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Abstract: This paper reports on extensive molecular dynamics simulations (about 40 ns in total) in both
the reduced and the oxidized states of Ferredoxin from Cyanobacterium Anabaena PCC7119. These
calculations have provided us with the free energy profile of the φ47 backbone angle which controls the
“CO in” to “CO out” transition of Cys46 in the reduced and oxidized Fd7119. Our main motivation has been
to identify the time scales involved in the reduction of Fd and single out the amino acid residues crucially
affecting the conformational change and, thus, electron transfer. The free energy profiles obtained in this
study are relevant to electron transfers in the PSI/Fd7119 and Fd7119/FNR complexes. Our findings based
on hydrated ferredoxin simulations are that activated processes are to occur in the protein during electron
transfer to and from ferredoxin. The relative stability and the activation barrier of the “CO in” to “CO out”
transition can be modulated by the distance between the Ser47 and the Glu94 residues. In our calculations,
for short distances, the “CO in” state is favored in the reduced form, whereas for large distances, the “CO
out” state becomes increasingly favored. Accordingly, conformational changes in Fd7119 when bound to
PSI or FNR can have crucial effects on the kinetics of the electron transfer. Our simulations also show that
the hydrogen bond between between Ser47(OG) and Cys46(O) is essential to lock in the “CO out” state.
This finding explains why only the Ser47Thr Fd7119 mutant sustains electron transfer activity, as only
residues serine and threonine can form a specific hydrogen bond with Cys46(O). Finally, our simulations
predict that Phe65 has a large probability of being in close contact with the Cys46(O) at the top of the
conformational free energy barrier. This carbonyl/phenyl ring interaction can then facilitate the de-localization
of the Fd’s electron toward the Π orbitals of Phe65 aromatic ring which is thought to be crucial to the
Fd7119/FNR electron transfer

I. Introduction

Ferredoxins (Fd) are small (10-11 kDa), globular, strongly
acidic proteins, found in bacteria plants and mammals. In plants,
algae, or photosynthetic cyanobacteria, Fd’s are the direct
recipients of the electron pathway from photosystem I (PSI).
These “plant type” Fd’s are a source of low-potential electrons
for many reductive processes such as the NADPH synthesis
catalyzed by the ferredoxin-NADP+ reductase (FNR). The “plant
type” Fd contains a [2Fe-2S] cluster, where two sulfur atoms
bind two irons, tetrahedrally coordinated by four cysteine sulfur
atoms.1,2 In the oxidized and reduced Fd’s, the [2Fe-2S] cluster
is charged+2 and+1 e, which corresponds to iron valence
states of (Fe3+Fe3+) and (Fe3+Fe2+), respectively.3

In the last years, several biochemical, kinetic, and structural
studies have been performed to elucidate the electron transfer
(ET) mechanism from PSI to Fd and from Fd to FNR.4,5

Combined mutagenesis and kinetic studies have shown that three
residues, Ser47, Phe65, and Glu94, have a crucial importance
in determining the rate constant in the ET process between
ferredoxin from cyanobacteriumAnabaenaand FNR. Mutated
Fd’s in these positions experience a reduction of the ET rate
constant of more than 4 orders of magnitude without drastically
altering the redox potential of the complex. The mechanism of
ET implying Fd’s is also complicated by molecular recognition
which occurs before and after the ET event. Indeed, for the
transfer between PSI and ferredoxin fromSynechocystissp.
PCC6803, three different time scales were detected by laser flash
absorption spectroscopy studies6 and associated to protein† Commissariat a` l’EÄ nergie Atomique, DSV-DBJC-SBFM, Centre d’EÄ tudes.
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configurational transitions, complex formations and/or solvation
shell rearrangement.

Although X-ray structures of various “plant type” Fd’s7,8 and
FNR-Fd complexes9,10 have been available for a certain time,
the docking of Fd to PSI is still a challenging topic.11 More
recently, X-ray structures of Fd fromAnabaenaPCC7119
(Fd7119) were resolved both for the oxidized (oxi) and reduced
(red) forms.12 The comparison between the two structures
showed an important redox-linked conformational change: In
the oxidized structure, the carbonyl oxygen of the Cys46
backbone, is oriented toward the [2Fe-2S] cluster (“CO in”
configuration). In the reduced crystal instead, Fd7119 shows
an alternative conformation in which the same carbonyl oxygen
points away from the cluster (“CO out” configuration). Thus,
the “CO in”-“CO out” isomerization in Fd is directly coupled
to the reduction of the [2Fe-2S] cluster, when Fd binds to PSI,
and also to its subsequent oxidation when the Fd/FNR complex
is formed.

