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Introduction

Violaxanthin de-epoxidase (VDE) is a key enzyme of the xanthophyll cycle of all higher
plants. It catalyzes the conversion of violaxanthin to zeaxanthin upon high light, resulting
in photoprotection of the plant by energy dissipation (Gilmore 1997, Eskling et al. 2001).
VDE has been purified from spinach thylakoids in low amount (Arvidsson et al. 1996).
To be able to obtain recombinant VDE, the gene was cloned by screening a spinach
cDNA library. The gene was sequenced and overexpression in E. coli, resulted in highly
active recombinant protein.

Comparisons of the VDE amino acid sequence from spinach to other species reveal a
number of highly conserved regions within the polypeptide (fig 1). The N-terminal
consists of a cysteine-rich region, containing 11 of the 13 cysteines in the protein. The
enzyme also contains a lipocalin signature (Bugos et al., 1998, Hieber 2000) which is a
possible binding site for the thylakoid membrane lipid MGDG and for the substrate
violaxanthin. Finally, the enzyme contains a highly charged C-terminus. Four histidine
residues, marked in figure 1, are also conserved in most of the known sequences. We
were particularly interested in these residues, since spinach VDE has been determined to
bind to the thylakoid membrane with a cooperativity of 4, with respect to protons, and an
inflexion point of pH 6.7 (Bratt et al., 1995). We speculated that binding might require
protonation of histidine side chain, which occurs around this pH interval (6,0). Chemical
modification of the histidines with DEPC, which carbethoxylates histidine residues,
destroyed the enzyme activity, while remodification with hydroxylamine reversed the
inhibition and the enzyme regained 28% of the initial activity. Point mutation of the
histidines, where these residues were replaced with alanine, resulted in complete loss of
VDE activity.

Materials and methods

Cloning and sequencing of spinach VDE. VDE isolated from spinach was cleaved with
cyanogenbromide and the fragments were N-terminally sequenced, which provided
information to synthesize degenerated DNA primers used to make a DNA probe. A
cDNA library from spinach was screened twice with the DNA probe. A resulting clone
was sequenced, and the sequence for the signal peptide, which was truncated in the 5’-
end was obtained by SMART,,, RACE PCR. The nucleotide and corresponding amino



Lactuca sativa VDALKTCACL LKECRIELAK CIANPSCAAN VACLQTCNNR PDETECQIKC 50

Arabidopsis thaliana VDALKTCACL LKGCRIELAK CIANPACAAN VACLQTCNNR PDETECQIKC 50
Nicotiana tabacum VDALKTCTCL LKECRLELAK CISNPACAAN VACLQTCNNR PDETECQIKC 50
Spinacia oleracea VDALKTCTCL LKECRIELAK CIANPSCAAN VACLQTCNNR PDETECQIKC 50
Consensus VDALKT C.CL LK. CR.ELAK CI.NP. CAAN VA CLQT CNNR PDETE CQIK C 50

[ Cysteine-richregion ]

Lactuca sativa GDLFENSVVD QFNECAVSRK KCVPRKSDVG EFPVPDRNAV VONFNMKDFS 100
Arabidopsis thaliana GDLFENSVVD EFNECAVSRK KCVPRKSDLG EFPAPDPSVL, VONFNISDFN 100
Nicotiana tabacum GDLFENSVVD EFNECAVSRK KCVPRKSDVG DFPVPDPSVL VQKFDMKDFS 100
Spinacia oleracea GDLFANKVVD EFNECAVSRK KCVPQKSDVG EFPVPDPSVL, VKSFNMADFN 100
oryza sativa D EFNECAVSRK KCVPQKSDVG EFPVPDPSAL VKNFNMADFN

Consensus GDLF.N.VVD .FNE CAVSRK K CVP.KSD.G .FP.PD.... V..F...DF. 100

[ Cystcinc-rich region ]

Lactuca sativa GKWYITSGLN PTFDAFDCQL HEFHMEND-K LVGNLTWRIK TLDGGFFTRS 149
Arabidopsis thaliana GKWYITSGLN PTFDAFDCQL HEFHIEGDNK LVGNISWRIK TLDSGFFTRS 150
Nicotiana tabacum GKWFITRGLN PTFDAFDCQL HEFHIE-ENK LVGNLSWRIR TPDGGFFTRS 149
Spinacia oleracea GKWFISSGLN PTFDAFDCQL HEFHLE-DGK LVGNLSWRIK TPDGGFFTRT 149
oryza sativa GKWYISSGLN PTFDTFDCQL HEFRVEGD-K LIANLTWRIR TPDSGFFTRT

