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Chloroplastidic  phosphoglycerate  kinase  (PGKase)  plays  a  key  role  in  photosynthetic  organisms,  cat-
alyzing a  key  step  in  the  Calvin  cycle.  We  performed  the  molecular  cloning  of  the  gene  encoding
chloroplastidic PGKase-1  in  the  diatom  Phaeodactylum  tricornutum. The  recombinant  enzyme  was
expressed in  Escherichia  coli,  purified  and  characterized.  Afterward,  it  showed  similar  kinetic  proper-
ties than  the  enzyme  studied  from  other  organisms,  although  the  diatom  enzyme  displayed  distinctive
responses to  sulfhydryl  reagents.  The  activity  of  the  enzyme  was  found  to  be  dependent  on  the  redox
status in  the  environment,  determined  by  different  compounds,  including  some  of  physiological  func-
tion. Treatment  with  oxidant  agents,  such  as  diamide,  hydrogen  peroxide,  glutathione  and  sodium
nitroprusside resulted  in  enzyme  inhibition.  Recovery  of  activity  was  possible  by  subsequent  incuba-
tion with  reducing  reagents  such  as  dithiothreitol  and  thioredoxins  (from  E.  coli  and  P.  tricornutum).
We determined  two  midpoint  potentials  of  different  regulatory  redox  centers,  both  values  indicating
that PGKase-1  might  be  sensitive  to  changes  in  the  intracellular  redox  environment.  The  role  of  all  the
six Cys  residues  found  in  the  diatom  enzyme  was  analyzed  by  molecular  modeling  and  site-directed
mutagenesis. Results  suggest  key  regulatory  properties  for  P.  tricornutum  PGKase-1,  which  could  be
relevant for  the  functioning  of  photosynthetic  carbon  metabolism  in  diatoms.
© 2011  Elsevier  GmbH.  All  rights  reserved.
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Introduction

Diatoms  are unicellular photosynthetic  eukaryotes
that  contribute  to about  one quarter  of global pri-
mary  productivity  (Bowler  et al. 2008). Despite  their
importance,  very  little  is known about  the biology
of  these microorganisms  at the  molecular  level.
Diatom  chloroplasts  evolved  by secondary  endo-
cytobiosis,  via uptake  of an eukaryotic  algae  into

1Corresponding  author;  fax  +54-342-457  5209x217
e-mail  iglesias@fbcb.unl.edu.ar  (A.Á.  Iglesias).

another  eukaryotic  heterotrophic  host cell,  with its
subsequent  evolutionary  reduction  to one organelle
(Scala  et  al.  2002). In consequence,  diatom  chloro-
plasts  differ from those in plants;  as,  for example,
the  former  are surrounded  by four  membranes
and  they possess  an incomplete  oxidative pen-
tose  phosphate  pathway  (OPP) (Gruber et al.
2009).  Phaeodactylum  tricornutum  is a represen-
tative  member  that has  been widely utilized as a
model  system for studies  on  diatoms.  The recent
elucidation  of the entire genome  of P. tricornutum
(Bowler  et al. 2008) proved mandatory  to advance
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in the molecular  cloning of genes, and  the produc-
tion  and  characterization  of recombinant  enzymes
to  establish  the  occurrence  and functionality  of
metabolic  scenarios  in the  organism.

Phosphoglycerate kinase  (EC 2.7.2.3,  PGKase)
catalyzes  the ATP-dependent  phosphorylation  of
3-phospho-glycerate  (3PGA)  to 1,3-bis-phospho-
glycerate  (1,3-bisPGA),  in a reversible  reaction
requiring  Mg2+ as essential  cofactor. The  enzyme
is  found in all  kingdoms,  with the occurrence  of
forms  localizing  in different  intracellular  compart-
ments  (Joao  and  Williams  1993).  In photosynthetic
organisms,  the  chloroplastidic enzyme  plays a
key  role,  catalyzing  the step following  carbon  fix-
ation  by the Calvin cycle (Joao  and  Williams
1993).  PGKase  is a monomeric  enzyme  having
two  domains,  with a deep cleft  between them
(Banks  et al. 1979).  Binding of 3PGA  occurs at
the  N-terminus,  while  ATP-Mg  binds to the C-
terminal  domain  of the enzyme.  Conformational
changes  bringing  the  two domains  in close prox-
imity  take place  during  catalysis and  generate  the
closed  form of the protein  that  allows  the transfer
of  the phosphate  group.  The PGKase sequence
remained  highly conserved during  evolution (Joao
and  Williams  1993),  although  the number  of Cys
residues  is significantly  different  between  species.
Yeast  PGKase has  one Cys and  shows  no loss of
activity  when  incubated  with thiol-modifying  agents
(Krietsch  and Bucher  1970; Markland  et al. 1975);
whereas  the mammalian  enzyme  has seven Cys
residues  and is  inactivated  by treatment  with DTNB
or  alkylating  reagents (Cserpan  and Vas 1983;
Dekany  and Vas 1984;  Huskins et  al. 1982). It
has  been proposed  that two Cys residues,  adja-
cent  to the  C-terminus  of the primary  structure, are
responsible  for  this phenomenon,  later  they were
referred  to “fast-reacting”  (Cserpan  and  Vas 1983;
Minard  et al. 1989).

P. tricornutum contains  three  sequences  coding
for  PGKase  in its genome (Bowler  et al. 2008). The
enzymes  localize either  in the cytosol (PtrPGKase-
51125),  mitochondria  (PtrPGKase-2)  or  chloroplast
(PtrPGKase-1)  (Liaud  et al. 2000).  We performed
the  molecular  cloning  of  the gene to heterologously
express,  purify  and characterize  the chloroplastidic
PGKase-1  of the diatom.  Kinetic  parameters  and
the  reaction  mechanism  determined  for the recom-
binant  enzyme were similar to  those  described
previously  for other  PGKases. Interestingly,  we
found  distinctive  responses  of PtrPGKase-1  to thiol
modifying  reagents. We determined  that  the activity
of  the enzyme is dependent  on the redox  sta-
tus  in the environment  established  by physiological
compounds.  To  the best of our knowledge,  this is

the first study advancing  the  characterization of a
PGKase  from  diatoms  and determining  the occur-
rence  of redox regulation  mechanisms  in these
microorganisms.

Results

Molecular Cloning, Expression and
Purification of PtrPGKase-1

A  comparison  of PGKase  amino  acid sequences
from  different sources  indicates  a  high degree
of  conservation  at the level of  primary struc-
ture  (Fig. 1), especially  with respect  to functional
residues.  Thus, the alignment  of  amino acid
sequences  of  11 PGKases shows 71 residues
totally  conserved and  a  larger  number  of conser-
vative  substitutions,  leading  to  a 14%  identity and
64%  similarity  in the  whole comparison (Fig. 1).
On  this  basis, it has  been proposed  that the
tertiary  structure and the  active-site regions of
PGKases  are conserved  (Fifis and Scopes 1978).
P.  tricornutum contains three sequences  coding
for  PGKase  in  its genome,  and  it is deducted
that  the  enzymes  localize either in the  cytosol
(PtrPGKase-51125),  mitochondria  (PtrPGKase-2)
or  chloroplast  (PtrPGKase-1)  (Liaud et al. 2000).
The  gene encoding  chloroplastidic PGKase-1
(accession  number  AF108451, protein ID 29157)
in  the microorganism  contains  a bipartite sig-
nal/transit  peptide  of  42 amino  acids (Fig. 1),
necessary  for  precursor-protein  import  across the
four  membranes  that  surround the diatom plastids.
The  previously predicted  length  and  processing site
of  this peptide  (Liaud  et  al. 2000) were  used in order
to  clone and  heterologously  express  the plastidic
enzyme  in E. coli.

We cloned the  AF108451  gene  without  the  bipar-
tite  transit peptide in the expression  vector  pET-19b
to obtain the mature  PtrPGKase-1,  with  the addition
of  a His10-tag at the N-terminus to simplify pro-
tein  purification.  Competent  E. coli  Rosetta  (DE3)
cells  were  transformed  with the resultant  construct
and  the  expressed enzyme  was highly purified by
IMAC  (Fig.  2). Studies  performed  using gel filtration
chromatography  showed  that PtrPGKase-1  was a
monomer  of 45 kDa. The  purified enzyme  reached
a  specific  activity of 47.5 units  mg-1 and displayed
the  kinetic  parameters  shown  in Table 1. Values of
VM, S0,5 and nH obtained  for the diatom enzyme
are  quite  similar to those reported  for  PGKases
from  bacteria  (Nojima et al.  1979; Pawluk  et al.
1986),  cyanobacteria  (Kuntz and Krietsch 1982),
yeasts  (Krietsch  and Bucher  1970;  Kuntz  and
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    Pt rP-1 ----------MKFVQAAIFALAASASTAAAFAPAKTFGVRSFAP-- --------VSLIELEAK ASIE DLSDAELK--GKKVLVRCDVNVPLDGK- -KITDD TRIRSSIPTIEYLKNKGAI-VSV CSHLGR PKDG----PEDKF-------SLGPCAERMG  

    Pt rP-2 ------------------MFRMLTSTALRRSPVTSSLTSCCKANAF AVRIRSFHAAPVIQ AKMTVEQLAQQVDMK--GTNVLVRVDLNAPLATDDVTVTDDTRLRAIVPTTKFLLEQGAN-VILCSHFGRPKGEIIE-TGKNG-------RLNPVVKPLE 

PtrP-51125 ------------------------------------------ ------MASDMPKLAPGATRK RNVFDVIEALQKQSAKTILVRVDFNVPMNSDG-KITD DSRIRGALPTIKAVVNAKCN-AVLVSHMGR PKLVQKAADD EETRQQRHELSLKPVADHLA 

       Tp s ----------MKLFNAALILAVIGNASAFAPAAPSLGLRTVGPS----------TFDFALDAKKSIEDLSEADL K--GKKVLVRCDVNVPLDGK--KITDD TRIRSSIPTIEYLKGKGAI-VTVCSHLGR PKDG----PE DKF-------SLGPCAERMG 

