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Abstract Ferredoxin-NADP* reductase (FNR) catalyses
the electron transfer from ferredoxin to NADP* via its
flavin FAD cofactor. A molecular dynamics theoretical
approach is applied here to visualise the transient catalyti-
cally competent interaction of Anabaena FNR with its
coenzyme, NADP*. The particular role of some of the resi-
dues identified as key in binding and accommodating
the 2'P-AMP moiety of the coenzyme is confirmed in
molecular terms. Simulations also indicate that the architec-
ture of the active site precisely contributes to the orientation
of the N5 of the FAD isoalloxazine ring and the C4 of the
coenzyme nicotinamide ring in the conformation of the cat-
alytically competent hydride transfer complex and, there-
fore, contributes to the efficiency of the process. In
particular, the side chain of the C-terminal Y303 in Ana-
baena FNR appears key to providing the optimum geome-
try by reducing the stacking probability between the
isoalloxazine and nicotinamide rings, thus providing
the required co-linearity and distance among the N5 of the
flavin cofactor, the C4 of the coenzyme nicotinamide and
the hydride that has to be transferred between them. All
these factors are highly related to the reaction efficiency,
mechanism and reversibility of the process.
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Abbreviations

FNR Ferredoxin-NADP* reductase

FNR,, FNR in the fully oxidised state

FNR;, FNR in the anionic hydroquinone
(fully reduced) state

2'-P 2'-Phosphate group of NADP*/H

HT Hydride transfer

WT Wild-type

CTC Charge-transfer complex

CTC-1 FNR,,-NADPH CTC

CTC-2 FNth-NADPJr CTC

NMN Nicotinamide nucleotide moiety of NADP*/H

2'-P-AMP  2’-P-AMP moiety of NADP*/H

PPi Pyrophosphate

N5Hi, N5i N5 hydride donor/acceptor of the FADH /
FAD isoalloxazine ring of FNR

C4 hydride acceptor/donor of the NADP*/H
nicotinamide ring

C4n, C4Hn

Introduction

During photosynthesis, ferredoxin-NADP* reductase (FNR)
catalyses the electron transfer from ferredoxin (Fd) to
NADP?* via its flavin FAD cofactor (Medina 2009; Medina
and Gomez-Moreno 2004). The final hydride transfer (HT)
event between WT FNR and the nucleotide is a reversible
process, and two different transient charge-transfer com-
plexes (CTC), FNR_,-NADPH (CTC-1) and FNth-NADP+
(CTC-2), form prior to and upon HT whatever the HT
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direction (Fig. 1a) (Batie and Kamin 1984a; Lans et al. 2010;
Peregrina et al. 2010; Tejero et al. 2007). This suggests that
during the HT event the approach of the N5 donor atom of
the FADH™ isoalloxazine ring of FNR (N5i) to the C4
acceptor of the coenzyme nicotinamide ring (C4n) (or vice
versa) occurs through certain stacking (Ortiz-Maldonado
etal. 2003; Peregrina etal. 2010). Structures for the
FNR_,:NADP" interaction obtained under different experi-
mental conditions suggest a series of conformational rear-
rangements that might contribute to attaining the catalytically
competent complex (Fig. 1b). Recognition of the 2'P-AMP
moiety of NADP* by FNR should be initially expected; this
complex is labelled as C-I (PDB 1quf) (Serre et al. 1996).
The need for an optimal interaction at this stage has been pro-
posed as critical for the induction of the additional conforma-
tional changes (Paladini et al. 2009; Peregrina et al. 2009;
Tejero et al. 2007). They must include narrowing the FNR
coenzyme binding cavity to fit the 2'P-AMP and the pyro-
phosphate (PPi), as well as steering the nicotinamide towards
the isoalloxazine binding site, as observed in C-II (PDB 1gjr,
Fig. 1b) (Carrillo and Ceccarelli 2003; Hermoso et al. 2002;
Tejero et al. 2005). The arrangement in the C-II crystal struc-
ture will further require the displacement of the C-terminal
Tyr, Y303 in Anabaena FNR, and the rotation of the nicotin-
amide plane for the catalytically competent isoalloxazine-
nicotinamide interaction to be achieved. However, there are
not experimental data supporting whether such structural
changes are produced from the C-II structure, and the final
architecture of the catalytically competent complex (herein
labelled C-IIT*) is also thus far unknown (Lans et al. 2010;
Paladini etal. 2009; Tejero etal. 2005). Replacement of
Y303 by Ser increases the enzyme affinity for NADP* and
produces a close isoalloxazine-nicotinamide stacking (C-III,
PDB 2bsa and 1qfy, Fig. 1b), not detected with WT FNR.
However, as the result of this strong binding, Y303S FNR
shows a much lower catalytic efficiency (Deng et al. 1999;
Lans etal. 2010; Piubelli et al. 2000; Tejero et al. 2005).
Recent studies have demonstrated that stronger CTCs
between the isoalloxazine and the nicotinamide do not relate
to faster HT, and that the C-terminal Y303 contributes to pro-
viding the geometry of the catalytically competent complex
by reducing the stacking probability between the isoalloxa-
zine and nicotinamide (Peregrina et al. 2010).