So far theoretical investigations of electron transfer in Fd’s
have focused on the electronic structure of the [2Fe-2S] cluster
and the coupling with neighboring residues. In a first paper, J.
Li et al.13 applied a combined density functional theory (DFT)
and dielectric continuum model to the active site Fd from
Anabaena7120 in order to compute the charge distribution
around the [2Fe-2S] cluster and to estimate its redox potential.
In a subsequent paper, R. Morales et al.14 studied the active
site at a higher level of theory including explicitly the amino
acids of the [2Fe-2S] cluster first solvation shell. Their
investigation suggested a specific role for Glu94 and the Ser47
carbonyl in the regulation of the electron charge delocalization
from the atom Ser47(OG) to the aromatic ring of Phe65.
Accordingly, the negatively charged Glu94 favors an increase
in electron density on the aromatic ring of Phe65. As argued
by site-directed mutagenesis and supported by structural stud-
ies,15 the residue at position 65, strategically bridging the two
cofactors of the Fd/FNR complex, is crucially important for the
rapid ET inAnabaenaFd.

In this investigation, we have used molecular dynamics (MD)
methods to study the “CO in”-“CO out” isomerization in
hydrated Fd7119. To this purpose, extensive simulations have
been carried out (about 40 ns in total) to compute the free energy
surface to go from the “CO in” to the “CO out” state in both
the reduced and oxidized states. Our main motivation has been
to identify the time scales involved in the reduction of Fd and
single out the amino acid residues crucially affecting the
conformational change and, thus, electron transfer.

This paper is organized as follows: Section II discusses the
molecular dynamics methods and techniques used to compute

the free energy profile of the “CO in”-“CO out” isomerization
in hydrated Fd7119. Section III presents: First, the simulations
structural results for the hydrated protein; second, the computed
free energy profiles in solution and in the crystal environments.
The paper ends with a section devoted to the chemical and
biochemical conclusions that can be derived from our study.

II. Methods

A. Molecular Dynamics Simulation. The free energy results
discussed in this paper were obtained from MD simulations of Fd7119
in water solutions and in the crystal environment. All simulations were
performed with parallel and scalar versions of the program ORAC.16,17

The code implements highly efficient MD techniques for sampling of
biomolecular systems based on a multiple time scale approach. The
simulations in the NPT ensemble allowed only for isotropic cell volume
fluctuations and used a technique, described in ref 18, combining an
r-RESPA (reversible REference System Propagation Algorithm)19

algorithm with smooth particle mesh Ewald.20 For the latter, a
convergence parameterR ) 0.43 Å-1, a 64-point grid in each direction
and an interpolating 5th order B-spline parameter were used. The
barostat and thermostat parameters were those used in ref 18. Bond
stretching involving hydrogen atoms were frozen by standard constraint
techniques.21-23

Whereas the protein was modeled by CHARMM27san improvement
on the all-atom force field described in ref 24sthe TIP3P model25 was
used to describe water. For cross interactions, the standard mixing rules
were used for the van der Waals parameters. For all ionizable residues
of the simulated protein, we chose their most stable ionic forms in
solution at pH 7 to model their atomic charges.

The charge distribution on and in the vicinity of the [2Fe-2S] cluster
was taken from ref 13. There, the ESP (ElectroStatic Potential fit)
charges of theoxi end red states were derived by performing a DFT
calculation on the Fd7119 [2Fe-2S] cluster and the four cysteines
covalently bound to the two irons. Bond lengths and angle bendings
within the [2Fe-2S] cluster and between the cluster and its 4
ligands were added by us to account for structural data (see Figure 1
and Table 1).

