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Abstract 
 
In the present studies, we have found a fragment of amino acid sequence, called TFT motif, both in light-dependent 
protochlorophyllide oxidoreductase (LPOR) and in the L subunit of dark-operative (light-independent) protochloro-
phyllide oxidoreductases (DPOR). Amino acid residues of this motif shared similar physicochemical properties in both 
types of the enzymes. In the present paper, physicochemical properties of amino acid residues of this common motif, its 
spatial arrangement and a possible physiological role are being discussed. This is the first report when similarity 
between LPOR and DPOR, phylogenetically unrelated, but functionally redundant enzymes, is described.  

 
Additional key words: chlorophyll biosynthesis, homology modeling, protochlorophyllide, protochlorophyllide oxidoreductase, 
sequence analysis.  
 
Introduction 
 
Reduction of protochlorophyllide (Pchlide) to chloro-
phyllide (Chlide) is the key step in chlorophyll and 
bacteriochlorophyll biosynthesis (Fig. 1) (Masuda 2008). 
As a result of this reaction, one double bond of the 
Pchlide molecule is reduced and Chlide is formed. Two 
types of enzymes catalyzing Pchlide reduction exist. 
In photosynthetic anoxygenic bacteria, only light-
independent, dark-operative protochlorophyllide oxido-
reductase (DPOR) is found. On the other hand, in 
angiosperms only a photoenzyme NADPH:Pchlide 
oxidoreductase (LPOR) occurs and Pchlide to Chlide 
conversion is strictly light-dependent (Schoefs and 
Franck 2003). In other photosynthetic organisms both 
enzymes are present. 

It is generally assumed that LPOR and DPOR belong 
to different enzyme families and have evolved indepen-
dently. LPOR is a single-chain, nuclear-encoded protein 
belonging to the family of short chain dehydrogenases/  
 

reductases (SDR) (Yang and Cheng 2004, Reinbothe  
et al. 2010). It shows a regulatory function in angiosperm 
development, namely in the induction of deetiolation 
(Schoefs and Franck 2003, Schoefs 2005, Belyaeva and 
Litvin 2007). LPOR is also in the focus of attention as a 
model of oxidoreductases (Heyes and Hunter 2005, 
Sytina et al. 2009). 

DPOR consists of three protein subunits, which are 
products of bchL/chlL, bchB/chlB, and bchN/chlN genes, 
in bacteria/plants. The subunits of DPOR show signifi-
cant sequence homology with three subunits of nitro-
genase (Masuda 2008, Reinbothe et al. 2010) catalyzing 
the formation of ammonia from dinitrogen (Igarashi and 
Seefeldt 2003). [BchBBchN]2 heterotetramer (NB-
protein) and [BchL]2 dimer (L-protein) form the func-
tional DPOR macrodomain and function as the catalytic 
and reductase components, respectively (Schoefs and 
Franck 2003, Masuda 2008, Reinbothe et al. 2010). 
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Although LPOR and DPOR catalyze the same reac-
tion, these enzymes are completely different as far as 
their genes, protein structure and catalytic mechanisms 
are concerned. Bearing in mind a possibility of functional 
convergence, we have compared currently known sequen-

ces of LPORs and DPORs in silico to investigate if there 
exists any sequence similarity between the enzymes, 
which could be useful in further analysis of their 
function. 

 
Materials and methods 
 
Sequence analysis: Several protein sequences of the L, 
N, and B subunits of DPOR from NCBI (National Center 
of Biotechnology Information) database (Pruitt et al. 
2006) were compared to the Arabidopsis thaliana PORA 
sequence (NCBI accession number: NP_200230). Blast 
algorithm with default parameters set (matrix - 
Blosum62, penalty for opening the gap – 11, penalty for 
extending the gap – 1, threshold – 10, word size - 3) was 
used. Similar fragments between A. thaliana PORA 
sequence and L subunits of DPOR, both BchL and ChlL, 
have been found. No similarities were found in the case 
of N and B subunits of DPOR. 

Then, a database was constructed by selecting all 
available sequences of LPOR from green plants and L 
subunits of DPOR (both BchL and ChlL) from NCBI 
protein database (status for July 15th, 2011). The database 
was searched for sequences termed “protochlorophyllide 
NADPH oxidoreductase” and “L subunit light-
independent reductase”, for LPOR and DPOR respecti-
vely. The hits were manually checked to remove any 

mismatched or partial sequences. The following criteria 
were used: sequences longer than 190 amino acids (1) 
and predicted involvement in Pchlide reduction (2). The 
adjusted database finally comprised 42 sequences of 
LPOR and 117 sequences of BchL/ChlL, fulfilling these 
criteria (Table 1). The NCBI protein database was 
searched also to find NADPH-binding SDR proteins and 
Fe protein of nitrogenases (NifH) that were compared to 
LPOR and BchL/ChlL, respectively. Then the hits were 
manually checked again for mismatched or partial 
sequences. Finally, 270 and 141 sequences of SDR and 
NifH, respectively, were analyzed.  

The sequence alignment was performed using 
ClustalW (Thompson et al. 1994) separately for 
BchL/ChlL, LPOR, SDR and NifH sequences from the 
constructed protein sequence database. Default parameter 
settings were applied, i.e. matrix – Gonnet 250, penalty 
for opening the gap – 10, endgaps – excluded, penalty for 
extending the gap – 0.2, gap separation penalty – 4. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Outline of the biosynthetic 
pathway of chlorophyll (Chl) and 
bacteriochlorophyll (Bchl). Reduc-
tion of the C17=C18 double bond in 
the pyrrole ring D of Pchlide is cata-
lyzed by light-dependent (LPOR) or 
dark-operative (DPOR) Pchlide 
oxidoreductases. ALA – aminole-
vulinic acid, MV – monovinyl. 
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Table 1. TFT motif sequences used for the data base construction. GI numers and sourse organisms are included. The numbers in bold 
refer to the position of the first and the last amino acid of TFT motifs.  
 