In the present study, the ability of molecular dynamics
(MD) simulations to visualise protein flexibility as well as
variations produced by ligand binding (Banci et al. 1992;
Gorse and Gready 1997) is exploited to better understand
the role of different regions and residues of Anabaena FNR
in achieving the transient catalytically competent interac-
tion with the coenzyme. We analyse the role played by the
2'P-AMP binding site in the early stages of coenzyme rec-
ognition (Medina et al. 2001; Tejero et al. 2007). Finally,
we particularly discuss the putative orientations that the
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nicotinamide and C-terminal Tyr rings might adopt in the
active site of the WT enzyme during catalysis on the basis
of the simulations carried out on the complexes with the
coenzyme of WT, Y303S and Y303W FNRs, and on the
reported experimental HT efficiency for these variants.

Materials and methods
Model building of the biological systems

MD simulations of WT FNR in its complexes with NADP*,
determined either by soaking (C-I, 1quf) or co-crystallisa-
tion (C-II, 1gjr), of Y303W FNR free and in complex with
NADP* (1w35 and 1w87) and of Y303S FNR free and in
complex with NADP* (1w34 and 2bsa, C-III) were carried
out using the Cartesian coordinates of their crystal struc-
tures (Hermoso et al. 2002; Serre et al. 1996; Tejero et al.
2005). WT FNR;,;:NADP* and FNR, :NADPH models
presenting isoalloxazine-nicotinamide interactions “puta-
tively compatible with HT” through the formation of tran-
sient CTCs (C-IIT*) were generated by replacement of the
NADP* group in the non-productive Anabaena WT
FNR:NADP* C-II (1gjr) with the conformation of NADP*
in Anabaena Y303S FNROX:NADP+ C-III (PDB 2bsa)
(Fig. 1 and SP1). Additional models were produced using
the structure of the WT FNR:NADP* C-I (1quf) by in silico
replacement with the most conserved rotamer of either a
Phe or an Ala for Y235 and an Asp for S223, as well as the
NADP"* coenzyme with NAD*. These manipulations were
carried out using SpdViewer (Guex and Peitsch 1997).
Crystallographic waters were removed from all crystal
structures. The FAD cofactor was replaced with FADH™
when simulating complexes of FNRy.

MD simulations

MD simulations were carried out using AMBER (Case
et al. 2005), ff94 (Cornell et al. 1995) and the contributed
parameters for FAD, FADH™, NADPH and NADP" (http://
www.pharmacy.manchester.ac.uk/bryce/amber#cof)
(Antony et al. 2000; Walker et al. 2002). Residues were
protonated at pH 7.0 using standard AMBER methods and
PROPKA (Bas et al. 2008). In general, simulations have
been carried out with cofactors and coenzymes in the redox
states expected for the photosynthetic HT process, FADH™
and NADP®, with the single exception of WT
FNR,,:NADPH C-IIT*, where FAD and NADPH were
used. Each molecular system was neutralised by the addi-
tion of sodium ions and solvated with a TIP3P water model
in a truncated octahedron box centred on the geometric cen-
tre of the protein and with the minimum distance of 10 A
from any protein atom.
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Fig. 1 a Scheme proposed for

Non-photosynthetic reaction

the reversible HT reaction A
between FNR and NADP*.

MC-1 and MC-2 denote the
Michaelis complexes for the
non-photosynthetic and
photosynthetic reactions,
respectively. b Structural
conformations proposed for
different steps in the interaction
of FNR with NADP"* to attain
the catalytically competent
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FNR,,:NADP" C-I obtained by

soaking, PDB 1quf, showing

recognition of the 2'P-AMP B
moiety of NADP* by FNR

(Serre et al. 1996). 2 Crystal

structure of FNR_,:NADP* C-II, 1
PDB 1gjr, showing the

narrowing of the FNR coenzyme

binding cavity to fit the

2'P-AMP and the PPi (Hermoso

et al. 2002). 3 Crystal structure

of Y303S FNR ,:NADP* C-1II,

PDB 2bsa, showing a close
isoalloxazine-nicotinamide

stacking (Tejero et al. 2005).

