme	
  of	
  Hordeum	
  vulgare	
  P2-­‐G6PDH	
  transit	
  peptide	
  
	
  
It	
   is	
  attractive	
  that,	
  during	
  Agro-­‐infiltration	
  experiments,	
  barley	
  P2-­‐G6PDH	
  localized	
  
in	
  the	
  epidermal	
  non-­‐photosynthetic	
  plastids,	
  while	
  in	
  the	
  mesophyll	
  below	
  the	
  bulk	
  
of	
  the	
  signal	
  is	
  localised	
  within	
  the	
  cytosol	
  and	
  partially	
  in	
  the	
  chloroplasts,	
  indicating	
  
that	
   in	
   N.benthamiana	
   the	
   PTP	
   sequence	
   of	
   barley	
   is	
   mainly	
   recognized	
   by	
  
heterotrophic	
  plastids.	
  
Thus,	
   it	
   can	
   be	
   can	
   conceived	
   that,	
   under	
   physiological	
   conditions,	
   the	
   N-­‐term	
  
assumes	
   a	
   conformation	
   in	
   which	
   the	
   two	
   segments	
   encoding	
   for	
   the	
   PTP	
   are	
  
exposed,	
   and	
   recognised,	
   by	
   Tic-­‐Toc	
   system	
  of	
   heterotrophic	
   plastids;	
   under	
   stress	
  
conditions	
   this	
   conformation	
   is	
   lost	
   and	
   the	
   PTS2	
   sequence	
   can	
   be	
   recognised	
   by	
  
peroxisomal	
  transport	
  system	
  and	
  HvP2-­‐G6PDH	
  is	
  directed	
  into	
  peroxisomes.	
  
Of	
  course	
   it	
  should	
  be	
  explained	
  how	
  this	
  might	
  occur,	
  and	
  what	
  cell	
  conditions	
  are	
  
required	
   to	
   activate	
   this	
   transition.	
   The	
  mechanism(s)	
   underlying	
   these	
   changes	
   in	
  
the	
   PTP-­‐PTS	
   structure	
   -­‐	
   able	
   to	
   change	
   the	
   enzyme	
   destination	
   -­‐	
   are	
   yet	
   to	
   be	
  
described.	
  	
  
Further	
   Note	
   by	
   a	
   3D	
   program	
   (SwissProt)	
   is	
   possible	
   to	
   check	
   hypothetical	
  
conformation	
  of	
  the	
  first	
  100aa	
  sequence	
  of	
  barley	
  P2-­‐G6PDH	
  (Fig.	
  65).	
  	
  
	
  

	
  
	
  
Fig.	
  65:	
  Hypotetical	
  structure	
  of	
  the	
  Hv-­‐P2G6PDH	
  transit	
  peptide	
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The	
   images	
   reveal	
   the	
   possibility	
   that	
   a	
   not	
   canonical	
   zone	
   of	
   a	
   PTP	
   physically	
  
separates	
  the	
  two	
  conserved	
  areas.	
  
The	
   P0-­‐G6PDH	
   isoform,	
   instead,	
   is	
   catalytically	
   inactive	
   (as	
   demonstrated	
   by	
   the	
  
modified	
   active	
   site	
   sequence),	
   but	
   it	
   has	
   been	
   previously	
   demonstrated	
   that	
   in	
  
Arabidopsis	
   at	
   least,	
  AtP0-­‐G6PDH	
  can	
   form	
  hetero-­‐tetramers	
  with	
  AtP1-­‐G6PDH,	
   this	
  
unusual	
  aggregation	
  exposed	
  a	
  PTS	
  sequence	
  directing	
  the	
  enzyme	
  into	
  peroxisomes,	
  
possibly	
  to	
  increase	
  the	
  synthesis	
  of	
  reductants	
  (NADPH)	
  under	
  stress.	
  	
