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Ferredoxin-nicotinamide-adenine dinucleotide phosphate (NADP™) reductase (FNR) catalyses the production of
reduced nicotinamide-adenine dinucleotide phosphate (NADPH) in photosynthetic organisms, where its flavin
adenine dinucleotide (FAD) cofactor takes two electrons from two reduced ferredoxin (Fd) molecules in two se-
quential steps, and transfers them to NADP™ in a single hydride transfer (HT) step. Despite the good knowledge
of this catalytic machinery, additional roles can still be envisaged for already reported key residues, and new fea-
tures are added to residues not previously identified as having a particular role in the mechanism. Here, we
analyse for the first time the role of Ser59 in Anabaena FNR, a residue suggested by recent theoretical simulations
as putatively involved in competent binding of the coenzyme in the active site by cooperating with Ser80. We
show that Ser59 indirectly modulates the geometry of the active site, the interaction with substrates and the elec-
tronic properties of the isoalloxazine ring, and in consequence the electron transfer (ET) and HT processes. Addi-
tionally, we revise the role of Tyr79 and Ser80, previously investigated in homologous enzymes from plants. Our
results probe that the active site of FNR is tuned by a H-bond network that involves the side-chains of these res-
idues and that results to critical optimal substrate binding, exchange of electrons and, particularly, competent
disposition of the C4n (hydride acceptor/donor) of the nicotinamide moiety of the coenzyme during the revers-

ible HT event.

© 2013 Elsevier B.V. All rights reserved.

Abbreviations: NADP*, NADPH, nicotinamide-adenine dinucleotide phosphate in
its oxidised and reduced forms; FAD, flavin adenine dinucleotide; FNR, FNR,y, FNR}q,
FNRq, ferredoxin-NADP™ reductase and FNR in the fully oxidised, anionic hydroqui-
none (fully reduced) and neutral semiquinone (one-electron reduced) states, respec-
tively; Fd, Fd,q4, ferredoxin and in its reduced state; 2’-P, 2’-phosphate group of
NADP*/H; dRf, 5-deazariboflavin; ET, electron transfer; HT, hydride transfer; DT,
deuteride transfer; WT, wild-type; CTC, charge-transfer complex; CTC-1, FNRyx-
NADPH CTC; CTC-2, FNRpq-NADP* CTC; NMN, nicotinamide nucleotide moiety of
NADP™* /H; 2’-P-AMP, 2’-P-AMP moiety of NADP*/H; PP;, pyrophosphate; N5Hi, N5i,
N5 hydride donor/acceptor of the FADH ™ /FAD isoalloxazine ring of FNR; C4n, C4Hn,
C4 hydride acceptor/donor of the NADP*/H nicotinamide ring; ka _, , kg _. ¢, appar-
ent/observed rate constants obtained by global analysis of spectral kinetic data;
KobsuT» KobsHT-1, KobspT» Kobspr-1, Observed conversion HT and DT rate constants for
the forward and reverse reactions; kyr, kyr.1, hydride transfer first-order rate con-
stants for the forward and reverse reactions, respectively; kpr, kpr.1, deuteride trans-
fer first-order rate constants for the forward and reverse reactions, respectively;
KYAPPH KNADP dissociation constants for the intermediate complexes in the reduc-
tion and reoxidation of FNR, respectively; KIE, kinetic isotopic effect; Ay, Ap,
Arrhenius preexponential factors for hydrogen and deuteride, respectively; E.y, Eap,
activation energies for hydride and deuteride transfer, respectively; ke, first-order
electron transfer rate; k,, second-order rate constant for bimolecular electron trans-
fer; I, ionic strength
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1. Introduction