4 Catalytically competent WT 2
complex C-III*, representing the

unknown architecture for the

ternary Y303-isoalloxazine-

nicotinamide interaction

In order to remove close contacts and highly repulsive
orientations of the initial protein-solvent system, solvent
molecules and counter ions were relaxed and allowed to
redistribute around the restrained protein molecule before
energy minimisation of the entire system. The process con-
sisted of 500 steps of steepest descent (SD) and 500 steps of
conjugate gradient (CG), in which the protein is restrained
with an harmonic potential with force of 500 kcal mol~! A=2

Photosynthetic reaction

C-ll

C-11l

c-ln*
éTyr303?

centred on each atom to smooth the solvent-protein interac-
tion. A second energy minimisation applied 1,000 steps of
SD and 1,500 steps of CG to the whole system. In models
generated by in silico replacement of residues or of coen-
zyme 5,000 steps of SD and 15,000 of CG were applied. The
resulting system was heated from O to 300 K with the protein
atoms weakly constrained with an harmonic potential with
force constant of 10 kcal mol~' A=2 for 20 ps, to get a
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Fig. 2 a Overall structure of A
Anabaena FNR showing the res-
idues discussed in this work as
relevant for the interaction with
the coenzyme; green sticks rep-
resent the carbons. The FAD
prosthetic group is represented
in sticks with carbons in orange,
while a putative position for
NADP" is represented with blue
sticks. Panels b, ¢ and d show
the relative disposition of the
coenzyme (shown as sticks and
CPK-coloured) at the equilib-
rium simulations for WT C-I,
Y235A C-Tand S223D C-1
respectively with regard to the
2'P-AMP binding surface (in
pale green). Position of the
coenzyme at the end of each
simulation is shown with car-
bons in green, yellow and blue
for b, ¢ and d respectively.
R224, R233, Y235 (A235in¢),
and L263 are shown as sticks
with carbons in green

solvent pre-equilibration. The whole system was then equili-
brated over 20 ps at 300 K and a constant pressure of 1 atm
with a weak-coupling pressure algorithm. A Langevine tem-
perature equilibration algorithm, periodic boundary condi-
tions and the Particle Mesh Ewald method for long-range
electrostatic interactions were used. All bonds involving
hydrogens were constrained with SHAKE. Time step of 2 fs
was used for dynamics integration. Each system was simu-
lated for 630 ns maintaining the same conditions as for the
second equilibration, and the structures were collected every
2 ps. During equilibration and MD productions, the leapfrog
Verlet integration scheme was used.

Most of the obtained simulations, as well as some recent
crystal structures (Peregrina et al. 2010), show an interaction
between the C-terminal carboxylate and the guanidinium of
R264 (Fig. 2a), suggesting the position of R264 in C-IIT*
might influence the Y303 one. Additional simulations were
conducted following a different protocol that considers such
interactions. After allowing Y303 to get relaxed and equili-
brated, a 4 ns MD simulation was carried out restraining the
FADH~ and NADP" movement (restriction constant of
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C-| FNR,,;:NADP*

A
A

10 kcal mol~' A=2). Then, FADH™ and NADP* were
allowed to move freely (6 ns), while R264 was restrained
(10 kcal mol~" A~2) in one of the most populated conforma-
tions interacting with the Y303 carboxylate.

Analysis of MD trajectories

Evolution of three-dimensional conformation was
inspected using the programs VMD (Humphrey et al. 1996)
and PyMOL (Delano 2002). Interatomic distances and
angles, as well as the r.m.s.d. from a given structure, were
monitored using the PTRAJ module in AMBER and CAR-
NAL (Case et al. 2005).