  
In	
   experiments	
   shown	
   in	
   this	
   study,	
   HvP0-­‐G6PDH	
   is	
   directed	
   to	
   chloroplasts	
   in	
  
protoplasts	
  by	
  a	
  PTP	
  present	
   in	
  the	
  N-­‐term;	
  when	
  this	
  end	
   is	
  blocked	
  by	
  GFP	
  (GFP-­‐
P0),	
   the	
   protein	
   remained	
   into	
   the	
   cytosol.	
   In	
   agro-­‐infiltration	
   system,	
   GFP-­‐HvP0-­‐
G6PDH	
  is	
  generally	
  found	
  in	
  cytosol	
  (Fig.	
  66).	
  

	
  
Fig.	
  66:	
  Scheme	
  of	
  Hordeum	
  vulgare	
  P0-­‐G6PDH	
  transit	
  peptide	
  
	
  
Very	
   important	
   are	
   also	
   the	
   coexpression	
   experiments	
   of	
   the	
   P2G6PDH	
   and	
  
P0G6PDH.	
  While	
  in	
  protoplast	
  HvP2-­‐G6PDH	
  and	
  HvP0-­‐G6PDH	
  generally	
  are	
  localised	
  
together	
   in	
   the	
   plastids	
   when	
   their	
   N-­‐terms	
   are	
   functionally	
   exposed	
   in	
   tobacco	
  
plants	
   the	
   co-­‐expression	
   caused	
   the	
  P2	
   localization	
   in	
   the	
   plastids	
   of	
   heterotrophic	
  
cells	
   but	
   also	
   in	
   chloroplast	
   of	
  mesophylls	
   cells,	
   and	
   sometimes	
   a	
   P2	
  presence	
   into	
  
peroxisomes.	
  
Thus,	
  what	
  is	
  the	
  function	
  of	
  HvP0-­‐G6PDH?	
  Possibly	
  it	
  associates	
  with	
  other	
  G6PDH	
  
isoforms	
  (e.g.	
  HvP1-­‐G6PDH,	
  or	
  one	
  of	
  the	
  two	
  HvCy-­‐G6PDH),	
  but	
  this	
  depends	
  of	
  the	
  
cell	
  type,	
  and	
  stress	
  condition.	
  
The	
  trophic	
  state	
  plays	
  a	
  role	
  in	
  the	
  diversion	
  of	
  the	
  fate	
  of	
  G6PDH;	
  this	
  might	
  regard	
  
all	
  G6PDH	
  isoforms,	
  and	
  possibly	
  many	
  other	
  enzymes.	
  	
  
There	
  are	
  three	
  main	
  possibilities:	
  

1. The	
  trophic	
  state	
  can	
  change	
  the	
  synthesis/presence/activity	
  of	
  effectors	
  able	
  
to	
   redirect	
   the	
   proteins	
   in	
   one	
   compartment,	
   instead	
   of	
   another.	
   Possible	
  
candidates	
   may	
   be	
   chaperons	
   such	
   as	
   HSPs,	
   or	
   the	
   redox	
   state	
   of	
   the	
  
cytoplasm:	
   e.g.	
   levels	
   of	
   glutathione,	
   which	
   could	
   directly	
   -­‐	
   or	
   indirectly	
   -­‐	
  
oxidize	
   cysteines,	
   thus	
   causing	
   conformational	
   modifications	
   exposing	
   PTS2	
  
instead	
  of	
  PTP.	
  	
  

2. The	
   trophic	
   state	
   could	
   induce	
   the	
   assembly	
   of	
   specific	
   translocation	
  
complexes	
   (e.g.	
   Tic-­‐Toc	
   on	
   the	
   chloroplasts	
   envelope;	
   peroxisome	
   transport	
  
systems),	
   able	
   to	
   recognize	
   specific	
   transit	
   peptides	
   for	
   given	
   organelles.	
  