GI number Amino acid sequence Organism 
L subunit of DPOR 

gi|3820555   43 TFTIAGK-------------MIPTVVE 59 Heliobacillus mobilis 
gi|13878359   43 TFTIAGK-------------MIPTVVE 59 Heliobacillus mobilis 
gi|226698866   43 TFTIAGR-------------MIPTVVE 59 Heliobacterium modesticaldum Ice1 
gi|167629377   43 TFTIAGR-------------MIPTVVE 59 Heliobacterium modesticaldum Ice1 
gi|167592117   43 TFTIAGR-------------MIPTVVE 59 Heliobacterium modesticaldum Ice1 
gi|41688494   43 TFTLTGS-------------LIPTIID 59 Anthoceros formosae 
gi|120542   43 TFTLTGF-------------LIPTIID 59 Marchantia polymorpha 
gi|68052070   43 TFTLTGF-------------LIPTIID 59 Huperzia lucidula 
gi|182894147   43 TFTLTGF-------------LIPTIID 59 Angiopteris evecta 
gi|68052162   43 TFTLTGF-------------LIPTIID 59 Physcomitrella patens subsp. patens 
gi|3913244   43 TFTLTGF-------------LIPTIID 59 Picea abies 
gi|1168937   43 TFTLTGF-------------LIPTIID 59 Pinus thunbergii  
gi|120543   43 TFTLTGF-------------LIPTIID 59 Pinus contorta 
gi|68052192   43 TFTLTGF-------------LIPTIID 59 Pinus koraiensis 
gi|68052102   43 TFTLTGF-------------LIPTIID 59 Larix decidua 
gi|172048633   43 TFTLTGF-------------LIPTIID 59 Cycas taitungensis 
gi|122211814   43 TFTLTGF-------------LIPTIID 59 Staurastrum punctulatum 
gi|122211735   43 TFTLTGF-------------LIPTIID 59 Zygnema circumcarinatum 
gi|25008287   43 TFTLTGF-------------LIPTIID 59 Chaetosphaeridium globosum 
gi|68565046   43 TFTLTGF-------------LIPTIID 59 Adiantum capillus-veneris 
gi|122224959   43 TFTLTGF-------------LIPTIID 59 Chara vulgaris 
gi|13878444   43 TFTLTGF-------------LIPTIID 59 Mesostigma viride 
gi|172045680   43 TFTLTGF-------------LIPTIID 59 Chlorokybus atmophyticus 
gi|190358902   45 TFTLTGF-------------LIPTIID 61 Synechococcus sp. PCC 7002 
gi|226706353   45 TFTLTGF-------------LIPTIID 61 Microcystis aeruginosa NIES-843 
gi|226706352   45 TFTLTGF-------------LIPTIID 61 Cyanothece sp. PCC 8801 
gi|120545   45 TFTLTGF-------------LIPTIID 61 Synechocystis sp. PCC 6803 substr. Kazusa 
gi|189082380   43 TFTLTGF-------------LIPTIID 59 Acaryochloris marina MBIC11017 
gi|120544   43 TFTLTGF-------------LIPTIID 59 Leptolyngbya boryana 
gi|172046710   43 TFTLTGF-------------LIPTIID 59 Anabaena variabilis ATCC 29413 
gi|21263466   43 TFTLTGF-------------LIPTIID 59 Nostoc sp. PCC 7120 
gi|226706354   43 TFTLTGF-------------LIPTIID 59 Nostoc punctiforme PCC 73102 
gi|123056859   43 TFTLTGF-------------LIPTIID 59 Trichodesmium erythraeum IMS101 
gi|122194755   43 TFTLTGF-------------LIPTIID 59 Pyropia yezoensis 
gi|1705819   43 TFTLTGF-------------LIPTIID 59 Porphyra purpurea 
gi|254813926   43 TFTLTGF-------------LIPTIID 59 Cyanothece sp. PCC 7425 
gi|172045819   43 TFTLTGF-------------LIPTIID 59 Thermosynechococcus elongatus BP-1 
gi|81676983   43 TFTLTGF-------------LIPTIID 59 Synechococcus elongatus PCC 6301 
gi|1705820   43 TFTLTGF-------------LIPTIID 59 Synechococcus elongatus PCC 7942 
gi|123505315   48 TFTLTGF-------------LIPTIID 64 Synechococcus sp. JA-3-3Ab 
gi|123502915   48 TFTLTGF-------------LIPTIID 64 Synechococcus sp. JA-2-3B'a(2-13) 
gi|81709614   43 TFTLTGF-------------LIPTIID 59 Gloeobacter violaceus PCC 7421 
gi|120541   43 TFTLTGF-------------LIPTIID 59 Chlamydomonas reinhardtii 
gi|13878446   43 TFALTGF-------------LIPTIMD 59 Nephroselmis olivacea 
gi|3023485   43 TFTLTGF-------------LIPTIID 59 Chlorella vulgaris 
gi|68052157   43 TFTLTGF-------------LIPTIID 59 Auxenochlorella protothecoides 
gi|182894146   43 TFTLTGF-------------LIPTIID 59 Leptosira terrestris 
gi|122165109   43 TFTLTGF-------------LIPTIID 59 Stigeoclonium helveticum 
gi|122179518   43 TFTLTGF-------------LIPTIID 59 Scenedesmus obliquus 
gi|1345782   43 TFTLTGH-------------LIPTIID 59 Cyanophora paradoxa 
gi|122195140   43 TFTLTGF-------------LIPTIID 59 Oltmannsiellopsis viridis 
gi|544021   48 TFTLTGF-------------LIPTIID 64 Polystichum acrostichoides 
gi|254810211   45 TFPLTGH-------------LQPTVID 61 Chloroflexus sp. Y-400-fl 
gi|13878340   45 TFPLTGH-------------LQPTVID 61 Chloroflexus aurantiacus J-10-fl 
gi|254810210   45 TFPLTGH-------------LQPTVID 61 Chloroflexus aggregans DSM 9485 
 