In all of the solution MD runs, the periodically replicated simulation
box was a truncated octahedron with side length of 65.47 Å. This choice
corresponds to a primitive bcc cell of axesa ) b ) c ) 56.7 Å and
anglesR ) â ) γ ) 109.47°. Simulations of Fd7119 in solution were
performed for two different solvation environments: A first one
(simulations labeledno ions) in which only water molecules were added;
and a second one including water and ions (labeledions) specifically
5Cl- and 24Na+ corresponding to an ionic strength of 0.18 M. In both
no ionsand ionssimulations, water molecules were added around the
protein X-ray structures until the density of water at the desired pressure
and temperature of systems was attained. In theionssimulations, ions
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Academic: 1999; 333.
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were added by substituting a water molecule around a protein charged
group with ions of opposite charge until the imposed ionic strength
was obtained. In all systems discussed here, ferredoxin was hydrated
on averaged by about 4090 water molecules.

Two different protocols have been applied to set up and equilibrate
the simulated systems. In the protocol namedhard start , or hs, the
protein, without its crystallographic water molecules, was initially
minimized by conjugated gradient for 100 steps to remove close van
der Waals contacts, and then hydrated. The system was subsequently
heated by increasing monotonically the temperature,T, from 0 to 300
K in 120 ps. Specifically, each 0.012 ps the atomic velocities were
rescaled to attain a temperatureT ) T + ∆T, where∆T was chosen so
that T ) 300 K after 120 ps. Two additional equilibration runs were
then performed: 120 ps at constant volume andT ) 300 K, and then
120 ps atP ) 0.1 MPa andT ) 300 K.

The second protocol calledsoft start, or ss, assured a better
equilibration of the solvent environment. This protocol was identical
to hs except that after the initial minimization of the Fd7119 protein
and subsequent hydration, two simulations of 120 ps were carried out
with harmonic constraints on the Fd7119 atoms atT ) 400 K and
thenT ) 300 K. The restraining harmonic potential had a force constant
Kr ) 400 kcal mol-1 Å2. Thesssimulations then proceeded by heating
the system to 300 K and with two additional runs in the NVT and
NPT ensembles as for thehs protocol.

Whereas theno ionssimulations were equilibrated by bothhs and
ss protocols, only the latter was used forions simulations to obtain
fast ions equilibration in the electrostatic field of a very acidic protein
(e.g., total charge ofred Fd7119 at pH 7 is of-19 e).

Two different initial structures were used in simulations of reduced
and oxidized forms of Fd7119. The latter were started from the X-ray

structure from reference12 [Protein Data Bank (pdb) entry code 1QT9].
The simulations of the reduced forms used instead the crystallographic
molecule A, alternate location B,40 of the X-ray structures12 [pdb entry
code 1CZP].

After the initial equilibration runs,hsor ss, the systems of hydrated
Fd7119’s were placed at constantV and atT ) 300 K and run further.
We carried out (i) a 10 ns run of the reduced protein, no ions, soft
start (FdRss

ni); (ii) a 10ns run of the reduced form, ions, soft start
(FdRss

i ); (iii) a 980 ps run of the reduced form, no ions, hard start
(FdRhs

ni); (iv) a 2 ns run of theoxidized form, no ions, soft start
(FdOss

ni); (v) a 1 ns run of theoxidized form, ions, soft start (FdOss
i );

and (vi) a 1 ns run of theoxidized form, no ions, hard start (FdOhs
ni).

An additionalss, no ions, run of 300 ps has also been performed
for the reduced Fd7119 in crystal environment. The orthorhombic forms
of reduced Fd7119 have been obtained from ref 12 [pdb entry code
1CPZ]. The asymmetric unit of the orthorhombicred Fd7119 crystal
contains 2 Fd7119 monomers. The simulation box was constructed by
applying the 4 P 212121 symmetry operations to the asymmetric units
producing 8 independent Fd7119 monomers. The subsequent solvation
and set up operations were identical to those forss, no ionssolution
simulations.