Consensus GKW.I..GLN PTFD.FDCQL HEF..E...K L..N..WRIK T.D.GFFTR. 150
Lactuca sativa AVQTFVQDPD LPGALYN  HDN EFL HYQDDWY ILSSQIENKP DDYIFVYYRG 199
Arabidopsis thaliana AVQKFVQDPN QPGVLYN ~ HDN EYL HYQDDWY ILSSKIENKP EDYIFVYYRG 200
Nicotiana tabacum AVQKFVQDPK YPGILYN  HDN EYLLYQDDWY ILSSKVENSP EDYIFVYYKG 199
Spinacia oleracea AVQKFAQDPS QPGMLYN  HDN AYL, HYQDDWY ILSSKIENQP DDYVFVYYRG 199
oryza sativa ATIQRFVQDPA QPAILYN  HDN EFL HYQDDWY IISSKVENKE DDYIFVYYRG

Consensus A.Q.F.QDP. .P..LYN HDN ..L.YQDDWY ILSS..EN.. .DY.FVYY.G 200

ipocalin mot1

Lactuca sativa RNDAWDGYGG SVIYTRSPTL PESIIPNLQK AAKSVGRDFN NFITTDNSCG 249
Arabidopsis thaliana RNDAWDGYGG AVVYTRSSVL PNSIIPELEK AAKSIGRDFS TFIRTDNTCG 250
Nicotiana tabacum RNDAWDGYGG SVLYTRSATL PESIIPELQT AAQKVGRDFN TFIKTDNTCG 249
Spinacia oleracea RNDAWDGYGG AFLYTRSATV PENIVPELNR AAQSVGKDFN KFIRTDNTCG 249
Oryza sativa RNDAWDGYGG AVLYTRSKVV PESIVPELER AAKSVGRDFS TFIRTDNTCG

Consensus RNDAWDGYGG ...YTRS... P..I.PEL.. AA...G.DF. .FI.TDN.CG 250
Lactuca sativa PEPPLVERLE KTAEEGEKLL IKEAVEIEEE VEKEVEKVRD TEMTLFQRLL 299
Arabidopsis thaliana PEPALVERIE KTVEEGERII VKEVEEIEEE VEKEVEKVGR TEMTLFQRLA 300
Nicotiana tabacum PEPPLVERLE KKVEEGERTI IKEVEEIEEE V----EKVRD KEVTLFSKLF 295
Spinacia oleracea PEPPLVERLE KTVEEGERTI IKEVEQLEGE IEGDLEKVGK TEMTLFQRLL 299
Oryza sativa PEPPLVERIE KTVEQGEKTI IREVQEIEGE IEGEVKELEE EEVTLFKRLT

Consensus PEP.LVER.E K..E.GE... ..E....E.E .......... .E.TLF..L. 300

| Charged region Charged region |

Lactuca sativa EGFKELQQDE ENFVRELSKE EKEILNELQM EATEVEKLFG RALPIRKLR 348
Arabidopsis thaliana EGFNELKQDE ENFVRELSKE EMEFLDEIKM EASEVEKLFG KALPIRKVR 349
Nicotiana tabacum EGFKELQRDE ENFLRELSKE EMDVLDGLKM EATEVEKLFG RALPIRKLR 344
Spinacia oleracea EGFQELQKDE EYFLKELNKE ERELLEDLKM DAGEVEKLFG LALPIRKLR 348
Oryza sativa DGLMEVKQDL MNFFQGLSKE EMELLDQMNM EATEVEKVFS RALPIRKLR

Consensus .G..E...D. ..F...L.KE E...L....M .A.EVEK.F. .ALPIRK.R 349

| Charged region Charged region |

Fig. 1. Alignment of known VDE sequences from different species. Specific regions within the enzyme and
the histidines investigated are marked in the figure.

acid sequence, including the signal peptide necessary for import of the nuclear encoded
VDE into the thylakoid lumen, was submitted to data base (GenBank AJ 250433).
Overexpression of recombinant VDE in E. coli. The isolated gene was subcloned into
the pET 16b vector and transformed into the E. coli strain BL21(DE3)pLysS.
Transformed bacteria were selected on ampicillin/chloramphenichol LB plates follow by
growth at 30°C in LB medium supplemented with 0,2 mg/ml ampicillin. At ODe0o = 0,6
expression of VDE was induced by addition of IPTG to a final concentration of 0,5 mM.