Table 1 continues on the next page 
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Table 1 (continued) 
 

GI number Amino acid sequence Organism 
L subunit of DPOR 

gi|189081504   45 TFALTGM-------------LQPTVID 61 Roseiflexus castenholzii DSM 13941 
gi|166224350   45 TFALTGT-------------LQPTVID 61 Roseiflexus sp. RS-1 
gi|226698868   45 TFPLTGT-------------LQKTVIE 61 Prosthecochloris aestuarii DSM 271 
gi|226698864   45 TFPLTGT-------------LQKTVIE 61 Chlorobium phaeobacteroides BS1 
gi|226698862   45 TFPITGK-------------LQKTVIE 61 Chlorobium limicola DSM 245 
gi|166224347   45 TFPITGK-------------LQKTVIE 61 Chlorobium phaeobacteroides DSM 266 
gi|189081503   45 TFPITGK-------------LQKTVIE 61 Chlorobium phaeovibrioides DSM 265  
gi|226698867   45 TFPITGK-------------LQKTVIE 61 Pelodictyon phaeoclathratiforme BU-1 
gi|123579265   45 TFPITGK-------------LQKTVIE 61 Chlorobium chlorochromatii CaD3 
gi|123583565   45 TFPITGK-------------LQKTVIE 61 Chlorobium luteolum DSM 273 
gi|226698863   45 TFPITGK-------------LQKTVIE 61 Chlorobaculum parvum NCIB 8327 
gi|13878343   45 TFPITGK-------------LQKTVIE 61 Chlorobium tepidum TLS 
gi|226698865   45 TFPITGH-------------LQKTVIE 61 Chloroherpeton thalassium ATCC 35110 
gi|170652908   76 TFTLTGS-------------LVPTVID 92 Dinoroseobacter shibae DFL 12 
gi|157913837   76 TFTLTGS-------------LVPTVID 92 Dinoroseobacter shibae DFL 12 
gi|123066021   76 TFTLTGS-------------LVPTVID 92 Roseobacter denitrificans OCh 114 
gi|172046597   83 TFTLTGM-------------LQPTVID 99 Jannaschia sp. CCS1 
gi|114863   79 TFTLTGR-------------LQETVID 95 Rhodobacter capsulatus 
gi|254810219   74 TFTLTGS-------------LVPTVID 90 Rhodobacter sphaeroides KD131 
gi|166224348   74 TFTLTGS-------------LVPTVID 90 Rhodobacter sphaeroides ATCC 17029 
gi|85681290   74 TFTLTGS-------------LVPTVID 90 Rhodobacter sphaeroides 2.4.1 
gi|225734166   91 TFTLTGS-------------LVPTVID 107 Rhodobacter sphaeroides 2.4.1 
gi|225734165   91 TFTLTGS-------------LVPTVID 107 Rhodobacter sphaeroides 2.4.1 
gi|215261299   84 TFTLTGS-------------LVPTVID 100 Rhodobacter sphaeroides 2.4.1 
gi|215261298   84 TFTLTGS-------------LVPTVID 100 Rhodobacter sphaeroides 2.4.1 
gi|166224349   74 TFTLTGS-------------LVPTVID 90 Rhodobacter sphaeroides ATCC 17025 
gi|170652907   78 TFTLTKR-------------LVPTVID 94 Bradyrhizobium sp. ORS 278 
gi|170652906   78 TFTLTKR-------------LVPTVID 94 Bradyrhizobium sp. BTAi1 
gi|254810218   80 TFTLTKK-------------LVPTVID 96 Rhodospirillum centenum SW 
gi|123762521   88 TFTLTKR-------------LIPTVID 104 Rhodopseudomonas palustris BisB5 
gi|123292175   88 TFTLTKR-------------LIPTVID 104 Rhodopseudomonas palustris HaA2 
gi|122476964   88 TFTLTKR-------------LVPTVID 104 Rhodopseudomonas palustris BisB18 
gi|81698290   88 TFTLTKK-------------LMPTVID 104 Rhodopseudomonas palustris CGA009 
gi|122297133   86 TFTLTKC-------------LIPTVID 102 Rhodopseudomonas palustris BisA53 
gi|123527299   72 TFTLTKR-------------LVPTVID 88 Rhodospirillum rubrum ATCC 11170 
gi|13878351   67 TFTLTKR-------------LVPTVID 83 Rhodospirillum rubrum 
gi|13878348   79 TFTLTKR-------------MVPTVID 95 Rubrivivax gelatinosus 
gi|254810213   74 TFTLTKR-------------LAPTVID 90 Methylobacterium extorquens PA1 
gi|254810212   74 TFTLTKR-------------LAPTVID 90 Methylobacterium chloromethanicum CM4 
gi|254810214   74 TFTLTKR-------------LAPTVID 90 Methylobacterium populi BJ001 
gi|254810215   74 TFTLTKR-------------LAPTVID 90 Methylobacterium radiotolerans JCM 2831 
gi|254810216   78 TFTLTKR-------------LAPTVID 94 Methylobacterium sp. 4-46 
gi|226706355   72 TFTLTHK-------------MVPTVID 88 Prochlorococcus marinus str. MIT 9211 
gi|81712822   72 TFTLTHK-------------MVPTVID 88 Prochlorococcus marinus subsp. marinus  