       So l --------------GASFSLHVLSKINSYKSQSTKPIRG---------- --------VASMAK KSVG DLTSADLK--GKKVFVRADLNVPLDDS- QNITDDTRIRAAIPTIKHLINNGAK-VILSSHLGR PKG-----VTPKF-------SLAPLVPRLS 

       Cr e MALSMKMRANARVVSGRRVAAVAPRVVPFSSASSSVLRSGFAAEVSVDI RRVGRSRIVVE AVKKSVGDLHKADLE--GKRVFVRADLNVPLDKATL AITDD TRIRAAVPTLKYLLDNGAK-VLLTSHLGRPKGG----PEDKY-------RLTPVVARLS 

       Hsa ------------------------------------------------------------MSLSNKLTLDKLDVK--GKRVVMRVDFNVPMKNN- -QITNNQRIKAAVPSIKFCLDNGAKSVVLMSHLGR PDG--VP-MP DKY------ -SLEPVAVELK 

       Ss c -------------------------------------------------------------SLSNKLTLDKLDVK--GKRVVMRVDFNVPMKNN- -QITNNQRIKAAIPSIKFCLDNGAKSVVLMSHLGRPDG--IP-MP DKY------ -SLEPVAVELK 

       Sce ------------------------------------------------- -----------MSL SSKLSVQD LDLK--DKR VFIRVDFNVPLDGK--KITSNQRIVAALPTIKYVLEHHPRYVVLASHLGR PNG--E--RN EKY-------SLAPVAKELQ 

       Tc a -----------------------------------------------------------------MRTLLD LDPK--GKRVLVRVDYNVPVQDG--KVQDETRILES LPTLRHLLAGGAS-LVLLSHLGRPKG-----PDPRY-------SLAPVGEALR 

       Eco ---------------------------------------------------------------MSVIKMTD LDLA--GKRVFIRADLNVPVKDG--KVTSDARIRASLPTIELALKQGAK-VMVTSHLGRPTEG---EYNEEF------ -SLLPVVNYLK 

           83                                                                                                                

    PtrP-1  ELLGQTVTLAPDCIGEEVAKIVNDAKEGDVIMLE NTRFYKEETKN---------------DP EFVEKLAAPFDLYV NDAFGTAHRAHASTEGVTKF--LKPSV GGFLLAKELEYLDGAISNGKKPMAAIVGGSKVSSKITVLEALLDKCDKVII GGGMVF

    Pt rP-2 VLLGQTITKLDDCMGPDVEAATKNLGEGKVVLLE NTRFYSGETKN-------------D--PELAAGLGKLADYFVMDAFGTAHRAHSSTAGVTTH--MK FNAAGKLMEKELQYLQGAVE EPKRPMMAIVGGAKVSTKIPVIESLLD KCDVILIGGGMIF

PtrP-51125 KLLDQEVLFG DDCLHAQSTIRELPAEGGGVCLLENLRFYKEEEK N-------------- -GEDFRKSLASY ADGYV NDAF GTSHR AHASVAGVPALLPKE VCGIGCLVASELAYLDFKNA SSDEQIAAIIGGSKVSTKLPVI EGLLKNVQTLVL QGGLAF

       Tps ELLGQEVKLAPDCIGEEVSTLVNAAK EGDVIMLE NTRFYKEEEK N---------------EAGFVEKLAAPFDLFVNDAFGTAHR AHASTEGVTKF- -LQPSVSGFLLAKELEYLDGAIENGK KPMAAI VGGSKVSSKITVLNALLD KCDKIII GGGMVF

       So l ELLGLQVVKADDCIGPDVEKLVAELP EGGVLLLE NVRFYKEEEK N---------------DPEFAK KLASLADLYV NDAF GTAHRAHASTEGVTKF- -LKPS VAGFLLQKELDYLVGAVS NPKRPFAAI VGGSKVSSKIGVI ESLLEKCDILL LGGGMIF

       Cr e ELLGKPVTKV DDCIGPEV EKAVGAMK NGEL LLLE NVRFYK EEEK N---------------EPEFAK KLAANADLYVNDAFGTAHRAHASTEGVTKF--LKPS VAGFLLQKELDYLDGAVS NPKRPFVAI VGGSKVSSKITVIEALMEKCDKIII GGGMIF

       Hs a SLLGKDVLFL KDCVGPEV EKACANPA AGSVILLENLRFHVEEEGKGKDASGNKVKAEPAKIE AFRASLSKLGDVYVNDAFGTAHR AHSSMVGVN--- -LPQKAGGFLMKKELNYFAKALESPERPFLAILGGAKVADKIQLINNMLDKVNEMII GGGMA F

       Ss c SLLGKDVLFL KDCVGPEV EKACADPA AGSVILLE NLRFHVEEEGKGKDASGSKVKADPAKIE AFRASLSKLGDVYV NDAFGTAHRAHSSMVGVN--- -LPKKAGGFLMKKELNYFAKALE SPERPFLAILGGAKVADKIQLINNMLDKVNEMII GGGMAF

       Sc e SLLGKDVTFL NDCVGPEV EAAVKASA PGSVILLE NLRYHIEEEGS-RKVDGQKVKASKEDV QKFRHELSSLADVYINDAF GTAHR AHSSMVGFD--- -LPQR AAGFLLEKELKYFGKALE NPTRPFLAILGGAKVADKIQLIDNLLD KVDSIIIGGGMAF

       Tca AHLPEARFAPFPPGSEEARREAEALR PGEVLLLE NVRFEP GEEK N---------------DPELSARYARLGEAFVLDAF GSAHR AHASVVGVAR-- -LLPAYAGFLMEKEVR ALSRLLK DPERPYAVVLGGAKVSDKIGVI ESLLPRIDRL LIGGAMA F

       Ec o DKLSNPVRLVKDYL--DG----VDVAEGELV VLE NVRFNKGEKKD---------------DETLSKK YAALCDVFVMDAF GTAHR AQASTHGIGKF--ADVA CAGPLLAAELDALGKALK EPARPMVAI VGGSKVSTKLTVLD SLSKIADQLIVGGGIAN 

           226                                                                                                      377  

225

             821

    Pt rP-1  TFLK AKG-FNVGTSLVEDDFVD TAKEVLAKA EKLGKEILLPIDIVIADKFD------AEAETKVVSA EE-IPDGWM GLDNGPETTAQ QKEA LSDCKTIIMNG PMGVF EFEKFAKGTFDLVNI LADLSKDKGAITI IGGG DSVA ATEQSGRAGDMSH IST G

    Pt rP-2  TFYKALG-YD IGASLV EDDIVE LASSLMKKAEEKGVKL ILPVDVVLADK FD------N DANSA VAKVTD-ISGDWM GLDIGPET IDLF RSEIA EANTIVWNG PMGVF EFSNFAAGTNDVAQM LAQATAERGAVTI IGGG DSVA AVNKAGLGDKVSHIST G

PtrP-51125  TFLKAQG-IKIGDSLVEDSMID TAKDLLKQADSMGKTIILPVDAVCSQSFPKGPMD KADTKTFE LNTDA GIDDGWM GLDIGPKSVKIIAD GLAKATKIVVNGPAGVFEVPPFDEGTRGLVDAIESLTKN -GTVSV VGGG DSVA ALEA FGKTEA VSYVST G

       Tp s TFLK AKG-LNVGTSLV EDDYVE TAKEVLAKA EKLGKEILLPSDIVIADKFA------ADAETKVVSSDA-IPDGWMGLDNGPASTAEQKEFLSDCQTVI MNG PMGVFEMKAFEKGTFGLVDI LADLSKEKGAITIIGGGDSVA ATELSGRAGDMSHISTG

       Sol TFYKAQG-MSVGSSLV EEDKLDLATSLLAKAKEKGVSLLLPTDVVIADKFA------ADADSKI VPASG-IPDGWM GLDIGPDSIKTFSEALDTTQTVIWNGPMGVFEFEKFAAGTEA IAKKLEEISK-KGATTI IGGG DSVA AVEKVGVAEAMSH ISTG

       Cr e TFYKARG-LKVGSSLV EDDKIE LAKKLEEMAKAKGVQL LLPTDVVVADKFD----- -ANANTQTVPITA -IPDGWM GLDIGPDSVKTFNDALADAK TVVWNG PMGVF EFPKFANGTVSIANT LAGLTP- KGCITI IGGGDSVAAVEQAGVA EKMSHISTG

       Hsa TFLKVLNNME IGTSLFDEEGAKIVKDLMSKAEKNGVKITLPVDFVTADKFD------ENAKTGQATVASGIPAGWM GLDCGPESSKKYAEAVTRAKQIVWNGPVGVFEWEAFARGTKALMDEVVKATSR-GCITIIGGG DTATCCAK WNTEDKVSHVSTG

       Ssc TFLKVLNNME IGTSLFDEEGSKIVKDLMSKAEKNGVKITLPVDFVTADKFD------ENAKTGQATVAS GIPAGWMGLDCGPESSKKYSEAVARAKQIV WNG PVGVFEWE AFAQGTKALMDE VVKATSR-GCITI IGGG DTATCCAK WNTEDKVSHVSTG

       Sce TFKKVLENTEIGDSIF DKAGAEIVPKLMEKAKAKGVEV VLPVDFIIADAFS----- -ADANTKTVTD KEGIPAGWQGLDNGPESRKLFAATVA KAKTIVWNGPPGVF EFEKFAAGTKALLDE VVKSSAA-GNTVIIGGG DTATVAKKYGVTDKISHVST G

       Tc a TFLK ALG-G EVGRSLV EEDRLD LAKDLLGRAEALGVRV YLPEDVVAAERIE----- -AGVETRVFPARA-IPVP YMGLDIGPKTREAF ARALEGARTVFWNG PMGVF EVP PFDEGTLAVGQA IAALEG---AFTVVGGG DSVA AVNRLGLKE RFGHVSTG

       Eco TFIAAQG-HDVGKSLYEADLVDEAKRLLTTC N---- -IPVPSDVR VATEFS------ETAPATLKSV ND-VKADEQ ILDIGDASAQELAEILKNAKTILWNGPVGVF EFPNFRKGTEI VANAIADSEA----FSIAGGG DTLAAIDL FGIADKISYIST G