B. Umbrella Sampling and WHAM Approach. The umbrella
sampling technique, introduced by Torrie and Valleau,26 is widely
employed in simulations of biomolecules to compute free energy
profiles along conformational variables. It consists of adding a
restraining potential, a function of a given conformational variableê,
to the unperturbed Hamiltonian. Usually,n short simulations are carried
out usingn different potentials,Vi(ê), i ) 1, ..., n, restricting the
sampling of the coordinateê to n well-defined regions of the
conformational space. The resultingn probability distributionsPoi(ê),
corrected of the bias potential, can be related to the unbiased probability
in the original ensemble spanned by the unperturbed Hamiltonian. The
weighted histogram (WHAM) technique provides the best estimate of
the potential of mean force profiles from a set of biased simulations.27

In this approach, then calculated probability distributionsPoi(ê) are
superimposed in a weighted sum as

Subjected to the condition

whereZo andZoi are the partition functions of the biased and unbiased
ensembles, respectively. The weighting factorsωi(ê) are derived by

(26) Torrie, G. M.; Valleau, J. P.Chem. Phys. Lett.1974, 28, 578.
(27) Ferrenberg, A. M.; Swendsen, R. H.Phys. ReV. Lett. 1989, 63, 1195.
(28) Sterpone, F.; Ceccarelli, M.; Marchi, M.J. Mol. Biol. 2001, 311, 409.
(29) Marchi, M.; Sterpone, F.; Ceccarelli, M.J. Am. Chem. Soc.2002, 124,
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J.; Rayement, I.; Holde, H.Biochemistry1991, 30, 4126.
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(36) Ceccarelli, M.; Marchi, M.J. Phys. Chem. B2003, 107, 5630.
(37) Sterpone, F.; Ceccarelli, M.; Marchi, M.J. Phys. Chem. B2003, 107,
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Martinez-Julvez, M.; GomezMoreno, C.; Schmeits, J.; Tollin, G.Biochem-
istry 1997, 36, 11 100.
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(40) Two Fd7119 conformations are found for each of the two crystallographic
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Figure 1. Protein Data Bank atomic labels of the [2Fe-2S] cluster and of
the residue Cys46. In bracket are reported the corresponding CHARMM27
labels.

Table 1. Intramolecular Parameters for the [2Fe-2S] Cluster and
Its Neighboring Atomsa

bond

atoms Kr r0

s fe 250.0 2.225

bendings

atoms Kθ θ0

s fe s 50.00 104.06
fe s fe 50.00 75.94
fe sm ct2 20.00 110.00
sm sm fe 72.50 103.30
sm fe s 25.00 112.07
sm fe sm 75.00 106.23
sm sm ct3 72.50 103.30
sm sm ct2 72.00 103.30
ss cs ct3 55.00 118.00
ss cs ha 40.00 112.30

torsion proper

atoms Vφ n γ

fe s fe s 3.5000 2 180.0

a The functional form of the CHARMM27 potential has been retained
for these additional interactions. Distances are in Å, energies in kcal mol-1

and angles in degree.

Po(ê) ) ∑
i)1

n

ωi(ê)eâVi

Zo

Zoi

Poi(ê) (1)

∑
i)1

n

ωi(ê) ) 1 (2)
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imposing the minimization of the statistical errorδ2Po(ê) ) 〈Po(ê)2〉 -
〈Po(ê)〉2 in the estimate of the unbiased probability distribution. The
resulting expression forPo(ê) are the WHAM equations

and

Here, ni (i ) 1, ..., n) is the number of snapshots from thei-th
simulation,n is the number of simulations, the restraining potential of
the i-th simulation isVi(ê), andfj ) âjaj is the free energy of the system
biased by the potentialVj(ê). The WHAM equations are then solved
self-consistently, starting from arbitrarily chosen values for thefj and
solving iteratively until convergence.

The WHAM technique has been used in our study to compute the
free energy profiles of the “CO in” to “CO out” transition. This
isomerization involves a simple rotation around theφ backbone torsion
angle of the Fd’s residue Ser47, orφ47, defined by the four atoms:
C(Cys46), N(Ser47), CR(Ser47), C(Ser47).

Thus, the “CO in” to “CO out” transition was obtained by imposing
a set of restraining potentialVi(φ) of the form

With φ the angleφ47 andKi the force constant.
Initially, we chose 12φi distributed uniformly from 0 to 360°, and

a value ofKi equal to 10 kcal mol-1. Three additional runs were then
performed in regions not sufficiently sampled by the first 12 runs. In
these runs, the constantsKi were chosen greater than 10 kcal mol-1 in
a range from 10 to 20 kcal mol-1. For i ) 1 the starting structure was
always the last configuration of the long equilibration runs. Fori > 1
the initial structures were the final configurations of the (i - 1)-th runs.
In each window, the system was equilibrated for 5 ps and then run for
additional 95 ps of production. In total, the time for all windows of
each simulated system was 1425 ps. Values of the angleφ47 were
recorded every 2 fs. Then, the WHAM equations were iteratively solved
until the absolute change of thefi in eq 4, in each window, was less
than 0.05 kcal mol-1.