str. CCMP1375 
gi|182894152   72 TFTLTHK-------------MVPTVID 88 Prochlorococcus marinus str. NATL1A 
gi|123620280   72 TFTLTHK-------------MVPTVID 88 Prochlorococcus marinus str. NATL2A 
gi|182894151   72 TFTLTHR-------------MVPTVID 88 Prochlorococcus marinus str. MIT 9303 
gi|81712691   72 TFTLTHR-------------MVPTVID 88 Prochlorococcus marinus str. MIT 9313 
gi|182894150   72 TFTLTHK-------------MVPTVID 88 Prochlorococcus marinus str. MIT 9301 
gi|182894148   72 TFTLTHK-------------MVPTVID 88 Prochlorococcus marinus str. AS9601 
gi|172047292   72 TFTLTHK-------------MVPTVID 88 Prochlorococcus marinus str. MIT 9215 
gi|123554484   72 TFTLTHK-------------MVPTVID 88 Prochlorococcus marinus str. MIT 9312 
gi|182894149   72 TFTLTHK-------------MVPTVID 88 Prochlorococcus marinus str. MIT 9515 
gi|81712619   72 TFTLTHK-------------MVPTVID 88 Prochlorococcus marinus subsp. pastoris  

str. CCMP1986 
 
Table 1 continues on the next page 
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Table 1 (continued) 
 

GI number Amino acid sequence Organism 
L subunit of DPOR 

gi|123578595   72 TFTLTHK-------------MVPTVID 88 Synechococcus sp. CC9605 
gi|81574172   72 TFTLTHK-------------MVPTVID 88 Synechococcus sp. WH 8102 
gi|172047785   72 TFTLTHK-------------MVPTVID 88 Synechococcus sp. WH 7803 
gi|172046629   72 TFTLTHS-------------MVPTVID 88 Synechococcus sp. CC9902 
gi|123327701   72 TFTLTHK-------------MVPTVID 88 Synechococcus sp. CC9311 
gi|172047910   76 TFTLTHK-------------MVPTVID 92 Synechococcus sp. RCC307 
gi|254810217   79 TFTLTKR-------------FVPTVID 95 Methylocella silvestris BL2 
gi|170652909   77 TFTLTKR-------------LVPTVID 93 Halorhodospira halophila SL1 

LPOR 

gi|10720232 182 RFTADGFELSVGTNHLGHFLLTNLLLD 208 Chlamydomonas reinhardti  i 
gi|1408176 182 RFTADGFELSVGTNHLGHFLLTNLLLD 208 Chlamydomonas reinhardtii 
gi|3327258 242 KFSAEGFELSVGTNHMGHFLLARLLME 268 Marchantia paleacea subsp. diptera 
gi|10720231 242 KFSAEGFELSVGTNHMGHFLLARLLME 268 Marchantia paleacea 
gi|15218860 186 SFTAEGFEISVGTNHLGHFLLSRLLLD 212 Arabidopsis thaliana 
gi|10720234 186 SFTAEGFEISVGTNHLGHFLLSRLLLD 212 Arabidopsis thaliana 
gi|8467964 186 SFTAEGFEISVGTNHLGHFLLSRLLLD 212 Arabidopsis thaliana 
gi|79316418 184 SFTAEGFEISVGTNHLGHFLLSRLLLD 210 Arabidopsis thaliana 
gi|297843168 186 SFTAEGFELSVGTNHLGHFLLSRLLLD 212 Arabidopsis lyrata subsp. lyrata 
gi|297335307 186 SFTAEGFELSVGTNHLGHFLLSRLLLD 212 Arabidopsis lyrata subsp. lyrata 
gi|75248671 182 SFTADGFEMSVGVNHLGHFLLARELLA 208 Oryza sativa Japonica Group 
gi|115482724   68 SFTADGFEMSVGVNHLGHFLLARELLA   94 Oryza sativa Japonica Group 
gi|113639564   68 SFTADGFEMSVGVNHLGHFLLARELLA   94 Oryza sativa Japonica Group 
gi|10720236 179 SFTADGFEMSVGVNHLGHFLLARELLE 205 Hordeum vulgare 
gi|46019982 155 SYTADGFEMSVGVNHLGHFLLARELLS 181 Zea mays 
gi|79325287 185 TYSAEGFELSVATNHLGHFLLARLLLD 211 Arabidopsis thaliana 
gi|15234129 185 TYSAEGFELSVATNHLGHFLLARLLLD 211 Arabidopsis thaliana 
gi|1583456 185 TYSAEGFELSVATNHLGHFLLARLLLD 211 Arabidopsis thaliana 
gi|2507092 185 TYSAEGFELSVATNHLGHFLLARLLLD 211 Arabidopsis thaliana 
gi|968977 185 TYSAEGFELSVATNHLGHFLLARLLLD 211 Arabidopsis thaliana 
gi|15239574 189 TFTAEGFELSVGINHLGHFLLSRLLID 215 Arabidopsis thaliana 
gi|26454645 189 TFTAEGFELSVGINHLGHFLLSRLLID 215 Arabidopsis thaliana 
gi|1583455 189 TFTAEGFELSVGINHLGHFLLSRLLID 215 Arabidopsis thaliana 
gi|968975 189 TFTAEGFELSVGINHLGHFLLSRLLID 215 Arabidopsis thaliana 
gi|79330812   68 TFTAEGFELSVGINHLGHFLLSRLLID   94 Arabidopsis thaliana 
gi|10720220 183 TFTAEGFELSVGTNHLGHFLLSRLLLE 209 Cucumis sativus 
gi|2244614 183 TFTAEGFELSVGTNHLGHFLLSRLLLE 209 Cucumis sativus 
gi|9587209 182 THTADGFELSVGTNHLGHFLLSRLLLE 208 Vigna radiata 
gi|10720233 182 TYTADGFELSVGTNHLGHFLLSRLLLD 208 Daucus carota 
gi|266742 183 SFTADGFEISVGTNHLGHFLLSRLLLE 209 Pisum sativum 
gi|20830 183 SFTADGFEISVGTNHLGHFLLSRLLLE 209 Pisum sativum 
gi|227065 171 TFTADGHEMSVGVNHLGHFLLARLLME 197 Hordeum vulgare subsp. vulgare 
gi|129708 171 TFTADGHEMSVGVNHLGHFLLARLLME 197 Hordeum vulgare 
gi|10720235 171 TFTADGHEMSVGVNHLGHFLLARLLME 197 Triticum aestivum 
gi|129707   96 TFTAEGVEMSVGVNHLGHFLLARLLLE 122 Avena sativa 
gi|75232717 170 TFTADGYEMSVGVNHLGHFLLARLMLD 196 Oryza sativa Japonica Group 
gi|115461348 170 TFTADGYEMSVGVNHLGHFLLARLMLD 196 Oryza sativa Japonica Group 
gi|113565845 170 TFTADGYEMSVGVNHLGHFLLARLMLD 196 Oryza sativa Japonica Group 
gi|2598163   49 TFTAEGFELSVGTNHLGHFLLSRLLLE   75 Oryza sativa Japonica Group 
gi|7330644 184 TYTAEGFELSVGTNHLGHFLLSRLLLE 210 Pinus mugo 
gi|226515427 157 TYTKDGFEETVGVTHLGHFLLANLMLK 183 Micromonas sp. RCC299 
gi|255072981 157 TYTKDGFEETVGVTHLGHFLLANLMLK 183 Micromonas sp. RCC299 