           378                  399 

    PtrP-1 GGASLELLEGK VLPGVAALNDK-----  

    Pt rP-2 GGASLELLEGKVLPGVAA LTEV-----  

PtrP-51125  GG ATLELLAGDILPGVAAIADYD---- 

       Tp s GGASLELLEGKVLPGVAALNDK-----  

       Sol GG ASLELLEGKQLPGVLALNEADPVPV  

       Cr e GG ASLELLEGK VLPGVAA LDEK-----  

       Hs a GGASLELLEGK VLPGVDALSNI----- 

       Ss c GG ASLELLEGK VLPGVDALSNV-----  

       Sce GGASLELLEG KELPGV AFLSEKK----  

       Tc a GGASLEFLEKGTLPGLEVLEG------ 

       Eco GG AFLEFVEGK VLPAVAMLEERAKK— 

Figure  1. Amino  acids  sequence  alignment  of  PGKases  from  different  sources.  Ptr,  Phaeodactylum  tricor-
nutum; Tps,  Thalassiosira  pseudonana  (diatom);  Sol,  Spinacea  oleracea  (spinach);  Cre,  Chlamydomonas
reinhardtii; Hsa,  Homo  sapiens;  Ssc,  Sus  scrofa  (pig);  Sce,  Saccharomyces  cerevisiae; Tca,  Thermus  cal-
dophilus; Eco,  E.  coli.  Cre,  Sol,  Tps  and  PtrP-1  possess  chloroplastidic  signal  peptides,  the  Phaeodactylum
one is  coloured  in  pink.  The  number  1  residue  is  the  first  amino  acid  in  the  expressed  PtrPGKase-1  (see  text).
PtrP-2 and  PtrP-51125  are  targeted  to  the  mitochondria  and  cytosol,  respectively.  Residues  alignment  colour
key: non-similar  (black  letter),  conservative  (shaded  cyan),  block  of  similar  (shaded  green)  and  weakly  similar
(green letter).  The  black  dots  localize  Cys  residues  under  study  in  the  present  work.  (For  interpretation  of  the
references to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  the  article.)

Krietsch 1982),  protozoa  (Zomer et al. 1998), mam-
mals  (Fritz  and White  1974; Krietsch  and Bucher
1970;  Krietsch  et al. 1980) and plants  PGKases
(Kuntz  and  Krietsch 1982).  As  for  other  PGKases
(Larsson-Raznikiewicz  and Arvidsson  1971), a
random-binding  order mechanism,  in which the
binding  of one  substrate  does not affect the binding
of  the other  was observed  for PtrPGKase-1  (data
not  shown).

Table  1. Kinetic  parameters  of  purified  PtrPGKase-1.

Substrate  S0.5 (mM)  nH VM (U  mg−1)

3PGA  1.55  0.9  47.5
ATP 0.89  0.6
Mg2+ 0.36  0.9

Redox Properties of PtrPGKase-1

We observed  that  PtrPGKase-1  lost  its activity
when  stored  in the absence  of a  reducing agent. In
fact,  although  it lacks the conserved  adjacent Cys
residues  in the C-terminal  domain,  whose oxidation
was postulated  to be responsible  for inactivation
of  the mammalian  enzyme  (Huskins  et al. 1982),
we  found that PtrPGKase-1  was inhibited by the
non-physiological  thiol-modifying  agent  diamide.
As  shown in Figure  3,  the enzyme inactivation
exhibited  pseudo-first-order  kinetics  when the  oxi-
dant  agent  was present  in a  molar excess of 10- to
10,000-fold.  Also, inactivation  followed  a two-step
mechanism,  as the plot of k′

obs as  a function of
inhibitor  concentration  showed saturation, reaching
a  plateau  at  high values of oxidant  concentration
(Fig.  3, inset).
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Figure  2. Reducing  SDS-PAGE  (12.5%)  of  IMAC
purification of  recombinant  PtrPGKase-1.  Lanes:  1,
crude extract;  2,  enzyme  recovered  after  IMAC.
Molecular  mass  markers:  phosphorylase  b  (94.0
kDa), BSA  (67.0  kDa),  ovalbumin  (43.0  kDa),  carbonic
anhydrase  (30.0  kDa),  trypsin  inhibitor  (20.1  kDa),  �-
lactalbumin (14.4  kDa).

Figure  3.  Kinetic  characterization  of  wild  type
PtrPGKase-1 inactivation  by  diamide.  0.1  �M  purified
enzyme was  incubated,  as  specified  under  Methods,
at 25 ◦C  with  various  concentrations  (in  mM)  of
diamide: 0  (�),  0.001  (•),  0.005  (�),  0.01  (�),  0.02
(�),  0.05  (�),  0.2  (�),  0.5  (�)  and  1  (©).  For  incubation
condition, percentage  of  residual  enzymatic  activity
(relative activity)  was  measured  at  variable  incubation
times. Inset:  plot  of  pseudo-first-order  reaction  rate
constant (k′

obs)  vs.  diamide  concentration.

As diamide  is not a cellular  reagent,  we
investigated  if PtrPGKase-1  was inactivated by
physiological  oxidants such  as  H2O2, GSSG and
NPS  (nitric  oxide donor). Effectively, these  com-
pounds  inhibited  the enzyme  following the same
two-step  mechanism  observed  for  diamide. As
shown  in Table 2, inhibitors  exhibited  different  effec-

Table  2. Kinetic  constants  for  the  oxidation  of  wild  type  and  mutants  PtrPGKase-1.  Values  were  calculated  form
pseudo-first-order kinetics  as  specified  under  Methods.

Oxidant  Wild  type  C21S  C58S  C77S  C95S  C214S  C312S

DIAMIDE
k′(min)  0.24  0.17  1.20  0.95  0.68  0.18  0.27
KI (�M)  82.0  52.0  10.3  7.11  6.05  144  50.0

k′′ (M−1 s−1)  49.0  55.0  1940  2220  1860  21.0  89.0

H2O2
k′ (min)  0.16  0.10  1.22  0.40  0.25  0.08  0.15
KI (�M)  1500  1790  3270  1280  518  1100  2220

k′′ (M−1 s−1)  1.77  0.93  6.22  5.15  8.08  1.18  1.10

NPS
k′ (min)  0.08
KI (�M)  437

k′′ (M−1 s-1)  2.90

GSSG
k′ (min)  0.01
KI (�M)  480

k′′ (M−1 s−1)  0.30
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tiveness, with diamide being the best  oxidant  and
GSSG  exhibiting  the lowest value  of k′′. Differ-
ences  in k′′ values for the inhibitors  were  due to
changes  in the apparent affinity of the  enzyme
for  each oxidant (KI) rather than to modifications
in  k′, except for NPS and GSSG  that showed
similar  KI.

PtrPGKase-1 contains  six Cys residues,  at posi-
tions  21, 58, 77, 95, 214 and  312. The  first four
residues  are located  in the N-terminal  and  the
last  two in the  C-terminal  domain.  Using  a con-
structed  homology model  of  the diatom  enzyme
in  the open conformation,  we determined  that dis-
tances  between  these  Cys residues  are within
6-15 Å (Supplementary  Fig.  S1  and Table  S1), with
the  closer  distances  found  for  pairs: 58-95,  21-58,
and  214-312. Although these proximities  between
Cys  residues  are not  optimal  to undergo  disulphide
links,  it is worth mentioning that  the positioning
of  the Cys residues  in the model  has relatively
low  accuracy,  since templates  have no  conserved
Cys  in those positions. Also, rearrangement  of side
chains  could bring  the sulfhydryl  groups  to  dis-
tances  closer and more  suitable to form  disulphide
bridges.

To  probe the role  of these residues  in regu-
lation  of the enzyme,  single  mutants  of all six
Cys  were constructed: C21S,  C58S,  C77S,  C95S,
C214S  and C312S.  His10-tag  mutant  enzymes
were  purified  to homogeneity, following  the  same
procedure  as for the wild type PtrPGKase-1. All
mutant  enzymes exhibited similar VM than  the
wild  type proteins,  although  mutants  C21S,  C58S,
C77S  and C95S  displayed  a slightly lower affinity
for  3PGA (data  not  shown).  None of the sin-
gle  mutant  enzymes exhibited  insensitivity  to the
oxidants  but, as a whole, all of them showed
the  same  pseudo-first-order  inactivation  kinetics
as  the  wild  type  PtrPGKase-1.  Results suggest
that  enzyme inactivation  would not be  a conse-
quence  of the oxidation  of a single  Cys residue
in  PGKase.  From  Table  2, it can  be  seen  that
C21S,  C214S  and  C312S mutants  behaved  in
a  similar way as the wild type enzyme  respect
to  the  oxidants,  indicating that none  of the  Cys
residue  mutated  alone seemed to be  responsible
for  the oxidative  enzyme  inactivation. Remark-
ably,  C58S,  C77S and C95S  were notably more
sensitive  to diamide  oxidation  than the  wild type
enzyme,  exhibiting  higher  affinity  for  the  inhibitor
(Table  2).  This phenomenon was still  evident
with  hydrogen  peroxide  inactivation,  but in lower
degree  extent. These results  suggest  that  these
three  Cys  residues  would  be  important  in  redox
inactivation.

Figure  4.  Protection  afforded  by  substrates  against
inactivation of  PtrPGKase-1  by  oxidation  with  0.1  mM
diamide. The  enzyme  (0.1  �M)  was  preincubated  at
25 ◦C  in  the  assay  medium  in  the  presence  of  differ-
ent substrates:  none  (•),  5 mM  3PGA  (�),  5  mM  ATP
(�), 5  mM  ATP  and  5 mM  MgCl2 (�).  Control  without
oxidant  was  included  (�).