III. Results

A. Structure and Interactions of Fd7119 in Solution.The
simulated system showed a different degree of stability depend-
ing not only on the setup protocol, as anticipated by the previous
section, but also on the solvation environment and on the Fd7119
redox state. The time history of the root-means square deviation
(RMSD) from the X-ray structure are reported in Figure 2 for
all our trajectories. RMSD is computed after performing a rigid
body fit-only rigid rotations and translations are allowed-of
the two structures to minimize the deviation.

The effect of the preparation protocol is clearly seen in Figure
2b where trajectory FdRhs

ni is compared with the first ns of
FdRss

ni. Here, the RMSD for FdRhs
ni arrives at∼3.2 Å, whereas

FdRss
ni is stable at around 1.2 Å. In general, for the trajectories

that started with thess setup protocol, a much more stable
behavior is obtained. This is also true for simulations in the
oxidized state, see Figure 2c, although thehssimulation reaches
a RMSD smaller than that of thehs simulation of the reduced
state.

The stabilization of the structure obtained with thessprotocol
is related to the exceptionally high density of negatively charged
residues on the protein surface (-19 e total net charge in the
reduced state). Indeed, negatively charged residues strongly repel
each other when not sufficiently screened by the solvent
molecules. This interaction can destabilize the overall protein
structure, thus leading to an increase in the RMSD. With thess
setup protocol instead, the solvent molecules are preequilibrated
in the electrostatic field generated by the harmonically restrained
Fd7119 protein. In the past, protocols similar tohs used here
produced structurally stable proteins in multi-nanosecond
simulations of soluble globular proteins such as BPTI, lysozyme,
and T4-lysozyme, which have a much lower charge density than
Fd7119.28-30

The simulation FdRss
i also shows a steady increase of

RMSD to ∼3.0 Å after 10 ns, whereas RMSD of FdRss
ni

remains close to 1.2 Å all along the trajectory. In contrast,
shorter MD simulationssless than a nssof small size proteins
of marginal stability had smaller RMSD when carried out in
ionic solutions rather than in water alone.31

As shown in Figure 2c, whereas the RMSDs of the FdOss
ni

and FdOss
i simulations reach a stable plateau at around 1 Å,

simulation FdOhs
ni has a larger deviation from X-ray. For the

latter, RMSD reaches 1.7 Å after 2 ns which is smaller than
that of simulation FdRhs

ni in the reduced state.
We have also computed the average backbone coordinates

for the six trajectories. A pictorial view of these average
conformations obtained for the reduced and oxidized states of
Fd7119 are shown in Figure 3 , panel a and b, respectively.
For all reduced and oxidized structures the largest deviations
from the X-ray backbone (in green in the pictures) are in the
C-terminus, whereas for FdRhs

ni differences are also noticeable
in the region near Ala11 and Phe65.

Po(ê) )

∑
i)1

n

niPoi(ê)eâVi(ê)

∑
j)1

n

nje
fj-âVj(ê)

(3)

e-fj ) ∫dêPoj(ê) (4)

Vi(φ) ) Ki(φ - φi)
2 (5)

Figure 2. Root-mean-square deviations (RMSD) of the simulated Fd
proteins from the X-ray structure: FdRss

ni and FdRss
i are in panela; FdRhs

ni

and the first 1000 ps of FdRss
ni are in panelb; while panelc displays

simulations FdOss
ni, FdOss

i and FdOhs
ni. Only the CR carbons are included in

the RMSD calculations. To reduce the noise, data presented in panela, b,
andc have been averaged out over 24, 2.4, and 2.4 ps, respectively.
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Information on the flexibility and stability of the protein
backbone can be derived from the analysis of average root-
means square fluctuations, or ARMSF, of the CR’s. The ARMSF
averaged over 1 ns is shown in Figure 4 for the six simulations.
For the simulations longer than 1 ns, the ARMSF’s were
averaged over the maximum number of consecutive 1 ns
intervals in which the trajectory could be separated.