 
Statistical analysis included calculation of the number 

of sequences having a given residue at each position in 
the sequence with respect to the total number of the 
sequences in the constructed protein database for LPOR 

and BchL/ChlL sequences separately. This provided 
information about the frequency of the occurrence of  
a given amino acid residue at a certain position in the 
identified motif. 



M. GABRUK et al. 

534 

Modeling of the tertiary structure of LPOR: The 
tertiary structure of A. thaliana PORA (NCBI accession 
number: NP_200230) was predicted by homology mode-
ling. The modeling templates were identified within PDB 
deposed proteins and 3 templates with the highest 
sequence homology to A. thaliana PORA were used, i.e., 

porcine testicular carbonyl reductase (pdb:1n5d), gluco-
nate 5-dehydrogenase TM0441 Thermotoga maritima 
(pdb: 1vl8) and human carbonyl reductase 3, complexed 
with NADP+ (pdb:2hrb). The modeling was performed by 
SwissMODEL (Arnold et al. 2006) and Modeller 9v8 
(John and Šali 2003) for comparison.  

 
Results and discussion 
 
Newly identified amino acid motif in LPOR and the L 
subunit of DPOR: The comparison of amino acid se-
quences of A. thaliana PORA (NCBI accession number: 
NP_200230) with BchL/ChlL from the NCBI protein 
data bank showed a fragment consisting of 14 amino acid 
residues similar in PORA of A. thaliana and all the 
investigated BchL/ChlL sequences. In the case of A. tha-
liana PORA, the motif (called TFT) showed the follow-
ing sequence: TFTAEGF-X-LSRLLLD, where -X- was 
the insert of 13 amino acids not found in the investigated 
BchL/ChlL sequences (Fig. 2). The identified fragment 
was then found in all of the investigated plants’ LPOR 
sequences from the NCBI protein data bank. It should be 
explained that in the search, not only did we focus on 
finding identical amino acids at a given position in the 
TFT motif, but we also accepted residues having similar 
physicochemical character of amino acid side groups. 

The summary of amino acid sequence of the TFT 
motif obtained for the BchL/ChlL and for LPOR sequen-
ces is presented in Fig. 3. Threonine and threonine/serine, 
i.e. the amino acids containing hydroxyl group, were 
found in the 1st position of the TFT motif in all 
BchL/ChlL and in the majority of LPOR sequences. 
Arginine or lysine were identified only in four LPOR 
sequences. Phenylalanine was in 2nd position in all of 
BchL/ChlL sequences and in 74% of LPOR sequences. In 
24% of LPOR sequences, phenylalanine was replaced by 
tyrosine. Threonine/serine always occurred in the 3rd 
position in LPOR sequences and in most of BchL/ChlL 
sequences (85%). In the latter case, apart from threonine, 
either proline (12 %) or alanine (3%) were identified. In 
the 4th position, mostly hydrophobic amino acids were 
found, i.e. leucine/isoleucine in BchL/ChlL, and alanine 
in LPOR sequences. Aspartic or glutamic acids were 
found in 5th position in all of the LPOR sequences, 
whereas threonine was detected at this position in 98% of 
the investigated BchL/ChlL sequences. The next two 
positions in the TFT motif were more conserved in 
LPOR, having only glycine in 6th and mostly phenyl-
alanine in 7th position, than in BchL/ChlL in which these 
two amino acids were also found at respective positions, 
however, with much lower frequency. The second part of 
the TFT motif, preceded by the insert in the case of 
LPOR, started with leucine in 8th position in all the LPOR 
sequences and in 78 % of BchL/ChlL sequences. The 
residues in the next three positions (9–11) differed 
between BchL/ChlL and LPOR (Fig. 3). The positions 
no. 12 and 13 were occupied by hydrophobic amino 

acids, namely, valine or isoleucine in BchL/ChlL and 
most frequently by leucine in LPOR or less frequently by 
methionine. Acidic amino acids (aspartic or glutamic) at 
the last position were found in all the BchL/ChlL sequen-
ces, as well as in most of (85%) the LPOR sequences.  