Substrate  protection  against diamide  oxidation
was  also assayed. As seen  in Figure 4, protec-
tion  was mainly  achieved  by 3PGA  and ATP, with
a  minor effect observed  for ATP-Mg.  The protective
effect  afforded  by 3PGA  and ATP was dependent on
the  concentration  of each substrate  in the modifica-
tion  medium,  from which  it was possible to estimate
the  respective  Kd value  for  the binding,  using the
approach  developed  by Mildvan  and  Leigh (Mildvan
and  Leigh 1964). Since Cys-21, Cys-58, Cys-77
and  Cys-95 are close to the 3PGA  binding site,
protection  exerted  by this substrate was not sur-
prising  (Kd

3PGA = 0.97 mM). With regard to ATP
protection,  we observed  that the Mg-free  nucleotide
was  the true effector (Kd

ATP = 1.7 mM) rather than
the  complex  ATP-Mg.  In fact,  protection  observed
with  ATP-Mg  was only  due  to a secondary effect  of
the  portion  of free ATP present  in  the equilibrium
established  in  the formation  of the  complex (data
not  shown).  NMR  studies  have  revealed a second
binding  site for Mg-free ATP (and  for other anions
such  as sulphate),  which overlaps  with at least a
part  of  the  3PGA binding  site that localizes in a posi-
tively  charged  region  of the  N-terminus  called ‘basic
patch’  (Joao  and Williams 1993). Residues Cys-
214  and Cys-312  are located near  the C-terminus
but  relatively  far  from the site where  ATP-Mg binds.
It is suggested  that both,  free ATP and  3PGA pro-
tection  could  be a consequence  of  steric effects
that  hide Cys residues  near the 3PGA  binding site,
and  which  are  responsible  for the loss  of enzymatic
activity.  Free Mg2+ did not  protect  PtrPGKase-1
from  oxidation.
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Figure  5.  Kinetic  characterization  of  wild  type
PtrPGKase-1 activation  by  reducing  agents.  0.1  �M
PtrPGKase-1 was  oxidized  with  0.5  mM  H2O2 during
20 to  30  min  at  25 ◦C.  Afterward  (zero  time)  the
oxidized enzyme  was  incubated  with  various  con-
centrations of  reducing  agents  and  percentage  of
enzymatic activity  (relative  activity)  was  measured
at each  indicated  time.  Control  without  oxidant  was
included (�).  (A)  DTT  reduction:  oxidized  enzyme
plus DTT:  3  mM  (�),  5  mM  (�),  7  mM  (�)  and  10  mM
(�); (B)  EcoTrx  reduction:  oxidized  enzyme  plus
EcoTrx: 2 �M  (�),  4  �M  (�),  6  �M  (�)  and  10  �M  (�);
(C) PtrTrx  reduction:  oxidized  enzyme  plus  PtrTrx:
0.5 �M  (�),  1.5  �M  (�),  2.5  �M  (�),  3.5  �M  (�)  and
5 �M  (�).  Insets:  plots  of  pseudo-first-order  reaction
rate constant  (k′

obs)  vs.  reducing  agent  concentration.

Table  3. Reduction  kinetic  constants  for  wild  type
PtrPGKase-1,  calculated  as  explained  in  Methods.

Oxidant  agent  Reducing  agent  k′′ (M−1 s−1)

Diamide DTT  0.188
EcoTrx 2345
PtrTrx 1163

H2O2 DTT  0.790
EcoTrx 1873
PtrTrx 5328

NPS DTT n.d.a

EcoTrx  2034
PtrTrx n.d.

an.d.,  not  determined.

Physiological  redox  regulation  of a protein not
only  involves its oxidation  but also  the reversion
of  the  process  by reductant  agents.  We  tested
chemical  (DTT)  and  biological  compounds  [E. coli
Trx  (EcoTrx) and P. tricornutum  periplastidic Trx-
h2  (PtrTrx, protein  ID 48539)]  as reducing agents
of  PtrPGKase-1 previously  oxidized  with  diamide,
H2O2 or NPS. Figure 5 shows oxidation  by H2O2
and subsequent  reduction  with DTT  (A), EcoTrx
(B)  or PtrTrx (C) for  the  wild type enzyme.  The
kinetic  analysis for reduction  associated  with  recov-
ery  of  activity could be performed  using a model
similar  to  that  applied  in oxidation  (see Meth-
ods).  While k′′ values  for DTT reduction were
in  the order of  the unit  (M−1 s−1), Trxs reduced
PtrPGKase-1  with a second order rate constant
of  about 2000  M−1 s−1 (Table  3 for  wild type
PGKase-1).  In fact PtrTrx reverted peroxide oxida-
tion  3-fold  faster than EcoTrx, but twice slower when
reducing  the diamide-oxidized  enzyme (Table 3),
indicating  that PtrPGKase-1  might  be  a potential
target  for  diatom  Trxs. All wild type and mutant
enzymes  displayed  a single-step  mechanism for
reduction  and similar kinetic constants  (data
not  shown).

Redox Potentials of PtrPGKase-1

As  the activity  of  PtrPGKase-1  could  be reversibly
modulated  by redox  modification,  it was of inter-
est  to determine  the midpoint  potential  of the wild
type  enzyme  and  its mutants  by redox titration.
We  incubated fully reduced  enzymes at  various
redox  potentials,  defined by variable amounts  of
2-ME-HEDS  at fixed 10 mM total concentration
(at  pH 8.0 and 25 ◦C). After 30 min incubation,
enzymatic  activity was measured.  This time was
sufficient  to reach  redox equilibrium  between the
enzyme  and 2-ME.  As  expected,  the  maximal
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Figure  6.  Redox  titration  of  wild  type  and  mutants
PtrPGKase-1. Enzymes  (0.1  �M)  were  titrated  at  pH
8.0, at  a total  2-ME-HEDS  concentration  of  10  mM,
with a  redox  equilibration  time  of  30  min  at  25 ◦C.
Percentages  of  enzymatic  activity,  100%  being  the
maximum activity  for  each  enzyme,  were  plotted  as
a function  of  Eh values.  Wild  type  PGKase-1  (�,  dot-
ted line);  (A)  C21S  (•),  C58S  (�),  C77S  (�),  C95S
(�);  (B)  C214S  (�),  C312S  (�).  Experimental  data
were fitted  to  Nernst  equation  for  a  two-electron  redox
system.

activity was  achieved  at  the more negative  Eh, con-
sistent  with the highest  activity exhibited  by the fully
reduced  enzyme  (Fig.  6).  We found  that the curve
for  the wild type PtrPGKase-1 curve  was bipha-
sic  (Fig. 6A), resulting  in the calculation  of two
Em values (−0.329 ± 0.001  V  and  -0.282  ±  0.001  V)
when  fitted to the  Nernst equation for  a single-
component,  two-electron  redox  system  to each  part
of  the curve. This  suggests  the existence  of more

Figure  7.  Non-reducing  SDS-PAGE  (8.5%)  of  oxi-
dized and  reduced  wild  type  and  mutant  PtrPGKase-1.
Lanes: 1,  reduced  wild  type  PtrPGKase-1;  2-8,  oxi-
dized enzymes  (1  mM  diamide  at  25 ◦C  for  20  min)  as
follows: 2,  wild  type  enzyme;  3,  C21S;  4,  C58S;  5,
C77S; 6,  C95S;  7,  C214S;  8,  C312S.

than  one redox center with differential  characteris-
tics  in the enzyme.  Both midpoint  redox potentials
fell  within the range  of values  reported for other
redox-active  proteins  (−0.280 to −0.330 V), includ-
ing  Trxs, ferredoxin-thioredoxin  reductases  and Trx
regulated  enzymes  (Hicks  et al. 2007; Hirasawa
et  al. 1999; Hutchison  et  al.  2000; Hutchison and
Ort  1995). Thus, the data  support the hypothesis
that  PtrPGKase-1  could be sensitive to changes in
the  intracellular  environment  as is the case for plant
proteins  known to have important  roles in redox-
balancing  systems.

As shown in Figure 6B,  C214S  and C312S
mutant  enzymes  displayed  the  same biphasic
behavior  and  equal Em values than  the  wild  type
PtrPGKase-1.  To the contrary, mutations in Cys
residues  21, 58, 77 and  95 implied the loss  of
the  first Em value (Fig.  6A), exhibiting  only  one
redox  potential  as follows: C21S,  −0.290  V;  C58S,
−0.287  V; C77S,  −0.284  V; and C95S, −0.291 V.
Parameters  of inactivation  kinetics  and  redox titra-
tion  results suggest  that C214  and C312  are poorly
(or  not at all)  implicated  in oxidative  inactivation
of  the enzyme.  On the  other  hand,  loss  of the
more  negative  redox  center observed after  muta-
tion  of any of the  remaining  Cys  residues suggests
a  ‘collaborative’  effect  in the  appearance  of the
first,  thermodynamically  more sensitive to oxida-
tion,  center.

Non-reducing PAGEs of Oxidized and
Reduced  PtrPGKase-1

We examined  if oxidation  of  PtrPGKase-1 resulted
in a change  in mobility  in non-reducing  SDS-PAGE,
as  a consequence  of, for  example,  oligomerization
caused  by disulphide bridge  formation between Cys
residues  of  different subunits. As shown  in Figure 7
(lanes  1 and 2) no  inter-subunit  disulphide bridge
was  evident,  since no molecular  mass  component
related  to oligomerization  was observed; but mod-
est  shifts in the mobility  of oxidized and reduced
forms  of the enzymes  were detected.  Oxidations
carried  out with 1 mM diamide  and 0.5 mM H2O2
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Figure  8.  Quantification  of  thiols  sensitive  to  oxidation  and  sulfenic  acids  in  PtrPGKase-1.  Oxidation  was  carried
out with  1  mM  diamide  (‘Diam’)  for  20  minutes  and  2  mM  H2O2 during  5  min  [‘H2O2 (5  min)’]  and  20  min  [‘H2O2
(20  min)’],  enzyme  concentration:  20  �M.  Two  different  methods  were  applied  from  here:  reduction  with  10  mM
arsenite for  60  min  (‘+  As’),  or  alkylation  with  2 mM  IAA  (60  min)  followed  by  reduction  with  5  mM  DTT  for  20  min
(‘+ IAA  +  DTT’).  Free  thiols  from  both  techniques  were  titrated  with  DTNB.  A  control  without  oxidant  was  also
assayed with  DTNB  in  its  native  (‘Red’)  and  denatured  form  (‘Red  Denat’).

for 20 min  resulted  in a band  (‘Ox’) with  higher
electrophoretic  mobility  than the ‘Red’  one, which
was  consistent  with an intra-molecular  disulphide
bridge  between  two Cys residues  distant in the  pro-
tein  primary sequence  (Kang  et al. 1999;  Loferer
et  al. 1995).  In  both cases the oxidation  was totally
reversed  by DTT and only the ‘Red’  band  was
observed.