Results

The r.m.s.d. of the backbone atoms of the different solvated
FNR species along the MD simulations from the initial
structure are in general <1.6 A, and positional r.m.s.d. of
a-carbons showed regions of similar flexibility (Fig. SP2,
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Table SP1). The protein core, formed by the T155-W167
a-helix and flanked by the f3-sheets at the N-terminal and C-
terminal domains, shows the lowest fluctuation. The G66-
P73 and Y104-V113 loops are among the most flexible,
corresponding also to the highest B factors in the crystal
structures (Hermoso et al. 2002; Serre et al. 1996; Tejero
etal. 2005). The K227-R233 and, particularly, the S275-
S286 loops are relatively flexible for the C-1 of Y235F,
Y235A and S223D FNRs. The mobility of these loops was
considerably decreased in C-I with NAD®, C-II of Y303W
and C-III of Y303S, but flexibility is kept in the simulations
representing putative competent C-IIT*. In general, struc-
tures corresponding to C-II and C-III show less flexibility
than those corresponding to the enzyme, free, in C-I or in
C-IIT*.

The dynamics around the 2'P-AMP binding site

MD simulations of WT FNR, :NADP* C-T (Figs. Ibl and
2b) maintain the main interactions of the 2"P-AMP portion
of NADP* with the protein shown in the crystal structure
(Fig. SP3). R224 and R233 stabilise the 2'P, the adenine
plane is stacked between Y235 (angle ~30—40°) and L263
chains, and the S223 and the Q237 chains H-bond the
ribose and the adenine respectively (Fig. 2a, b, Table SP2).
Additionally, S223 makes polar contacts with R233. These
interactions contribute to modulating the conformation of
the site from the initial, putatively non-productive, one to
one much more similar to that observed in the crystallo-
graphic Y303S C-III (Tejero et al. 2005). Simulations did
not reproduce subsequent rearrangement of the coenzyme
PPi onto the protein surface. This was not a surprise since
such strong positional changes are usually not easily pro-
duced in the short times simulated.

Replacement of Y235 with either Phe or Ala has an
important impact on the coenzyme-enzyme interaction: the
adenine of the 2'P-AMP gets out of the enzyme cavity after
breaking interactions with Q237 and L1263, whereas R224
and R233 accompany the 2'P displacement (Figs. 2¢ and
SP3, Table SP2). Replacement of S223 with Asp disrupts
the adenine stacking with Y235 and L.263, while D223 ends
twisted towards the binding cavity being stabilised by R233
and K227 (Fig. 2d and SP3, Table SP2). Such changes
probably prevent the adenine from reaching the final pro-
ductive position. We also replaced NADP* with NAD* in
the WT FNR;:NAD" C-I MD simulation. Although the
adenine interactions with S223, Q237, and L263 were
maintained (Fig. SP3, Table SP2), the coenzyme position
was hardly modified from the initial one.

MD simulations of the Y303W and Y303S FNRy:
NADP* complexes, C-II and C-III respectively, maintain
most of the interactions of the adenine binding site
described in WT C-1 (Fig. SP4). However, in Y303S C-III,

the interactions between the protein and the 2’P-AMP of
the coenzyme generally show lower levels of occupancy
(Fig. SP4, Table SP2). The coenzyme presents an L-shape
conformation, with the PPi located at the corner of the two
branches accommodating the NMN and 2'-P AMP. 1263
contributes with van der Waals contacts to place NMN in
Y303W C-II, but in Y303S C-III the contact is reduced to a
couple of atoms of the ribose.

The dynamics around the WT Anabaena FNR active site

In the absence of coenzyme, the isoalloxazine stacking with
Y79 (on the si-face) and Y303 (on the re-face) remains
along the simulation. Y79 keeps a constant distance and
angle, ~65°, with regard to the mass centre and plane of the
isoalloxazine respectively. However, Y303 moves on
the isoalloxazine ring re-face surface, rapidly changing the
angles from less than 10° up to 30°, inducing minor dis-
tance changes within the atoms of this environment
(Figs. 3, 4a and b). The presence of the reduced flavin,
FADH™, only produces a minor increase in the NSHi-HO-
S80 distance with regard to the oxidised crystal structure. A
water molecule populates the environment of the reacting
NS5Hi, further contributing to bridging the above-mentioned
positions (Table SP3), while S80 is additionally stabilised
by CO4i and by an H-bond with the side chain of S59
(Fig. 3). Noticeably, the E301 carboxylate starts the simula-
tions by interacting with the hydroxyls of S80 and S59, but
its conformation flips between this one, pointing towards
the inside of the protein, and others in which it is solvent
exposed and making contact with R264 and T302 (Fig. 4a,
b). Water molecules fill the former position of E301 and H-
bond the hydroxyls of S80 and S59. One of these confor-
mations with E301 pointing towards the solvent has been
recently frozen in an X-ray crystal structure, while its
former position is populated by water molecules (Peregrina
et al. 2010). Despite rotation of the C261 chain along simu-
lations, its thiol is positioned in the environment of the
hydroxyls of S80 and, particularly, Y303. The aromatic
ring of Y303 keeps its stacking to the isoalloxazine, while
its C-terminal carboxylate points to the surface (Fig. 4a and
b, Table SP3). It is also worth noting that the side chain of
R264 shows two preferential conformations along the simu-
lations; in one its guanidinium interacts with the C-terminal
carboxylate, in the other it points towards the opposite
direction and interacts with the carboxylates of E267 and/or
E268 (Fig. 4a and b).