Although the TFT motif is not homological between 
BchL/ChlL and LPOR sequences, the similar physico-
chemical character of amino acids in respective positions 
of the motif (in case of LPOR and BchL/ChlL sequences) 
was observed for 9 out of 14 residues. This provides 
similar properties of microenvironment created by amino 
acids of this motif for both oxidoreductases. Assuming a 
random selection of 14-amino acid length fragment, as 
well as equal likelihood for each residue in each position 
of the motif, the probability of the occurrence of an 
identical motif is 0.2  10–7. The TFT motif contains 
polar amino acids with hydroxyl groups that can form 
hydrogen bonds and aromatic residues that are able to 
interact with the porphyrin ring of Pchlide molecule 
(Fig. 3). An insert in the TFT motif found in all the 
investigated LPOR sequences (Fig. 3B) included hydro-
philic (S, T), hydrophobic (L, I, V) and aromatic (F, Y) 
amino acids, as well as histidine. As it can be calculated 
on the basis of the data shown in Fig. 3B, 54% (i.e. 7 
from 13) of the residues within LPOR insert were 
conserved. 

The presence of the TFT motif was also checked in 
SDR proteins and Fe protein of nitrogenase (NifH) using 
LPOR and BchL/ChlL as a reference, respectively. 
However, no fragments similar to the TFT motif were 
observed either in SDR or in NifH sequences (Fig. 2). 
Therefore, this motif may be involved in the functioning 
of LPOR and DPOR proteins. Obviously, to find out the 
physiological role of this motif in two Pchlide reductases, 
additional experimental data are required. However, 
among the already published results, some experimental 
evidence can be found for the significance of the TFT 
region for LPOR enzymatic activity. For example, Dahlin 
et al. (1999) showed that clustered charge-to-alanine 
mutagenesis, i.e. change of two charged residues to 
alanines in the DGFE and HLGH motifs of the LPOR 
sequence resulted in a complete loss of the enzyme 
activity. The modified fragments corresponded to the 
positions 5-6-7-1i and 8i-9i-10i-11i (Fig. 3) of the TFT 
motif, respectively. Moreover, inhibition of the LPOR 
activity was found in the case of mutations of the R or D 
residues that are localized at the 10th and 14th positions of 
the TFT motif, respectively. 
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Fig. 2. Protein sequence alignment 
of NifH from Clostridium pasteu-
rianum, BchL form Rhodobacter 
capsulatus, PORA from Arabidopsis 
thaliana and SDR4 (carbonyl 
reductase) from Sus scrofa. In the 
case of POR and SDR, characteristic 
motifs: NAA (NADPH-binding) and 
YxxxK (catalytic) are indicated. 

 
The TFT motif in the homology model of A. thaliana 
PORA: In LPOR sequences (Fig. 2), the TFT motif was 
found between the NAA motif, which is one of NADPH-
binding sites, and the catalytic YxxxK motif (Yang and 
Cheng 2004). Unfortunately, there are no crystal or NMR 
structures of LPOR published so far, thus all assumptions 
need to be made based on homology modeling of known 
SDR structures. In the present work, we have modeled a 
representation of the tertiary structure of PORA from 
A. thaliana (NCBI accession number NP_200230) that 

has not been modeled until now. There were no signi-
ficant differences between the models obtained by 
SwissMODEL and Modeller software in the SDR-
homologous regions. 

All typical features of SDR (Oppermann et al. 2003) 
were found in the obtained model (Fig. 4A), i.e. two long 
helices are facing a 7-stranded β-sheet and 7 shorter 
helices. The origin of the TFT motif (i.e. T-F-T sequence) 
was localized on the top of one of the long helices, called 
D in the SDR helix numbering (Oppermann et al. 2003),  
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Fig. 3. TFT amino acid motif in BchL/ChlL (A) and 
plant LPOR (B). Residues in the insert of LPOR 
were numbered separately; ’i’ stands for insert. 
Heights of the letters correspond to the frequency of 
the occurrence of a given amino acid at the given 
position within the TFT motif calculated for all 
sequences from each sequence group. The 50% 
frequency  level is marked as the black horizontal 
line. Asterisk stands for amino acids occurring at 
a very low frequency. 

 

 

 
Fig. 4. A: The model of PORA from Arabidopsis thaliana: side view (left), top view (right) and Pchlide molecule (middle). The TFT 
motif was shown as a single helix. Tyrosine and lysine residues are at positions 280 and 284, respectively, corresponding to Y275 and 
K279 in the catalytic motif (YxxxK) of barley PORB (Lebedev et al. 2001) are marked. The estimated distance between the first and 
the last residues of the motif is 29 Å. For details see the text. B: The fragment of A. thaliana LPOR structure, containing the TFT 
motif with marked T-F-T and L-L-I-D sequences. The internal part of the long helix represents a fragment with a coil structure. 
 
and the whole TFT motif was in this helix. However, the 
helical structure of this region seems to be forced by the 
spatial orientation of adjacent elements of the protein 
structure. When only the fragment of the PORA sequence 
(90–220 amino acid) was modeled, the central region of 
the long helix (199–208 amino acid), marked as ‘inter-
mediate region’ in Fig. 4B, was evidently shown to be an 
unstructured loop splitting the long helix into two short 
helices. Using algorithms for protein secondary structure 
prediction (e.g. GOR4 - Garnier et al. 1996, and JUFO - 
Meiler and Baker 2003), it was also found, with high pro-
bability, that these regions are unstructured (not shown).  