All  mutant  enzymes displayed the same  ‘Red’
band  than the wild type PtrPGKase-1  when  incu-
bated  with reducing agents (data  not shown).
When  oxidized, C21S,  C58S,  C77S  and C95S
mutant  enzymes behaved identically  to wild type
PtrPGKase-1  (Fig. 7, lanes  3-6). On  the other
hand,  Figure  7 shows that  mutants  C214S  and
C312S  (lanes  7 and  8)  displayed different  behav-
ior  from the wild type enzyme  since  the ‘Ox’
form  of  migration  was  not  observed.  We  conclude
that  these two residues could be forming  a disul-
phide  bridge,  but  this seems  not to be related
with  enzyme  inactivation, as both mutants  exhib-
ited  similar  oxidation  kinetics  (Table 2)  and patterns
of oxidation-reduction  potential  than  the wild type
enzyme  (Fig. 6).  Results support the notion  that the
faster  migration  could be the consequence  of the
formation  of a  disulphide bridge between  Cys-214
and  Cys-312  in PtrPGKase-1.

Sulfenic Acid and Disulphide Bridge
Titration

In order to elucidate  which  residues  were  involved
in  the inactivation  process and  to infer  the oxida-
tion  mechanism,  chemical  studies  on  Cys  residues
were  carried out. DTNB  (Ellman  1959)  titration of
the  reduced  wild type PtrPGKase-1  showed that
five  Cys residues  were accessible  to the solvent
or  susceptible  to  the attack  of oxidant  agents in
the  native enzyme,  while  all of them  were  detected
in  the denatured  enzyme  (Fig. 8, ‘Red’ and ‘Red
Denat’).  In order to quantify  Cys residues sensitive
to  oxidation  under  different  conditions,  we incu-
bated  the PtrPGKase-1  (20  �M) with 1 mM diamide
during  20 min,  washed it with dilution-concentration
cycles  to eliminate  the excess  of the oxidizing agent
and  then  alkylated  it with 2  mM IAA for 60 min at
25 ◦C. IAA is a Cys-alkylating  agent  that reacts
with  SH-groups.  This  covalent  modification is not
reverted  by reductant  agents  (Zander  et al.  1998).
In  this step  only Cys remaining  reduced  during the
first  oxidative step were  alkylated.  After IAA  incuba-
tion,  the alkylating  agent was washed  out and  5 mM
DTT  was added  to the enzyme,  in order to  reduce
the  oxidized,  non-alkylated  residues.  Finally, the
enzyme  was washed again and thiols were quan-
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tified with DTNB, after which only  Cys residues
oxidized  in  the first  step could be detected.  Results
showed  that five of  the six Cys residues  present
in  the wild type enzyme were able  to be  oxidized
with  diamide  (Fig.  8, ‘Diam  +  IAA + DTT’), which
is  coherent  with the result explained  in  the previ-
ous  paragraph.  Hydrogen  peroxide  oxidation  was
also  tested  by incubation of 20 �M  PtrPGKase-1
with  2  mM H2O2 during  two periods  of time: 5 min
and  20  min  at 25 ◦C.  In  the  first  case, five thiols
were  detectable  [Fig.  8, ‘H2O2 (5 min) + IAA +  DTT’]
while,  at the longer  incubation,  only four Cys were
reducible  by DTT [Fig.  8, ‘H2O2 (20  min)  + IAA
+  DTT’], consistent  with  one  residue  being  over-
oxidized  and the other  one being  not  susceptible  to
oxidation.

With  the aim  of recognizing  sulfenic acids
(-SOH),  we oxidized  PtrPGKase-1  with 2 mM  H2O2
during  5 min,  washed the oxidizing agent  out,  and
then  quantified  sulfenic  acids  using  two meth-
ods:  sodium  arsenite  reduction and NBD reaction.
Sodium  arsenite is a reducing agent specific  for
sulfenic  acids (Radi  et al. 1991;  Saurin  et al. 2004).
When  reducing  the oxidized  wild type  enzyme with
10  mM arsenite  followed  by titration  with DTNB, one
thiol  was detected,  consistent  with a stoichiometry
of  one  –SOH per  monomeric  PtrPGKase-1  [Fig.  8,
‘H2O2 (5  min) + As’].  When  the  incubation  time with
the  oxidant agent  was  longer,  no thiol was detected
by  this method [Fig. 8, ‘H2O2 (20  min)  + As’], prob-
ably  because  of over-oxidation  of the sulfenic acid.
Arsenite,  as expected, did not revert the adduct
formed  between  diamide  and  the  Cys  responsi-
ble  for the sulfenic  acid formation (Fig. 8,  ‘Diam +
As’).  Identification  and stoichiometry  of –SOH moi-
eties  were  additionally  verified using  the  reaction
with  NBD, as described by Ellis  and  Poole (Ellis
and  Poole  1997).  A  single  -SOH was quantified
at  347 nm  in the  oxidized  enzyme  but not  in  the
reduced  one (Fig. 9A). At 420 nm  we quantified  one
thiol  in the oxidized  enzyme,  which corresponded
to  the Cys residue refractory  to oxidation.  Results
thus  suggest that there  are  five cysteinyl residues
susceptible  to oxidation  and  one recalcitrant to  be
modified  by oxidants. Of the former  five residues,
four  are non-reducible with  arsenite  (thus, form-
ing  two disulphide  bridges)  and one  that forms a
sulfenic  acid (that  is then over-oxidized  to sulfinic
and  sulfonic acid).

Chemical  studies with PGKase-1  mutants  are
shown  in Figure  9A  and B. In order  to detect  sulfenic
acid  before  over-oxidation  occurred,  analysis  of
the  proper  H2O2 concentration  and incubation  time
were  made.  Finally, all oxidations were  carried  out
with  0.5  mM H2O2 during  10 min.  Figure 9C repre-

sents the  final quantification  of  disulphide bridges
and  sulfenic  acids  for  each  mutant  enzyme, cal-
culated  and deduced  from Figure 9A and B. An
evident  disulphide  bridge  is formed between Cys-
214  and  312, since the absence  of any of  them
carried  the loss of one  disulphide  bridge and the
appearance  of one  more sulfenic  acid. This bond
would  not be  responsible  for enzymatic activity loss
but  for the  different electrophoretic  mobility of the
oxidized  enzyme  (Fig. 7).

From Figure  9  it can be concluded  that Cys-77
is  the residue  forming the sulfenic  acid. Also, the
disappearance  of a disulphide  bond,  along with the
appearance  of a second  sulfenic acid in  the mutant
C58S,  indicate that  this  residue  is forming the sec-
ond  disulphide  bond  in the wild type enzyme. Then,
from  the two remaining  Cys residues,  Cys-21 and
Cys-95,  one  should  not  be susceptible  to oxidation,
while  the other  should  be  responsible for the for-
mation  of a disulphide  bridge with Cys-58. Mutant
C21S  shows similar results in thiol and sulfenic
acid  titration  as  the  wild  type  enzyme (Fig. 9A
and  B); so, Cys-21  can be identified  as the non-
reducible  residue.  This is consistent  with  similar
inactivation  kinetics found for the  wild type and
the  C21S  mutant  enzymes.  Consequently  the most
probable  candidate  to form the  disulphide bond with
Cys-58  is Cys-95. When Cys-95 is  absent, Cys-
58  is oxidized  to a highly  reactive  sulfenic acid,
which  afterward forms a disulphide  bridge with the
nearby  Cys-21. This  hypothesis is coherent with
the  titration of two disulphide  bridges  in this mutant
(Fig.  9B) and the  detection  of Cys-21 in the dena-
tured  C95S  enzyme  (Fig. 9A and B). When Cys-58
is  absent,  Cys-95  would  form a sulfenic acid (as
seen  in Fig. 9) and might be susceptible to over-
oxidation.

Results  in Figure 10 show  the time dependence
of  irreversible  inactivation  for wild type and mutants
PtrPGKases-1  by hydrogen  peroxide.  Outcomes
from  Figure  10 gave  support  to  previous  arguments.
C21S,  C95S,  C214S  and C312S  behaved  similar to
wild  type  PGKase-1,  but C58S  was irreversibly oxi-
dized  in a faster  way. This is consistent  with the loss
of  the second disulphide  bridge  and  the  appear-
ance  of  a new  sulfenic acid  on Cys-95, obviously
more  susceptible  to over-oxidation  and important
in  enzymatic  activity. C77S was less sensitive to
irreversible  inactivation,  coherent  with  the fact that
this  residue  is oxidized  to  sulfenic acid in wild type
PGKase,  with further  over-oxidation  to  sulfinic and
sulfonic  acids.  When Cys-77 is absent,  the degree
of irreversible  oxidation  is lower, as hydrogen per-
oxide  attacks  disulphide  bridges slower than it does
to  unstable  sulfenic acids.
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Figure  9.  (A)  Sulfenic  acid  quantification  by  change  in
NBD spectroscopic  properties.  0.8  mM  NBD  reacted
for 60  min  with  reduced  (dash  line)  and  oxidized  (solid
line) (0.5  mM  H2O2,  10  min)  wild  type  PGKase-1  (�)
and mutants  (all  mutants  exhibited  identical  behavior
when reduced,  •)  (20  �M):  C21S  (�),  C58S  (�),  C77S
(�),  C95S  (�),  C214S  (�),  C312S  (�).  (B)  Quantifica-
tion of  thiols  sensitive  to  oxidation  and  sulfenic  acids
in wild  type  PtrPGKase-1  and  mutants.  Oxidation  was
carried out  with  0.5  mM  H2O2 during  10  min  at  25 ◦C,

Figure  10.  Time-dependent  irreversible  inactivation
of wild  type  and  mutants  PtrPGKase-1  by  H2O2. Each
enzyme (0.1  �M)  was  incubated  with  1  mM  H2O2 dur-
ing the  time  indicated  in  the  abscissa,  with  further
reduction with  20  mM  DTT  for  15  min.  Residual  enzy-
matic activity  was  measured.  Wild  type  PGKase-1  (�),
C21S  (•),  C58S  (�),  C77S  (�),  C95S  (�),  C214S  (�),
C312S (�).