Replacement of Y303 at the active site
In general, differences found in the dynamics around the

active site of the free Y303S and Y303W FNRs are just
reduced to interactions of the modified residue. In the
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Fig. 3a—c Time evolution of some specific interactions at the active
site of WT FNR, in C-I along the MD simulation. Atom to atom dis-
tance between athe N5i and the oxygen of the hydroxyl group of
Ser80, b the oxygens of the hydroxyl groups of Ser80 and Ser59, ¢ the

Y303S variant the S303 and E301 side chains point towards
the protein surface, while the C-terminal carboxylate alter-
natively interacts either with C261 or R264. The cavity pro-
duced by the replacement is filled with water, but the
position of the isoalloxazine is not displaced. In Y303W
FNR, the introduced Trp is highly stabilised in the active
site stacking with the isoalloxazine.

MD simulation of Y303S FNR, ;:NADP*, C-1II, keeps
the A side of the nicotinamide facing the re-face of the cen-
tral isoalloxazine ring, consistent with the stereochemistry
of HT reported for this enzyme. The C4n and the N5Hi are
~3.5-4.0 A apart and the N5i-hydride-C4n reacting atoms
show an angle of ~90-100° (Fig. SP5). The distance is in
general reasonable for direct HT, but lack of co-linearity of
the reacting atoms has been described as one of the main
causes of the hindered HT observed for this variant (Lans
etal. 2010; Peregrina et al. 2010). S80 keeps its H-bond
interaction with N5Hi but gets separated from C4n. In addi-
tion, the carboxamide group of the nicotinamide is stabi-
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oxygen of the hydroxyl of Ser80 and one of the oxygens of the carbox-
ylate of Glu301. b Angle between the planes of the isoalloxazine and
the Tyr303 rings. Planes are defined by at least three atoms of the rings

lised by H-bonds with chains of E301 and S303. In Y303W
C-II, the nicotinamide does not replace the C-terminal Trp
at any moment, but a displacement of the NMN portion
towards the surface compatible with the reorganisation of
C-II into C-III, without major alteration of the 2'P-AMP
binding site, might be envisaged.

A theoretical model mimicking the interaction
between the flavin and the nicotinamide in the active site
of WT FNR

Models of WT FNR,,,, complexes with NADP*/H
(C-IIT*) were produced as indicated in the “Materials and
methods” section (Fig. SP1). Equilibration of these initial
dispositions provided starting structures for MD. In the first
simulation of FNR;,:NADP" C-III*, Y303 prevented any
interaction between the isoalloxazine and the nicotinamide,
producing N5Hi-C4n distances and angles not compatible
with HT. Recent crystallographic data (Peregrina et al.
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Fig. 4a—e Position of selected
residues directly involved or
connected to the active site of
free FNR at different moments
along the MD simulation. The
images correspond to the follow-
ing times along the simulation:
a 0 ns (grey carbons), 0.8 ns
(beige carbons) and 3.2 ns (light
violet carbons) and b 14.8 ns
(light green carbons) and 26.8 ns
(pale yellow carbons).

¢ Positions for the dihedral angle
of carbons C-o, C-f and C-y of
the side chain of E301 along the
MD of WT FNth:NADP’r
C-1IT* with fixed R264 (black),
FNR,_,:NADP"* C-III* (red) and
free FNRy,, (green). d Positions
for the dihedral angle for
carbons C-a, C-ff and C-y of the
side chain of R264 along the MD
of WT FNth:NADP+ C-111*
with fixed R264 and free FNRy.
e Details of the water molecules
at the active site of
FNR,:NADP" C-IIT* with fixed
R264 at 3 ns of the MD
simulation. FADH™, NADP*
and Y303 are shown with
carbons in orange, blue and cyan
sticks, respectively