In the known homology models of LPOR from 
Synechocystis (Townley et al. 2001) and barley (Buhr et 
al. 2008), the TFT motif was found within the longest  
-helix, like in our model. On the other hand, different 
conformation of this motif was identified in the ‘old’ 
model of pea LPOR (Dahlin et al. 1999) where only a 
part of the TFT motif adopted the helical structure. 
However, the modeling of the pea LPOR sequence, using 
the same algorithm that we used for A. thaliana LPOR, 

gave similar conformation of the TFT motif like that of 
A. thaliana (results not shown). The different structure 
obtained by Dahlin et al. (1999) might have resulted from 
template selection or from older algorithms introduced 
into Modeller 3 and Modeller 8 softwares than those used 
in the present work. 

In the Arabidopsis PORA model, the TFT motif is 
located in close proximity of the highly conserved Y280 
and K284 residues (Fig. 4). This YxxxK motif was 
shown to be indispensable for catalytic activity of LPOR, 
where Y residue has been suggested as direct proton 
donor to C18 during the reduction of Pchlide, and K is 
supposed to be important in facilitating deprotonation of 
Y (Wilks and Timko 1995, Lebedev et al. 2001, Heyes 
and Hunter 2002). In the presently modeled confor-
mation, the threonine in 3rd position of the TFT motif 
faces one of the cysteine residues (Cys-222 in Synecho-
cystis POR, which is equivalent to Cys-313 in A. thaliana 
POR), located on the next helix (at the distance of 4Å). 
This cysteine is suggested to be protected from oxidation 
when NADPH is bound (Heyes et al. 2000).  
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It has recently been demonstrated that binding of 
Pchlide to LPOR protein occurs via strong hydrogen 
bonds (Sytina et al. 2010 and 2011), which was earlier 
suggested by Solymosi et al. (2002). Several fragments of 
the Pchlide molecule, involving carbonyl groups and Mg 
(Fig. 1) may form hydrogen bonds directly or indirectly 
with methanol molecules (Zhao and Han 2008). Absorp-
tion and fluorescence properties of Pchlide (Mysliwa-
Kurdziel et al. 2004, 2008), as well as its excited-state 
relaxation (Dietzek et al. 2006, 2009, 2010), were shown 
to be influenced by its interaction with hydroxyl group-
binding solvents. Pchlide of etioplast inner membranes, 
where it naturally accumulates during etiolation (Soly-
mosi and Schoefs 2010), showed similar spectroscopic 
properties to those found in protic solvents (Mysliwa-
Kurdziel et al. 1999). Another observation worth men-
tioning is the presence of two highly conservative 
histidinyl residues in the LPOR insert (Fig. 3B), which 
may provide a coordination site for the Mg of the Pchlide 
molecule. Sytina et al. (2011) have recently demonstrated 
hexacoordination of the LPOR-bound Pchlide. 

All of these data indicate the importance of the 
polarity of the local microenvironment for the excited-
state properties of Pchlide, that are in turn crucial for its 
photoreduction catalyzed by LPOR. It has not yet been 
revealed which sites of LPOR molecule participate in the 
formation of hydrogen-bond network that stabilizes 
Pchlide molecule and to what extent hydroxyl group-
binding residues of the TFT motif might contribute to this 
process. 

Binding of NADPH to LPOR precedes and probably 
facilitates Pchlide binding during assembly of the 
substrate-enzyme complex and induces conformational 
changes of LPOR (Heyes and Scrutton 2009; Sytina et al. 
2008, 2009). These changes influence distances and 
relative temporary orientation of the single residues of 
LPOR protein. Interaction of amino acid residues of the 
TFT motif with Pchlide molecule is possible, especially 
when taking into account the helix-loop-helix confor-
mation of the motif (Fig. 4B). 

In angiosperms, Pchlide:LPOR:NADPH complex 
forms aggregates in vivo and it is widely accepted that 
activity of these ternary complexes is conferred by their 
aggregation (Schoefs and Franck 2003, Schoefs 2005). 
Dimerization/oligomerization of LPOR:Pchlide:NADPH 
complexes was also demonstrated in some in vitro experi-
ments performed on LPOR of angiosperms (Wiktorsson 
et al. 1992, Martin et al. 1997, Ouazzani-Chahdi et al. 
1998). It is still unknown how LPOR monomers are 
oriented in the dimer/oligomer and which parts of the 
LPOR molecule participate in the dimerization/oligo-
merization process. However, it is worth mentioning that 
long helices are considered to be the main interaction 
interface in oligomeric SDRs (Filling et al. 2002). If so,  
a possibility to consider is the interaction of two POR 
monomers with their long helices in head-to-tail 
orientation.  

 
 
Fig. 5. Crystal structure of L-DPOR from Rhodobacter sphae-
roides (pdb: 3FWY, Sarma et al. 2008) with FeS cluster and 
ADP marked. Tyrosine Y129 is supposed to be important for 
the interaction between the [BchL]2 and [BchN-BchB]2. TFT 
and TVID correspond to the origin and to the end of TFT motif, 
respectively. The figure was generated with PyMol (The 
PyMOL Molecular Graphics System, v. 0.99rc6, Schrödinger, 
LLC, San Carlos, CA, USA). 
 