In the photosynthetic electron transfer (ET) chain of plants, algae
and cyanobacteria, the isoalloxazine ring of the flavin adenine dinucle-
otide (FAD) cofactor of ferredoxin-NADP* reductase (FNR) gets re-
duced to its hydroquinone state by sequentially accepting two
electrons from two ferredoxin (Fd) molecules. Subsequently, it transfers
a hydride from the N5 atom (N5Hi) of the isoalloxazine of its FAD cofac-
tor to the nicotinamide C4 atom of nicotine adenine diculeotide
(NADP™) (C4n) to provide the cell with reduction power in the form
of NADPH [1-3]. The overall ET process from Fd to NADP™ is reversible,
with transitory ternary complexes, Fd:FNR:NADP™, formed during ca-
talysis [4]. Structural, mutational and theoretical studies revealed resi-
dues on the protein surface and in the isoalloxazine environment
involved in the interaction and ET with the protein partner, contributing
to the optimal architecture of the active site for proton and electron
transfer, as well as playing key roles in the catalytic binding of the nico-
tinamide moiety of the coenzyme (NMN) during the hydride transfer
(HT) event [5-13]. Among them, a particular role is proposed for the
C-terminal Tyr (Tyr303 in Anabaena FNR (AnFNR), numbering used
herein) (Fig. 1A). This residue stacks at the re-face of the isoalloxazine
ring of FAD, modulates its midpoint reduction potential and reduces
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60 70 80
Anabaena PCC7119 FNR IEGQSIGIIPPGVD--KNGK---------~-------- PEKLRLYSTIASTR
Spirulina sp. FNR LEGQSIGIIPPGTD--NNGK----------------- PHKLRLYSIASTR
Synechococcus sp. FNR LEGQSIGIIPPGED--KNGK----------------- PHKLRLYSIASTR
Synechocystis sp. FNR LEGQSIGIIPPGED--DKGK----------------- PHKLRLYSIASTR
Arabidopsis thaliana leaf FNR REGQSIGVIPEGID--KNGK----------------- PHKLRLYSIASSA
Nicotiana tabacum leaf FNR REGQSIGVIADGVD--ANGK---~---~----------- PHKLRLYSTASSA
Oryza sativa leaf FNR REGQSIGVIADGVD--KNGK----------------- PHKLRLYSIASSA
Pisum sativum leaf FNR REGQSIGIVPDGID--KNGK----------------- PHKLRLYSIASSA
Spinacea oleracea FNR REGQSVGVIPDGED--KNGK----------------~- PHKLRLYSIASSA
Arabidopsis thaliana root FNR WEGQSYGVIPPGENPKKPGA----------------- PHNVRLYSIASTR
Nicotiana tabacum root FNR WEGQSYGVIPPGENPKKPGN----------------- PHNVRLYLIASTR
Oryza sativa root FNR WEGQSYGIIPPGENPKKPGA----------------- PHNVRLYSIASTR
Pisum sativum root FNR WEGQSYGVIPPGENPKKPGS-----~---~--------~ PHNVRLYSIASTR
Leptospira interrogans FNR VIGQSGGVIPPGEDPEKKAKGLA------------ DVGYTVRLYSIASPS
Azotobacter vinelandii FPR ENGQFVMIGLEVD----------------------- GRPLMRAYSIASPN
Escherichia coli FPR TAGQFTKLGLEID----------------------- GERVQRAYSYVNSP
Rhodobacter capsulatus FPR RSGEFVMIGLLDDN---------------------- GKPIMRAYSIASPA
Zea mays NR PIGKHIFVCASIE----------------------- GKLCMRAYTPTSMV
Rattus norvegicus cb5R PIGQHIYLSTRID----------------------- GNLVIRPYTPVSSD
Sus scrofa cb5R PVGQHIYLSARID----------------------- GNLVIRPYTPVSSD
Bos taurus cb5R PVGKHVYLSARID----------------------- GSLVIRPYTPVTSD

Plasmodium falciparum FNR

LEGHTCGIIPYYNELDNNPNNQINKDHNIINTTNHTNHNNIALSHIKKQR

Fig. 1. Key residues at the AnFNR active site. (A) Surface representation of the active site environment at the equilibrium of a MD simulation of a theoretical catalytically competent WT
FNRyq:NADP* complex [15]. NADP™, FAD, and selected key side-chains are shown in sticks with C in blue, orange and wheat, respectively. Selected water molecules at the active site are
also shown as balls and sticks. (B) Sequence alignment of different members of the FNR superfamily (ClustalW2). Position of residues equivalent to those mutated in this work is shown in

bold.

the probability of a too strong stacking interaction between the isoal-
loxazine and nicotinamide rings, thus contributing to the opti-
mal geometry among the N5i, the C4n and the hydrogen that
has to be transferred between them [5,12,14-18]. A second high-
ly conserved aromatic side-chain, Tyr79, stacks at the isoalloxa-
zine si-face with its hydroxyl H-bonding the 4’-ribityl hydroxyl of
FAD, which is also connected through a complex H-bond network
assisted by water molecules to the C2 of the isoalloxazine and to the
side-chain Arg100 [8,19-22]. Other key highly conserved residues at
the active site are the neighbours of Tyr303 at the re-face: Ser80,
Cys261 and Glu301 [3,8,11,15,23-26]. They contribute to the fine

modulation of the FAD midpoint reduction potential, the affinity for
Fd, the architecture of the catalytically competent complex, and/or the
ET and HT rates [5,7,10,11,26-28]. Despite the fact that structural
changes detected upon spinach FNR reduction are minor, they implicate
a slight approach of the hydroxyl of Ser96 (Ser80 in AnFNR) to N5i that
loses its H-bond with Glu312 (Glu301 in AnFNR) leading to the dis-
placement of Tyr314 (Tyr303 in AnFNR) away from the flavin ring
(decreasing the m-m stacking with the reduced isoalloxazine), as
well as the displacement of two highly conserved water molecules,
W406 and W571, (W404 and W457 in AnFNR) located near the
ribityl of FAD [29]. Theoretical calculations for the HT process
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