2010) and the simulations described above (Fig. 4a and b)  approach to the active site. With this idea in mind we car-
further support the early hypothesis that R264 might influ-  ried out a new simulation in which, after equilibration of
ence the Y303 displacement to allow the nicotinamide  the system, R264 was restrained in one of the conformations
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Fig. Sa—e Relative disposition
of the isoalloxazine and the
coenzyme with regard to the
protein surface for WT
FNth:NADP+ C-IIT* with fixed
R264 (green surface) and
FNR,,:NADPH C-III* (pink
surface) at 3 and 6.2 ns of the
MD, respectively. a, b Detail of
the isoalloxazine-nicotinamide
structural relationships; ¢ and

d show the corresponding PPi
and 2'P-AMP moieties of the
coenzyme. Y303, FADH ™,
FAD, NADP* and NADPH are
shown as sticks and CPK-col-
oured with carbons in cyan,
yellow, orange, pink and blue
respectively. e Schemes
representing the putative relative
dispositions between the flavin
(orange) and nicotinamide rings
(blue) in the case of the compe-
tent complexes of Y303 and WT
FNRs with the coenzyme. In the
WT complex the putative
disposition of the Y303 side
chain is indicated by a green
plane. o (black) is the average
angle formed by the planes of
the isoalloxazine central ring
and the nicotinamide ring, while
f (green) corresponds to the
average angle formed by the
NSi-hydride-C4n atoms

Y303S

where its guanidinium interacts with the C-terminal carbox-
ylate of Y303. Following this procedure we obtained a WT
FNR;,:NADP* C-III* dynamic structure in which Y303
interacts with both the isoalloxazine and the nicotinamide,
placing its hydroxyl between the N10 of the isoalloxazine
(N10i) and the N1 of the nicotinamide (N1n). Such organi-
sation allows a close N5Hi-C4n interaction and contributes
to increasing the co-linearity of the reacting atoms (Figs. 5a
and SP5). Similarly, and without need of any atom restric-
tion, the MD of the WT FNR_:NADPH C-III* arrived at a
conformation in which Y303 also situates its hydroxyl
between the N10i and the N1n, while keeping a close inter-
action and favourable orientation among the N5i acceptor,
the hydride to be transferred and the C4n donor (Fig. 5b).
These WT FNth:NADP+ and FNR_ :NADPH C-III*
structures show the simultaneous allocation in the isoallox-
azine active site environment of the nicotinamide and the
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Y303 (Fig. 5a and b). Y303 breaks the parallelism and
decreases the stacking between the isoalloxazine and the
nicotinamide by increasing the distance between N10i and
N1n, while keeping the reacting atoms, N5i and C4n, at HT
distance. Such spatial disposition approaches the two react-
ing rings in such a way that the N5i-hydride-C4n angle
increases, producing a more co-linear disposition (Figs. 4e,
Se and SP5), in agreement with the high efficiency of WT
FNR. In general, in both simulations N7n interacts with
E301 and S80, whereas C261 and S80 chains stabilise C4n,
with these distances being shorter in FNR,:NADP* C-IIT*
than in FNR_,:NADPH C-III* (Fig. 5a, b and SP5). Simul-
taneously, S80 gets slightly farther from N5Hi than in
Y303S C-III, while the N5i-HO-S80-C4n angle, ~50°,
decreases with regard to Y303S C-III (Fig. SP5).
Simulations of WT FNth:NADP+ and FNR ,:NADPH
C-IIT" also show that the 2’P-AMP moiety of the coenzyme
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perfectly matches in its protein cavity. In particular, an H-
bond is occasionally produced between R233 and Y235-
OH, contributing to orienting the aromatic ring of Y235,
fixing its stacking to the adenine and reducing its rotation
(Fig. SP4), while the mobility of R100 ends considerably
reduced with the position of its guanidinium almost unal-
tered with regard to the PPi. However, simulations also
indicate a constant movement of the 2'P-AMP moiety
(Figs. 5c, d, and SP4, Table SP2). During this movement
the protein adapts its surface to this coenzyme moiety,
keeping the particular interactions unaltered, but allowing
different relative dispositions between the nicotinamide and
the adenine portions of the coenzyme.