Possibly,	
  signal(s)	
  from	
  roots	
  of	
  pot-­‐grown	
  plants	
  would	
  indicate	
  that	
  Tic-­‐Toc	
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complexes	
  are	
  not	
  assembled	
  properly	
  on	
  chloroplast	
  envelope,	
  and	
  the	
  redox	
  
state	
  of	
  the	
  cell	
  does	
  not	
  allow	
  the	
  correct	
  assembly	
  of	
  peroxisome	
  transport	
  
system	
  able	
  to	
  recognize	
  PTS2	
  on	
  the	
  N-­‐term	
  sequence;	
  therefore,	
  the	
  protein	
  
might	
  remain	
  in	
  the	
  cytosol	
  and	
  forms	
  insoluble	
  aggregates.	
  

3. A	
  combination	
  of	
  the	
  two	
  systems.	
  
This	
   could	
   confirm	
   the	
  possible	
   interaction	
  between	
   the	
  P2-­‐G6PDH	
  and	
  P0-­‐G6PDH,	
  
and	
  so	
  a	
  peroxisomal	
  localization	
  of	
  the	
  P2-­‐G6PDH	
  in	
  plants,	
  even	
  if	
  it’s	
  not	
  clear	
  jet	
  if	
  
there	
  is	
  a	
  physical	
  association	
  and	
  the	
  possible	
  binding	
  site(s).	
  
	
  
	
  
At	
  this	
  point	
  we	
  can	
  assume	
  a	
  general	
  mechanism	
  of	
  the	
  Hordeum	
  vulgare	
  plants,	
   in	
  
specific	
  under	
  Ni++	
  stress,	
  that	
  could	
  be	
  resumed	
  in	
  the	
  following	
  images	
  (Fig.	
  67):	
  
	
  

	
  
	
  
Fig.	
  67:	
  
Nickel	
   caused	
   a	
   stress	
   response	
   resulted	
   in	
   increase	
   of	
   specific	
   enzymes	
   in	
   all	
   cells	
  
compartments	
  (cytosol,	
  chloroplast,	
  mitochondria),	
  which	
  resulted	
  in	
  an	
  enzymatic	
  cascade	
  to	
  
counteract	
   the	
   stress.	
   The	
   metal	
   induced	
   increases	
   in	
   gene	
   expression	
   and	
   upregulation	
   of	
  
several	
  enzymes,	
  particularly	
  as	
  Mayer	
  et	
  al.	
  2001	
  described	
  for	
  Arabidopsis,	
  P1-­‐G6PDH	
  and	
  P0-­‐
G6PDH	
  could	
  form	
  heterodimers	
  direct	
  into	
  the	
  peroxisomes	
  to	
  support	
  the	
  increased	
  request	
  
of	
   NADPH	
   under	
   stress	
   conditions	
   (even	
   if	
   it’s not	
   sure	
   that	
   G6PD1	
   and	
   G6PD4	
   are	
   both	
  
imported	
   (together)	
   into	
   peroxisomes).	
   The	
   same	
   effects	
   could	
   be	
   obtained	
   also	
   for	
   the	
   P2-­‐
G6PDH	
   and	
   P0-­‐G6PDH	
   to	
   form	
   heterodimer	
   direct	
   into	
   the	
   peroxisomes	
   to	
   activate	
   an	
  
peroxisomal	
  OPPP	
  in	
  Hordeum	
  vulgare	
  as	
  append	
  for	
  Arabidopsis	
  thaliana.	
  
In	
  this	
  way	
  the	
  enzymes	
  activation	
  and	
  the	
  overexpression,	
  and	
  consecutively	
  binding	
  between	
  
P2-­‐G6PDH	
   and	
   P0-­‐G6PDH	
   to	
   activate	
   a	
   peroxisomal	
   OPPP,	
   together	
   result	
   to	
   be	
   a	
   great	
  
mechanism	
  to	
  help	
  the	
  plant	
  to	
  counteract	
  the	
  stress.	
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