Discussion

Despite the importance  of diatoms  in biological
sciences,  there is scarce information  about the
characterization  of  enzymes  from  these  organ-
isms  (Arias  et al. 2010; Domergue  et al. 2003;
Michels  et al.  2005). P. tricornutum  is one  of the
most  widely  utilized model  systems for studying
the  ecology, physiology,  biochemistry  and molecu-
lar  biology of diatoms  (Scala  et al. 2002). However,
the  biochemical  and physiological  characterization
of  this microorganism  is far  from complete.  A  great
advance  to the understanding  of its metabolism has
been  recently  made  with the elucidation  of its  entire
genome  (Bowler et al. 2008), so now  it is necessary
to  characterize enzymes  in order to address the

➛

enzyme  concentration:  20  �M.  Two  alternative  proce-
dures were  applied  from  here:  1)  alkylation  with  2 mM
IAA (60  min)  followed  by  reduction  with  5  mM  DTT,
20 min,  with  (lined  bars)  and  without  (dark  gray  bars)
posterior denaturation  of  the  enzyme  (Cys  susceptible
to oxidation  titration);  and  2) reduction  with  arsenite
(sulfenic acid  and  thiol  not  sensitive  to  oxidation  quan-
tification: light  gray  bars).  Free  remaining  thiols  from
all procedures  were  quantified  with  DTNB.  (C)  Disul-
phide bridge  quantity  (dark  gray  bars)  and  sulfenic
acid amount  (light  gray  bars)  present  in  oxidized  wild
type PtrPGKase-1  and  its  Cys  mutants,  deduced  from
results in  (A)  and  (B).
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occurrence and functionality  of  metabolic  scenarios
in  P. tricornutum.

We cloned,  expressed  and characterized the
chloroplastidic  PGKase-1  from  P. tricornutum. It
showed  similar  kinetic properties  than  the enzyme
studied  from other  organisms,  although  the  diatom
enzyme  displayed novel regulation characteristics.
We  found that PtrPGKase-1 was  susceptible  to
thiol-modifying  agents  in vitro, being active in its
reduced  form. It is concluded  that the level  of activ-
ity  of the recombinant  enzyme is determined  by the
redox  state in the  environment,  which  could  have
physiological  relevance. The analysis of all the  six
Cys  residues  found  in the  diatom  enzyme  indicated
that  they have differences  with respect  to exposi-
tion  and degree  of reactivity  toward  thiol-modifying
reagents.  The enzyme displayed  two  values of mid-
point  redox  potentials,  consistent  with the existence
of  two centers  involved in redox regulation  of enzy-
matic  activity. Both  potential values  fell  within the
range  of those reported  for other  redox-active  pro-
teins,  including  Trx-regulated  enzymes  from plants
and  green  algae as spinach  phosphoribulokinase
(−290  mV),  pea fructose-1,6-bis-phosphatase  (-
315  mV),  spinach  fructose-1,6-bis-phosphatase
(-330  mV)  and Chlamydomonas  reinhardtii  NADP-
malate  dehydrogenase (-280 mV)  (Hirasawa  et al.
1999;  Lemaire  et al. 2005).  Thus, results  support
that  PtrPGKase-1  might  be sensitive to changes
in  the intracellular redox  environment  (Hirasawa
et  al. 1999; Hutchison  et al. 2000;  Hutchison
and  Ort 1995).  The  lack of differences  in Em
values in mutants  C214S and  C312S  was not sur-
prising,  as the disulphide  bridge  that  these  two
residues  form is not involved in  enzymatic  activ-
ity  loss. C21S, C58S,  C77S  and  C95S  mutant
enzymes  showed  that any change  in the  3PGA
binding  region  lead to the  loss of the more nega-
tive  midpoint potential  value,  so all of them  appear
to  contribute  as a whole to that  redox  center.
The  oxidation-reduction  kinetic constants  obtained
for  wild type PtrPGKase-1  were similar  to those
described  for  other  in vivo redox regulated  enzymes
(Ballicora  and Wolosiuk  1994;  Geck and  Hartman
2000).

Although  no  single mutant  displayed  insensitiv-
ity  to inactivation  by oxidation,  Cys residues  58, 77
and  95  appear to be, all together,  those  respon-
sible  for loss of enzymatic  activity.  Our  results
support  the notion that the  oxidative  mechanism
leading  to PtrPGKase-1 inactivation  is oxidation
of  Cys-77  to sulfenic acid and formation  of a
disulphide  bond between Cys-58 and  Cys-95. Cys-
77  would be the  first  barrier  to oxidant  entrance,
being  in its oxidized form a sulfenic acid. Cys-

21, Cys-77 and  Cys-95 are  located  near residues
essential  for  3PGA  binding  (Asp-22,  Asn-24, Arg-
37,  His-60,  Arg-119).  Oxidation  of these three Cys
residues  may cause changes in their side chain
sizes  and/or  electron  densities that  affect  the posi-
tioning  of neighboring  residues,  which alter binding
of  substrate and enzyme  inhibition. The molecular
model  of PtrPGKase-1  (see  Fig.  S2 A) details Cys
residues  positioned  in the 3PGA binding  site, with
the  residues  important  for substrate union painted
in  red.  Cys-214  and  Cys-312  form  a disulphide
bridge  when oxidized  [Fig. S2 (B)]. The latter  would
be  responsible  for differential  electrophoretic mobil-
ity  of oxidized  PtrPGKase-1,  but not  for enzymatic
activity  loss.

In general,  there is scarce information about
redox  regulation  of PGKases and  no studies with
physiological  oxidant  reagents  were  made. To our
knowledge,  the present work is the first  one that
describes  this kind of extensive analysis of redox
properties  of PGKase.  To have a closer view about
how  distinctive or general  could  be  such  a redox
characteristic  among  PGKases,  we constructed
a  phylogenetic  tree  including  the enzyme from
several  organisms (Supplementary  Fig.  S3).  To
establish  the  phylogeny  illustrated  by Figure S3  we
particularly  analyzed  cysteinyl residues  contained
in  the amino  acid sequences.  It can be observed
that  P. tricornutum PGKase-1  is found within the
same  group  of the  chloroplastidic  T.  pseudonana
enzyme.  Both  proteins  have all of their 6 Cys
residues  conserved,  after which it  is tempting to
speculate  that the regulation  herein  described for
the  P. tricornutum enzyme  might  be a common
mechanism  of diatom  chloroplastidic  PGKases. On
the  other  hand,  it is observed  in Figure S3 that
the  enzyme  from  diatoms  is positioned  near those
from  plants  and green  algae. Although  PGKase  had
been  identified  as a Trx target  in  plants and algae
(Balmer  et  al. 2004;  Michelet  et al. 2008; Rouhier
et  al. 2005), there is  scarce information about the
occurrence  of specific  redox mechanisms affect-
ing  the enzyme  in these organisms.  The spinach
PGKase  has two cysteinyl residues  conserved with
respect  to Cys-95 and  Cys-214 of PtrPGKase-1,
one  of which was reported  to be modified  by DTNB
with  loss of activity (Kuntz and  Krietsch  1982).
While  Cys-95 was found important  for inhibition of
the  diatom  enzyme,  oxidation  of Cys-214 caused
no  inactivation.  Except for the  enzyme from  tobacco
(Nicotiana  tabacum),  Cys-95 is conserved  among
PGKases  from all  eukaryotic  organisms  included
in  our  analysis (Fig. S3). Also,  plant  enzymes pos-
sess  Cys-214, except for  wheat (Triticum  aestivum),
rice  (Oryza  sativa)  and tobacco,  as some algae too.
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Thereby,  Cys-95 appears as a possible candidate
for  regulation  of the plant  enzyme, as in diatoms;
although  the occurrence  of such  a redox mecha-
nism  in  the former organisms  is not clear  enough
with  the  current available information.

The group  of PGKases  reported  to be  inacti-
vated  by thiol-modifying  agents  is that  including
mammals  and higher  eukaryotes,  for which two
adjacent  Cys residues  located  at the C-terminus
are  responsible (Huskins  et al. 1982; Minard et al.
1989).  This phylogenetic group  is  distant from
PtrPGKase-1  (Supplementary  Fig.  S3), so it is
not  surprising that the mechanism  responsible
for  oxidation-inactivation  is different.  The  fact of
chloroplastidic  diatom  PGKases  being  similar to
plant  and  algal enzymes but distinct  from animal
ones  is coherent with the secondary  endosym-
biotic  theory by which the diatom  chloroplasts
originated  from a  red  alga with a primary  chloro-
plast  similar  to the plant one  (Scala  et al. 2002).
Apparently,  oxidation  of only  one Cys  would  be
enough  for loss of activity in plants, although  in
diatoms  there  are 3  cysteinyl residues  involved  in
inhibition.  We do not  know if this divergence  is
due  to the losts of Cys in plants  during  evolution,
after  bifurcation,  or if diatoms  acquired  cysteinyl
residues  important for regulation later.  It is tempt-
ing  to speculate  that Cys multiplication  in  diatoms
PGKase-1  might  be functional  for a finer regula-
tion  of enzymatic  activity  in chloroplasts,  which  may
be  involved in metabolic  particularities  observed
for  carbon partitioning  in these microorganisms.
Concerning  the other  two P. tricornutum  PGKases,
they  are  not significantly close  to any  phylogenetic
group  (Supplementary Fig.  S3). PGKase-2  seems
to  be more related  to thermophilic  bacteria, while
PGKase-51125  is further  away from  the described
groups.