Discussion

Our comparative simulations of WT, Y235F, Y235A and
S223D C-I confirm that the initial step of recognition and
binding of the 2'P-AMP portion of NADP* by FNR is criti-
cal to attain a catalytically competent interaction. Experi-
mental studies showed that binding of NADP* to FNR is
prevented when a negatively charged residue substitutes for
$223, an effect related to the electrostatic repulsion between
the 2'P and the introduced charge, a strategy commonly
used by NADH-dependent members of the FNR family
(Medina et al. 2001). Rearrangement of the binding cavity
was far from being observed in the simulations of the
S223D variant, and interactions of D223 with different cav-
ity residues envisaged blocking of the binding site in the
absence of coenzyme. Replacement of Y235 with Phe
decreased the FNR HT ability, although this variant is
apparently able to induce CTC formation (Medina et al.
2001; Tejero etal. 2007). However, when an Ala was
substituted for Y235, formation of CTC and HT were pre-
vented (Medina et al. 2001; Peregrina et al. 2010; Tejero
et al. 2007). Simulations confirm S223 is in close interac-
tion with the 2'P and the hydroxyls of the ribose, while the
aromatic stacking of Y235 contributes to maintaining the
integrity of the AMP binding site, the adenine binding and
its rearrangement inside the cavity. Y235 closes the bottom
of the cavity, pushing the adenine ring towards L263 and
clamping it in the binding site. However, the aromatic char-
acter of Y235 is not enough to produce the more optimal
stacking contact, since the position of its plane with regard
to the adenine tends to rotate (Fig. SP3D). Such rotation is
considerably reduced, and the aromatic plane thus stabi-
lised, by the interactions provided by the hydroxyl of Y235
with the 2'P and, through it, with R233. Removal of this
Arg has also been reported to have negative effects on the
overall HT process (Medina et al. 2001). Therefore, not
only contacts between FNR and the coenzyme at the 2'P-
AMP binding site but also the ones among protein residues

appear efficiently designed to produce the most optimum
NMN orientation in the active site for HT. The simulations
also indicate that the FNR NADP*-binding domain does
not sense the presence of NAD®. This is consistent with
binding of NAD* to FNR not being experimentally
observed (Medina et al. 2001) and suggests that the 2'P
moiety of the coenzyme is critical for the subsequent con-
formational changes that both the protein and the coenzyme
must undergo to place the NMN moiety in its catalytically
competent position.

S80, C261 and E301 of Anabaena FNR are conserved in
the active site of all known FNRs, as well as in different
members of the FNR family (Ceccarelli et al. 2004; Correll
etal. 1992, 1993; Murataliev et al. 2004). These residues
modulate the midpoint reduction potential of FAD, the
affinity for Fd, and the electron and HT rates (Aliverti et al.
1995, 1998, 1993; Dumit et al. 2010; Medina et al. 1998;
Tejero et al. 2005). S80 and C261 maintain stable location
and interactions, confirming their contribution to NMN
allocation for an efficient flavin-nicotinamide interaction
through the production of CTCs during HT (Aliverti et al.
1995, 1993; Musumeci et al. 2008). H-bond interactions
between S59 and S80 chains are also populated in our sim-
ulations, even when the NMN moiety of the coenzyme is in
the active site. Additionally, S59 bridges the E301 side-
chain. This latter residue switches positions in and out of
the active site (Fig. 4). Experimental and theoretical studies
also indicate that E301 contributes to the semiquinone and
midpoint potential modulation, acts as a proton donor dur-
ing FNR reduction by the protein partner and results in key
stabilising and destabilising reaction intermediates in the
ternary complex (Aliverti etal. 1998; Dumit et al. 2010;
Faro et al. 2002; Medina et al. 1998; Peregrina et al. 2010).
In fact, in the Anabaena FNR:Fd complex, the carboxylate
of E301 is no longer exposed to solvent, and it is one of the
residues with the highest propensity for being at the pro-
tein—protein interface (Fig. SP6) (Medina etal. 2008;
Morales et al. 2000). Such observations reinforce a path-
way for proton transfer between the external medium and
the isoalloxazine N5i via S80 and the conserved water
molecule. This route might also include S59, a residue
highly conserved in FNR sequences (Bruns and Karplus
1995; Serre et al. 1996). Additionally, E301 is critical for
proper binding of the nicotinamide into the active centre,
CTC stabilisation and efficient flavin reduction by NADPH
(Aliverti etal. 1998; Medina et al. 1998; Peregrina et al.
2010). These observations are consistent with the WT mod-
els derived here for the location of the nicotinamide in the
active site; the models show S80, C261 and E301 as having
a relevant role in the location of the C4n (hydride acceptor/
donor) into the active site.