By visually inspecting panels a and b of Figure 4, we notice
that the most stable reduced Fd7119 trajectories, FdRss

ni and
FdRss

i , have backbone fluctuations very close in pattern to
those of all the oxidized Fd7119 trajectories. On the contrary,
ARMSF are larger for FdRhs

ni especially in the four regions
defined by residues 10-14, 39-56, 63-75, and the last five
amino acids of the C-terminus. All these regions have a high
density of negatively charged residues at pH) 7 as indicated
by the black circles in Figure 4. The 39-56 region not marked
in Figure 4 contains cofactor and its coordinated cysteines which
are negatively charged.

Despite having been prepared with the same protocol as
FdRhs

ni, simulation FdOhs
ni presents a backbone mobility similar

to the results obtained from the other two simulations of oxidized
Fd. Simulations FdRhs

ni and FdOhs
ni differ only for the charge of

the cofactor [2Fe-2S] and for the two initial X-ray structures.
We have also carried out a simulation in the reduced state and
with the hs protocol, but using as initial conformation the
oxidized Fd. The RMSD behavior resulting from this simulation
was similar to that of FdOhs

ni reaching 1.7 Å after 2 ns (data not
shown). Hence, it is likely that the major effect on the large
RMSD of FdRhs

ni is due to strong and unscreened electrostatic
interactions in the X-ray reduced structure. These interactions
need to be damped by the solvent for the structure to be stable
in our MD runs.

Some noticeable differences between the experimental and
simulated Fd7119 structures are also found in the detail of the
atomic interactions, in particular the hydrogen bonds (H-bonds).
In the case of Fd7119, we notice that the H-bond linking Ser47-
(OG) and Glu94(OE2), observed in experimental Ferredoxin
from AnabaenaX-ray structures,7,12,32 is not conserved in our
simulations (see Table 2). Indeed, for the oxidized and reduced
Fd7119 the unfavorable electrostatic interactions between
C-terminal-highly negatively charged-and the [2Fe-2S]
cluster produces a conformational transition from a “close”, to
an “open”, solvated, configuration. The latter is the most stable
in our simulations because of the electrostatic screening of the
water and ionic solutions.

This result might well be biased by the use of a fixed charge
electrostatic model which enhances the importance of interac-
tions between charged structures.33 We have also shown in a
previous study34 that the CHARMM and AMBER35 force fields
are not capable of reproducing the geometric details of the intra-
protein H-bonds. In the specific case of Fd7119, we observe,
however, that H-bonds linking Glu94 and Ser47 (dOG-OE) or
their equivalent residues in other Fd7119’s is not maintained

Figure 3. Comparison of the average backbone conformation obtained from
the MD trajectories of hydrated Fd. In panela, we compare the average
conformations for thered Fd7119 runs FdRss

ni (in black), Fd (in blue),
FdRhs

ni (in red) with X-ray (green). Panelb shows results foroxi Fd7119
runs FdOss

ni (black), FdOss
i (blue), FdOhs

ni (red) and X-rays (green). For
reference to the reader [2Fe-2S] cluster and Ser47 are shown in ball-and-
sticks.

Figure 4. Average root-mean-square fluctuations (ARMSF) as a function
of the residue number obtained from the three reduced (panela) and the
three oxidized (panelb) Fd7119 trajectories. ARMSF are always averaged
over 1ns time intervals. Only the ARMSF of CR are plotted. Negatively
charged residues Asp and Glu are marked by a black circle between the
panels. On the top of panela we display the secondary structure of the
Fd7119 protein following the nomenclature of ref 32.

Table 2. Distances between the Atoms of Glu94(OE1,2)’s and
Ser47(OG) in the Crystallographic12 and Simulated Fd7119
Structuresa

X-ray red d [Å]

mol. A 2.49
mol. B 2.92

X-ray oxi d [Å]

2.50

Fd7119 solution runs d [Å]

FdRss
ni 9.06

FdRss
i 13.17

FdRhs
ni 19.65

FdOss
ni 5.67

FdOss
i 8.43

FdOhs
ni 17.77

Fd7119 solution runs d[Å]

mol. A 11.02
mol. B 4.49
mol. C 5.72
mol. D 5.59
mol. E 7.05
mol. F 6.49
mol. G 9.14
mol. H 3.86

a The symbol OE1,2 indicates that of the atoms OE1 and OE2 we chose
the closest to Ser47(OG).
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in X-ray structure of the complex betweenAnabaena, Ferre-
doxin, and FNR (dOG-OE ) 3.97 Å) and in the NMR structures
of ferredoxin from parsley (dOG-OE ) 4.01 Å). We will show
in the next sections that the mobility of this C-terminus is
directly coupled to the reduction of Fd7119.