The TFT motif in BchL: Concerning the crystal struc-
ture of BchL from Rhodobacter sphaeroides (Sarma et al. 
2008), the TFT motif can be found in the outer layer of 
the protein molecule (Fig. 5), close to the tyrosine (i.e. 
Y129), being important for the interaction between the 
[BchL]2 and [BchN-BchB]2 subunits of DPOR. The mid-
dle part of the TFT motif is found mostly in the unstruc- 
tured fragment of the protein, whereas the beginning and 
the end adopt the helix structure. The recently published 
crystal structure of the [BchN-BchB]2 heterotetramer 
from Rhodobacter capsulatus (Muraki et al. 2010) re-
vealed that Pchlide is bound on the interface of hetero-
tetramer consisting of two catalytic [BchN-BchB] hetero-
dimers, in a cavity formed by hydrophobic amino acids, 
without any involvement of the BchL in the process. 
Nevertheless, the C-terminal fragment of BchB, which is 

well conserved and probably important for Pchlide 
reduction, remains unresolved in the obtained structure 
and was described as disordered (Muraki et al. 2010).  

On the other hand, biochemical studies showed that 
the interaction between the L-protein and the catalytic 
NB-protein was essential for Pchlide reduction (Nomata 
et al. 2008, Bröcker et al. 2008, Wätzlich et al. 2009). 
Binding of Pchlide to the NB-protein was required for the 
whole DPOR complex formation (Bröcker et al. 2010b). 
It was recently shown that this binding was the initial step 
of DPOR catalysis, which promotes docking of the  
L-protein to the NB-protein, and is followed by ATP 
hydrolysis and Pchlide reduction (Bröcker et al. 2008, 
2010b). 

Even though the catalytic mechanism of DPOR has 
been proposed and the crystal structure of DPOR subunits 
has been resolved, the structure and the molecular mecha-
nism of the assembly of the whole DPOR complex have 
not been elucidated until now. In particular, the mecha-
nism of docking of [BchL]2 dimer to [BchN-BchB]2  
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Fig. 6. Glycine-rich motif of LPOR (A), SDR (B), L subunit of 
DPOR (C) and NifH (D). Heights of the letters correspond to 
the frequency of the occurrence of a given amino acid at the 
given position within the glycine-rich motif calculated for all 
sequences from each sequence group. The 50% frequency  level 
is marked as the black horizontal line. Asterisks stand for amino 
acids occurring at very low frequency. The analysis was 
performed on protein sequences found in NCBI.  
 
heterotetramer and that of Pchlide (and Chlide)-enzyme 
interactions in DPOR complex still need detailed 
investigation. With the currently available data, one can 
only speculate that the TFT motif may play a role in 
docking of the L-protein to the NB-protein, for example 
by interacting with Pchlide molecule already bound to the  
 

BchN-BchB dimer. Pchlide might occur in the cavity 
formed by the BchN-BchB dimer and BchL- interface  
if we allow the possibility of different docking of the  
L-protein as opposed to the one proposed on the basis of 
the comparison with the nitrogenase enzyme complex. 
Sarma et al. (2008) have noticed some structural 
differences between the docking surface of the NifH and 
the respective fragments of BchL. It has to be taken into 
consideration that, although the homology between 
nitrogenase and DPOR is high, their substrates are 
completely different. Bröcker et al. (2010a) have also 
suggested that the common ancestor of DPOR and 
nitrogenase is an unknown nitrogenase-like protein. 

 
Glycine-rich motif: Both LPOR and the BchL/ChlL 
subunits of DPOR are able to bind NADPH and ATP, 
respectively, that is important for their catalytic activity. 
In the case of LPOR, the presence of the conserved 
NADPH binding motif, i.e. GxxxGxG, was one of the 
reasons for their classification as an SDR protein (Wilks 
and Timko 1995). Our investigation showed 100% 
homology for all the residues of the motif in the 
investigated LPOR sequences (Fig. 6A), meaning that it 
was more conserved than those described for SDR 
proteins (Fig. 6B). The highly conserved glycine-rich 
motif YGKGGIGKST (Fig. 6C,D) that is involved in 
ATP binding by the BchL of DPOR and NifH of 
nitrogenase, resembles GxGxxG motif characteristic for 
the dinucleotide-binding motif found in the family of 
medium-chain dehydrogenases/reductases (Benach et al. 
2001). The occurrence of glycine rich motifs both in the 
L subunit of DPOR and in LPOR is an example of  
a wider convergence resulting from specific physicoche-
mical and steric demands of the nucleotide-binding site.  

 
Conclusions: In the present paper, we have identified the 
fragment of amino acid sequence, called TFT motif, 
having similar physicochemical properties in LPOR and 
in the L subunit of DPOR proteins. We have indicated a 
possible significance of this motif with regard to some 
known facts about LPOR and DPOR proteins. The 
current findings are important for the following future 
investigations: (1) mutagenesis experiments on the 
function of specific amino acids and (2) biochemical and 
biophysical studies aimed at revealing the molecular 
mechanism of the assembly of DPOR complex, as well as 
LPOR aggregation in prolamellar bodies. Moreover, it 
was interesting to show similarity of the two oxido-
reductases generally regarded as completely unrelated. 
This observation may be important in detailed elucidation 
of the evolutionary origin of the two different proto-
chlorophyllide oxidoreductases. 
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