Y303 has been indicated as a critical residue during the
catalytic cycle of FNR. It is expected to get displaced from
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its stacking position at the re-face of the flavin to allow the
nicotinamide to approach the isoalloxazine. In the absence
of the coenzyme, although no evidence is presented that
Y303 occasionally gets out of its stacking position with the
isoalloxazine ring (in agreement with the lack of experi-
mental proof of Y303 leaving the cavity, increasing its sol-
vent accessibility or being directly involved in the HT
itself), our simulations clearly envisage displacements of
Y303 with regard to the isoalloxazine ring (Figs. 3, 4a and
b). Both experimental and theoretical studies have identi-
fied Y303 as key for lowering the affinity for NADP*/H to
levels compatible with turnover, for stabilising the flavin
semiquinone required for electron splitting and for modu-
lating the flavin midpoint potential and, therefore, the elec-
tron/hydride transfer rates (Deng etal. 1999; Lans et al.
2010; Nogués et al. 2004; Paladini et al. 2009; Piubelli
et al. 2000; Tejero et al. 2005). Therefore, the small move-
ments detected here of Y303 on the surface of the isoallox-
azine might contribute to allowing the nicotinamide to find
its way into the catalytic site.

Simulations for WT FNR; :NADP" and FNR ,:NADPH
C-IIT* provide an ensemble of conformations in which
Y303 and the nicotinamide are simultaneously allocated in
the flavin environment. In these conformations, Y303 con-
tributes to the geometric deformation of the = stacking
between the isoalloxazine and the nicotinamide observed in
the Y303S FNth:NADP+ C-II1, brings the N5i-hydride-
C4n angle to values compatible with the HT (>160°) and
narrows the distance between the hydride donor and accep-
tor atoms (Fig. 5). These arrangements surely reduce the
close contact of the reactant ionic pair in the physiological
direction, making it possible and efficient, as experimen-
tally observed. Therefore, although Y303 must get dis-
placed to allow the entrance of the nicotinamide into the
active site, it must keep forming part of it during the HT
event to allow for the correct alignment among the reacting
atoms. Thus, here we provide some putative transient con-
formations for the isoalloxazine, the nicotinamide and
Y303 that might be compatible with the high HT efficiency
of plastidic FNRs. These data also suggest a group of orien-
tations among the reacting rings that could all contribute to
the HT reaction.

We must keep in mind, however, a key feature that still
remains to be explained on molecular terms: how the puta-
tive C-I or C-II initial interactions might be converted into
C-IIT*, since the expected molecular movements are not
apparent and, despite reversibility, different HT mecha-
nisms might apply in both directions (Carrillo and Ceccar-
elli 2003). In our simulations, we never detected
interactions between the nicotinamide and the aromatic ring
of Y303 out of the catalytic site. Therefore we have no
information about whether such a possible contribution
toward pushing the tyrosine away exists. However, our
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simulations suggest additional side chains, indirectly con-
nected with the active site, such as R100, T157, R264,
E267 and E268, which might be involved in this process
(Figs. 2a, 4a and b). Among them, R264 might be particu-
larly critical and changes in the interaction between its
guanidinium and the C-terminal carboxylate of Y303 might
contribute to displacement of this Tyr and to triggering the
entrance of the nicotinamide into the catalytic site. Addi-
tionally, the constant movement observed for the adenine
and its binding pocket might also contribute to attaining the
catalytically competent complex by allowing the nicotin-
amide to explore the entrance to the catalytic site after the
2'P-AMP moiety has already been anchored to FNR.
Finally, during the physiological process, FNR, Fd and
NADP* form a ternary complex (Batie and Kamin 1984a;
Carrillo and Ceccarelli 2003; Hermoso et al. 2002; Marti-
nez-Julvez etal. 2009; Velazquez-Campoy et al. 2006).
The Fd and coenzyme binding sites on FNR are not com-
pletely independent, and the overall reaction is proposed to
work in an ordered two-substrate process, with the pyridine
nucleotide binding first (Batie and Kamin 1984a, b). Thus,
as  shown in putative Fd:FNR, :NADP* and
Fd:FNR_,:NADPH ternary models, Fd might also help to
place the C-terminal side chain (Fig. SP6). Further work
must be done to clarify all these points.

In conclusion, the MD theoretical approach presented
here provides new details on the interaction mechanism
between FNR and NADP®. The particular role of some of
the key residues in the binding and location of the 2'P-AMP
portion of the coenzyme and in the FNR active site is
described here in molecular terms. In particular, a key role is
envisaged for Y303 in providing the co-linearity required
among the N5 of the flavin cofactor, the hydride to be trans-
ferred and the C4 of the nicotinamide of NADP* during HT.
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