In  plants, light-reduced  thioredoxins  acti-
vate  several  Calvin  cycle enzymes,  including
fructose-1,6-bis-phosphatase,  sedoheptulose-1,7-
bis-phosphatase,  RuBP carboxylase  (RuBisCO)
and  glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH)  by reducing  specific disulphide  bridges  or
sulfenic  acids to thiols [(Anderson  1986;  Buchanan
1980);  for  review see (Buchanan  1991)]. Little is
known  about  light regulation of diatom  enzymes  (if
it  occurs).  A  few  reports  analyzing some diatom
photosynthetic  enzymes show  the  lack of the  Cys
residues  responsible  for  covalent  redox regulation
in  their  plant  homologue  proteins  (Kroth  et al. 2008;
Michels  et al. 2005; Ocheretina et al. 2000;  Pancic
and  Strotmann 1993).  Examples  of the latter  are
the  �-subunit  of the chloroplast  ATPase  (Pancic
and  Strotmann 1993)  and malate  dehydrogenase

(Ocheretina  et  al. 2000). Also,  diatom plastids
possess  a GAPDH, termed GapC1,  that does not
contain  the cysteinyl residue  responsible for redox
regulation,  so it was reported  that it would  not be
affected  by oxidation  or reduction  (Kroth et  al.  2008;
Michels  et  al. 2005). Phosphoribulokinase activity
is  redox  regulated  in vitro, but its midpoint  potential
revealed  that  under  cellular  redox conditions the
diatom  enzyme  is generally  active  and might
not  be regulated  by thioredoxin  (Michels et al.
2005).  The plastidic fructose-bis-phosphatase is
the  only  enzyme  in diatoms  for which there is
direct  evidence  of redox-regulation  by thioredoxin
(Michels  et  al. 2005).

It has  been described  that no tight  regulation of
the  Calvin cycle  in P. tricornutum  would be  neces-
sary  because  of the absence  of a complete  OPP
in  the chloroplast,  so some  previous  work indicated
that  Trx  could not play a role in  light  regulation of
plastidic  enzymes  from this organism  (Kroth  et al.
2008;  Ocheretina  et al. 2000). Results obtained in
this  work suggest that PtrPGKase-1  is a poten-
tial  target for  diatom  physiological  oxidizing agents
and  Trxs, and could  be redox-regulated in vivo.
On  the other  hand,  it  was also  described that
all  enzymes  involved  in glycolysis  are present  in
diatom  plastids, so this pathway might be active
in  chloroplasts  (Kroth et al. 2008) and tight reg-
ulation  of glycolysis  and  Calvin cycle would be
necessary  for preventing  futile cycles.  Since only
one  plastidic isoenzyme  of  PGKase  was identi-
fied  and  because of the principle  of  microscopic
reversibility,  PtrPGKase-1  would not be responsi-
ble  for regulating  both metabolic  pathways  in order
to  avoid  glycolysis  and  Calvin cycle to act simulta-
neously.

PGKase  had  been  identified  as a Trx target
in  plants, algae  and mammals  (Balmer et  al.
2004;  Fernando  et  al. 1992;  Michelet  et  al.  2008;
Rouhier  et al.  2005) and as  a site of  S-thiolation
in  algae  and mammals  (Fratelli  et al. 2002;
Michelet  et al. 2008), when  exposed to oxidant
agents.  These  previous  reports  proposed  that glu-
tathionylation  and  oxidation  could affect  PGKase
activity  under  oxidative stress conditions.  Concern-
ing  redox  regulation  of  PGKase-1  in P.  tricornutum,
it  could function  as  a sensor  of the redox state
environment,  which could track triose-phosphate
to  metabolic  pathways responsible  for producing
reducing  power  as NADPH  (for example OPP).
The  latter could  be used  to  minimize  ROS forma-
tion  and  to repair  damages  caused  by oxidative
stress  via  the thioredoxin  and  glutathione systems,
known  to be active  in P. tricornutum  (Arias et al.
2010).
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Methods

Materials:  Bacteriological  media  components  were  from  Brita-
nia Laboratories  (Rosario,  Santa  Fe,  Argentina).  Enzymes  for
molecular  biology  protocols  were  from  Promega  (Madison,  WI,
USA).  NADH,  ATP,  3PGA,  diamide,  NPS,  DTT,  NBD,  IAA  were
purchased  from  Sigma-Aldrich  (St.  Louis,  MO,  USA).  All  other
chemicals  were  of  the  highest  quality  commercially  available.

Strains  and  plasmids:  Phaeodactylum  tricornutum,
strain  LFF  Pt  01  from  Laboratorio  de  Fermentaciones,
FBCB,  UNL  (strain  available  upon  request,  e-mail:  abec-
cari@fbcb.unl.edu.ar),  was  grown  as  described  by  Arias  (Arias
et al.  2010).  Escherichia  coli  TOP  10  (Invitrogen)  cells  and
Escherichia  coli  Rosetta  (DE3)  were  utilized  in  routine  plasmid
construction  and  expression  experiments,  respectively.  The
vector pGEM-T  Easy  (Promega)  was  used  for  cloning  and
sequencing  purposes.  The  expression  vector  was  pET-19b
(Novagen).  The  [pRSET-A/PtrTrx-h2]  plasmid  for  expression
of PtrTrx  was  kindly  provided  by  Dr.  Diego  Arias  (unpublished
results).  DNA  manipulation,  E.  coli  culture  and  transformation
were performed  according  to  standard  protocols  (Maniatis
et al.,  1982).

RNA  extraction,  RT-PCR  and  cloning:  Total  RNA  from  P.
tricornutum  was  isolated  as  previously  described  (Domergue
et al.  2002).  cDNA  was  synthesized  at  42 ◦C  for  1  h  in  a  25  �l
reaction  mixture  containing  0.25  �g  RNA,  200  pmol  oligo(dT)
primer  and  200  U  of  M-MLV  reverse  transcriptase  (USB,  Cleve-
land, OH,  USA).  The  oligonucleotide  primer  pair  (FwPGK1Ptr
and  RvPGK1Ptr, Table  S2)  utilized  for  PCR  amplification  of  the
gene  encoding  PGKase-1  (PtrPGKase-1)  was  designed  from
the sequence  available  in  the  NCBI  database  (AF108451).  The
PCR reaction  was  performed  in  a  50  �l  reaction  mixture  con-
taining 2  �l  cDNA  solution,  100  pmol  of  each  primer,  10  pmol  of
each dNTP  and  2.5  U  Taq  DNA  polymerase  (Fermentas).  The
protocol  for  PCR  amplification  was:  95 ◦C  for  5  min;  57 ◦C  for
1 min;  72 ◦C  for  10  min;  30  cycles  of  95 ◦C  for  1  min,  57 ◦C  for
0.5 min,  and  72 ◦C  for  2.5  min;  then  72 ◦C  for  10  min.  The  PCR
product  was  purified  and  ligated  into  the  pGEM-T  Easy  vector
(Promega).  Correctness  of  the  amplified  gene  was  confirmed
on both  strands  by  complete  DNA  sequencing  (Macrogen,
Seoul,  Korea).  Sequences  were  analyzed  using  Vector  NTI
Advance  10  (Invitrogen)  program.  The  cloned  plasmid  was
digested  and  the  gene  was  ligated  to  the  expression  vector
pET-19b  (Novagen)  to  obtain  the  recombinant  protein  fused  to
a His10-tag  in  the  N-term.

Construction  of  PtrPGKase-1  mutants:  Site-specific
mutants  C21S,  C58S,  C77S,  C95S,  C214S  and  C312S  were
constructed  according  to  the  procedures  of  the  QuickChange
Site-Directed  Mutagenesis  kit  (Stratagene),  using  the  above
described  pET-19b/PGKase-1  constructed  as  template  and  the
primers  described  in  Table  S2.  The  QuickChange  reaction  was
performed  in  a  50  �l  reaction  mixture  containing  1  �l  template
solution,  125  pg  of  each  primer,  10  pmol  of  each  dNTP  and
2.5 U  Pfu  DNA  polymerase  (Fermentas).  The  protocol  for  PCR
amplification  was:  95 ◦C  for  0.5  min;  12  cycles  of  95 ◦C  for  1  min,
55 ◦C  for  1  min,  and  72 ◦C  for  14  min.  DpnI digestion  was  carried
out three  times  with  10  �l  QuickChange  product,  10  U  DpnI,  for
2 h  at  37 ◦C.  All  genes  were  fully  sequenced  to  verify  that  only
the desired  mutation  was  generated.

Heterologous  expression  and  protein  purification:  Com-
petent  E.  coli  Rosetta  (DE3)  cells  were  transformed  with
the above  described  expression  vectors  (for  wild  type  and
mutant enzymes)  and  cultured  in  LB  medium  supplemented
with 100  �g  ml−1 ampicillin  at  37 ◦C,  under  shaking  at  200  rpm.
Overnight  cultures  were  1/100  diluted  in  fresh  LB  medium  sup-
plemented  with  100  �g  ml−1 ampicillin  and  grown  up  to  OD600 ∼

0.6.  The  expression  was  induced  at  25 ◦C,  for  16  h  with  0.2  mM
IPTG,  after  which  cells  were  harvested  by  centrifugation.  All
purification  of  PtrPGKase-1  (wild  type  and  mutant  forms),  and
PtrTrx were  conducted  at  0 ◦C  to  4 ◦C.  Cells  were  resuspended
in buffer  A  [25  mM  Tris-HCl,  pH  8.0,  0.1  mM  EDTA,  1  mM,  0.3  M
NaCl, 5%  glycerol],  disrupted  by  sonication  and  the  lysate  clar-
ified by  centrifugation.  All  recombinant  enzymes  were  purified
by the  same  procedure.  The  resultant  crude  extract  was  loaded
in a  Sepharose-IDA-Ni2+ column.  The  column  was  washed  with
buffer A  (alone  and  plus  the  addition  of  and  35  mM  imidazole),
and then  eluted  with  300  mM  imidazole  in  buffer  A.  Fractions
containing  PGKase  activity  were  pooled,  incubated  with  10  mM
2-ME for  30  min,  desalted  in  buffer  B  (25  mM  Tris-HCl,  pH  8.0,
0.1 mM  EDTA,  0.3  M  NaCl,  10%  glycerol)  and  stored  at  −80 ◦C.
When purifying  PtrTrx,  fractions  containing  this  protein  were
pooled,  supplemented  with  10%  glycerol  and  stored  at  −80 ◦C.
Under the  specified  conditions,  recombinant  enzymes  were  sta-
ble for,  at  least,  one  year.