Growth was continued for 4-12 h. Cells were collected at 6 000 g for 10 min, 4°C,
resuspended in lysis buffer (50 mM NaH,PO,, 300 mM NaCl, 1 mM PMSF) with 1 mg
lysozyme/ml buffer, agitated for 1 h. at 4°C and sonicated for 1 min. (pulsed 5 s.) at 0°C.
Cell debris was spun down at 10 000 g for 30 min.

Electrophoresis and Western blot Samples were run on homogenous 12 % SDS-PAGE
in Bio-Rad Mini-protean cells with buffer system according to Laemmli (1970). Gels
were run at 160 V for 10 min and 200 V for 35-45 min and stained with Coomassie
brilliant blue R-250. Alternatively, protein was transferred from SDS-PAGE to PVDF
membranes at 100 V for 1 h, using wet blot according to BioRad. PVDF membranes
were blocked with 10% (w/w) non-fat dry milk and 0.05% Tween 20 in PBS (10 mM
Na,HPO,, 3 mMKH,PO, and 140 mM NaCl) over night and rinsed with PBS before
adding primary antibodies in antibody buffer (PBS, 5% BSA) for 2 h at room
temperature. Membranes were washed three times with wash buffer (PBS, 0.05% Tween
20) and secondary antibodies in antibody buffer were added at room temperature for 1 h .
Membranes were washed three times in wash buffer and three times in PBS and color
reaction was developed by adding developer solution (100 mM Tris-HCI, pH 9.5, 100
mM NacCl, 5 mM MgCl,, BCIP and NBT).

Chemical modification of histidine residues. 2,5 ug recombinant VDE, in 1 ml 50 mM
phosphate buffer pH 6.0, was carbethoxylated by adding a 0,4 M diethylpyrocarbonate
(DEPC) solution in acetonitrile to a final concentration of 6 mM. The reaction mixture
was incubated on ice and activity assays were run after 1, 2, 5 and 10 minutes. Histidine
residues were remodified by incubation of the DEPC-treated enzyme with 20 mM
hydroxylamine over night at 4°C.

Point mutations of histidine residues. Point mutations were inserted into the VDE gene
using the QuickChanger,, procedure. Mutant clones were selected by sequencing and
point mutated enzyme was grown as described above.

Activity assay. The assay mixture contained enzyme of varying concentrations, 0.33 uM
violaxanthin, 9 uM MGDG and 0.1 M citrate-phosphate buffer, pH 5.1. The assay was
started by adding Na-ascorbate to a concentration of 30 mM and the VDE activity was
determined by dual-wavelength measurements (502-540 nm) on a Shimadzu UV-3000
spectrophotometer at 26°C. (Bratt et al. 1995, Yamamoto and Higashi 1978).

Results and discussion

Overexpression of recombinant VDE in E. coli The soluble part of bacterial lysate was
run on SDS-PAGE and transferred to Western blot. Specific VDE antibody confirmed the
presence of recombinant VDE by binding to a single protein bond at 43 kDa (results not
shown here).

Chemical modification of histidine residues. Already after 5 minutes of incubation with
6 mM DEPC, VDE activity was fully inhibited. However, the reaction is not totally
specific for histidines, but can also modify tyrosines and lysines. The modification of
histidines can be reversed by treatment with hydroxylamine, while modification of
tyrosines and lysines cannot. This reaction went very slowly, but after incubating the
chemically modified VDE with 20 mM hydroxylamine over night, 28% of the catalytic
activity was regained (table 1).

Point mutations of histidine residues. All four histidine residues in spinach VDE were
substituted by alanine. The point mutated enzyme was expressed in E, coli in the same



way as the non-mutated recombinant protein, but showed no activity at all when run in
the enzymatic assay, as described above.

Table 1. Relative enzymatic activity of VDE after chemical
treatment and point mutations, compared to non-treated
recombinant VDE.

Type of modification Relative activity
Non-modified VDE 100%

2 min DEPC 59%

5 min DEPC 0%

5 min DEPC + hydroxylamine 28%

Point mutated VDE 0%

These results strongly suggest that histidines are important for VDE activity. The four
histidines are located in pairs within the region containing the lipocalin motifs. Since
lipocalins are known to bind small, hydrophobic molecules, this could be the site where
VDE binds MGDG, hence docking the enzyme to the thylakoid membrane at low pH,
followed by violaxanthin de-epoxidation and energy dissipation. When histidine is
modified, chemically or by point mutation, binding to MGDG is inhibited and activity is
lost.
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