Enzymatic  activity:  All  enzyme  assays  were  performed  in  a
Multiskan  scent  one-channel  vertical  light  path  filter  photometer
(Thermo  Electron  Co.),  at  30 ◦C  and  a  final  volume  of  50  �l.  One
unit (U)  of  activity  is  defined  as  the  amount  of  enzyme  catalyz-
ing the  production  of  1  �mol  of  product  per  minute,  at  30 ◦C,
under the  specified  assay  conditions.  Unless  otherwise  indi-
cated,  enzyme  activity  was  determined  measuring  the  reaction
of 3PGA  phosphorylation  to  1,3-bis-phospho-glycerate  coupled
to the  reaction  of  the  NAD-dependent  GAPDH,  as  described
by Bücher  (Bücher  1955).  Consumption  of  NADH  was  followed
measuring  absorbance  at  340  nm  in  a  reaction  mixture  con-
taining  50  mM  Tris-HCl,  pH  8.0,  5  mM  ATP,  5  mM  3PGA,  5  mM
MgCl2, 0.2  mM  NADH,  1  U  ml-1 GAPDH  (Sigma),  plus  a  suitable
amount  of  PGKase-1.

Protein  methods:  Reducing  SDS-PAGE  was  carried  out
using  the  Bio-Rad  minigel  equipment,  according  to  previously
described  methods  (Laemmli  1970).  Non-reducing  SDS-PAGE
was carried  out  without  the  addition  of  2-ME  in  the  sam-
ple buffer.  Coomasie  Brillant  Blue  was  used  to  stain  protein
bands.  Protein  concentration  was  determined  by  the  method  of
(Bradford  1976)  using  BSA  as  standard.

Gel  filtration  on  a  Superdex  200  Prep  Grade  (Amersham
Pharmacia  Biotech)  column  was  conducted  to  determine  the
native molecular  mass  of  PtrPGKase-1.  The  column  was  equi-
librated  with  25  mM  Tris-HCl,  pH  8.0,  100  mM  NaCl  and  0.1  mM
EDTA, and  calibrated  with  the  molecular  mass  markers:  car-
bonic anhydrase  (30  kDa),  ovalbumin  (43  kDa),  BSA  (67  kDa)
and horse  IgG  (140  kDa).

Oxidation  and  reduction  kinetic  studies:  Oxidative  treat-
ments  were  performed  at  25 ◦C  by  incubation  of  0.1  �M  wild
type and  mutant  enzymes  (E)  with  molar  excess  of  oxidant
agents  (I):  0  to  1  mM  diamide,  0  to  10  mM  hydrogen  peroxide,
0 to  5  mM  oxidized  glutathione  (GSSG)  or  0  to10  mM  sodium
nitroprusside  (NPS),  at  variable  times,  in  buffer  B.  At  differ-
ent incubation  times,  a  10  �l  aliquot  was  tested  for  remaining
enzymatic  activity.  Plots  of  percentages  of  residual  enzyme
activity [relative  activity  (%)]  (on  a  log  scale)  versus  time  (t,  lineal
scale) were  fitted  to:  log  relative  activity  =  2  –  k′obs  t  equation.
The plot  of  k′

obs values  vs.  variable  oxidant  concentrations  was
consistent  with  the  two-step  mechanism  irreversible  inhibition
(Copeland  2005):

E +  I
KI

�EI
k′

−→E-I  k ′
obs = k ′ ×  I

KI +  I
k ′′ = k ′

KI

For  this  mechanism,  k′ defines  the  maximum  rate  of  inacti-
vation  that  is  achieved  at  infinite  concentration  of  inactivator,
KI describes  the  concentration  of  inhibitor  yielding  a  rate  of
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inactivation  equal  to  half  k′,  and  k′′ =  k′ /  KI is  the  second-order
rate, which  is  considered  to  be  the  best  measure  of  relative
inactivator  potency  or  effectiveness.

Reduction  experiments  were  performed  with  0.1  �M  oxi-
dized enzyme,  by  incubation  with  DTT,  E.  coli  Trx  (EcoTrx)  or
PtrTrx. PtrPGKase-1  was  incubated  with  0.5  mM  H2O2 (20  min),
0.25 mM  diamide  (30  min)  or  2  mM  NPS  (40  min)  at  25 ◦C,
diluted to  eliminate  the  excess  of  oxidizing  reagent  and  then
incubated  at  variable  times  with  different  concentrations  of
reducing  agents:  0  to  10  mM  DTT,  0  to  10  �M  EcoTrx  or  0  to
3.5 �M  PtrTrx.  At  each  incubation  time,  a  10  �l  aliquot  was
tested  for  enzyme  activity.  k′

obs for  each  activator  was  obtained
as explained  for  oxidative  treatments  and  obtained  k′

obs values
were plotted  against  variable  reducing  agent  concentrations
and a  linear  fit  was  used,  coherent  with  a  single-step  mech-
anism  (k′

obs =  k′′ [Red])  (Copeland  2005).  All  graphs  and  data
fittings  were  made  using  the  program  Origin  7.0  (OriginLab
Corporation).

Determination  of  redox  potentials:  The  dependence  of
PtrPGKase-1  activity  on  redox  potential  was  examined  using
redox  buffers  containing  defined  ratios  of  reduced  and  oxidized
2-ME  [2-ME  and  hydroxyethyldisulphide  (HEDS),  respectively]
(Hutchison  and  Ort  1995).  Protein  samples  (0.1  �M)  were  equi-
librated  in  media  containing  25  mM  Tris-HCl  pH  8.0  and  10  mM
total 2-ME/HEDS  for  30  min  at  25 ◦C.  After  equilibration,  aliquots
were  withdrawn  and  assayed  for  enzyme  activity.  Eh values
were determined  by  using  the  Nernst  equation:

Eh =  Em,pH  8.0+RT/nF  ln([Ox]/[Red]),

being  RT/F  =  0.0257  V,  n  =  2,  and  Em, pH  8.0 −0.319  V  for  2-ME
(Lees  and  Whitesides  1993).  Data  were  also  fitted  to  the  Nernst
equation  for  a  single-component  two-electron  redox  system,  in
order to  obtain  ethe  corresponding  Em, pH 8.0 value.

Chemical  characterization  and  quantification  of  redox
modifications:  Modifications  of  sulfenic  acid-  and  thiol-
containing  proteins  were  performed  under  anaerobic  con-
ditions,  using  degasified  buffers  and  water.  Sulfhydryls
were  quantified  using  DTNB  at  412  nm  (extinction  coeffi-
cient  =  13,600  M−1 cm−1)  (Ellman  1959).  Reduced  or  oxidized
proteins,  in  their  native  or  denatured  forms  (urea  6  M),  were
incubated  with  2  mM  DTNB  for  30  min  at  30 ◦C  in  the  dark
and absorbance  at  412  nm  was  measured.  Sulfenic  acids  were
quantified  by  reduction  of  oxidized  enzymes  with  the  SOH-
specific  reducing  agent  sodium  arsenite  (Radi  et  al.  1991;
Saurin  et  al.  2004).  Enzymes  (20  �M)  were  reversibly  oxidized
with 2  mM  H2O2 for  5  min,  the  oxidant  removed  by  dilution-
concentration  cycles,  using  Microcom  columns  (Millipore),  and
then incubated  with  10  mM  sodium  arsenite  during  60  min  at
25 ◦C.  Reduced  thiols  were  quantified  with  DTNB  as  described
above.

The identity  of  sulfenic  acids  was  further  confirmed  by
the 7-chloro-4-nitrobenzo-2-oxa-1,  3,  diazole  (NBD)  assay,  as
described  by  Ellis  and  Poole  (Ellis  and  Poole  1997),  measur-
ing absorbance  at  420  nm  and  347  nm  for  NBD  adducts  with
thiols and  sulfenic  acids  in  proteins,  respectively.  An  extinction
coefficient  of  13,400  M−1 cm−1 (at  both  wavelengths)  was  used
to quantify  the  NBD-thiol  or  NBD-sulfenic  acid  product  (Ellis
and Poole  1997).  Reduced  or  oxidized  enzymes  (20  �M)  were
mixed  with  a  small  volume  on  NBD  in  dimethyl  sulfoxide  (final
concentration  =  0.8  mM)  and  incubated  for  30  min  at  25 ◦C  in
the dark.  Final  spectra  were  taken  after  free  NBD  was  removed
by four  concentration-dilution  cycles  with  buffer  B  in  an  ultra-
filtration  device.  Alquilation  of  thiols  was  carried  out  incubating
enzymes  (20  �M)  with  2  mM  iodoacetic  acid  (IAA)  in  the  dark
for 60  min  at  25 ◦C  (Zander  et  al.  1998).

Homology  modeling:  A  3D  model  of  the  open  conformation
of PtrPGKase-1  was  built  using  the  program  Modeller  9v2  (Sali
and Blundell  1993),  employing  as  templates  known  coordinates
of PGKase  form  pig  (Sus  scrofa)  muscle  (PDB  ID:  1VJC)  and
from Thermus  caldophilus  (PDB  ID:  2IE8),  available  at  the  Pro-
tein Data  Bank  server  http://www.rcsb.org/pdb/home/home.do,
both  displaying  44.4%  of  homology  with  PtrPGKase-1.
Sequence  alignment  was  performed  with  BioEdit  7.0.9.0
software  http://www.mbio.ncsu.edu/BioEdit/BioEdit.html  and
accuracies  of  the  models  were  checked  using  the  Verify-3D
server  http://nihserver.mbi.ucla.edu/Verify  3D. Model  illustra-
tions and  distance  calculations  were  made  with  VMD  software
http://www.ks.uiuc.edu.

Phylogenetic  methods:  PGKase  sequences  were  aligned
using BioEdit  7.0.9.0  software.  Phylogenetic  analyses  were
conducted  using  PHYLIP  v.  3.67  (Felsenstein  1989),  employing
the PROTDIST  program  and  the  Jones-Taylor-Thornton  (JTT)
model for  distance  matrix  calculation,  and  Fitch-Margoliash  as
the tree  drawing  method  (Kitsch  program).
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