B. Free Energy Profiles for the “CO in” -“CO out”
Transition. 1. Ferredoxin in Solution. The application of
umbrella sampling and of the WHAM technique to the “CO
in” to “CO out” transition in hydrated Fd7119 produced the
free energy profiles presented in Figure 5. As discussed
previously, the reaction coordinate for this conformational
change is the backbone torsional angleφ47. This free energy
calculation was carried out for all of the 6 systems of hydrated
Fd7119 discussed so far. We first noticed that all simulations
in the oxidized and reduced state of the [2Fe-2S] cluster have
well-defined minima. Very little difference is observed among
curves with the same charge state which are not affected neither
by ionic strength nor by the way the system was prepared and
equilibrated. Not surprisingly, the major deviations are obtained
for systems obtained with thehs protocol, as they have the
largest RMSD deviation from the crystallographic structure.

For simulations of the reduced state (Figure 5b), very little
difference is observed among the three curves. In all cases, a
pronounced maximum atφ47 ≈ -50° and a deep minimum at
φ47 ≈ 70° are found. These minima correspond to the “CO out”
configuration, where the Cys46 carbonyl oxygen points away
from the [2Fe-2S] cluster. No additional relative minima are
found near the “CO in” conformation corresponding to aφ47

around-100°, as seen in the profiles of the oxidized Fd’s.
Instead, profiles FdRss

ni and FdRss
i experience a very shallow

minimum nearφ47 = -160°sless than 1kBT of activation
barrier to relax to conformation “CO out”.

As we will see more in detail in the next section, the
interaction between the carbonyl of Cys46 and the OG-HG
group of Ser47 is crucial for the stability of the “CO out”
conformation. Forφ47 close to the minimum of the free energy
profiles and for all three simulations, we obtain the smallest
distance between the two groups with dO-OG = 2.70 Å. Also,

in FdRss
ni, the average angles between the atoms Cys46(C)

Cys46(O)‚‚‚Ser47(HG) and Cys46(C)Cys46(O)‚‚‚Ser47(OG) are
113° and 108°, respectively. This indicates that a specific
H-bond is formed between Ser47(OG) (donor) and Cys46(O)
(acceptor) in correspondence with the free energy profile
minimum of thered Fd7119 form.

In Figure 5a, all the free energy curves of the oxidized form
show strong minima aroundφ47 ) -100°, the “CO in”
conformation. Specifically, simulation FdOss

ni has a minimum
at ∼ -110°, whereas for FdOss

i and FdOhs
ni the minima are at

φ47 ≈ -85° andφ47 ≈ -105°, respectively. It is interesting to
point out that weak minima with activation barriers of only 2-3
kBT are also found for the conformation “CO out”. Indeed, as
for the simulations in the reduced state, a hydrogen bond
between Ser47(OG) (donor) and Cys46(O) is always detected
for the “CO out” state.

In contrast with results from the reduced state, we did not
detect any specific interactions playing a role at the absolute
minima of the oxidized state. Indeed, in the “CO in” conforma-
tion the carbonyl does neither point directly to the [2Fe-2S]
cofactorsthe shortest being with Fe2 at about 3.4 Åsnor to
any of the cysteines. Finally, a barrier is found atφ47 ≈ 30° for
FdOss

i and FdOhs
ni and atφ47 ≈ 54° for FdOhs

ni.
The Cys46 carbonyl group can go from the “CO in” to the

“CO out” conformations and vice-versa through two possible
pathways: We callinternal andexternalthe pathways corre-
sponding to the large and small barriers of the free energy
profiles, respectively (see Figure 5).

To identify the protein atoms most involved in unfavorable
interactions with the negatively charged Cys46(O) atom (-0.51
e), we have analyzed the umbrella sampling trajectories of
systems FdRss

ni and FdOss
ni at the top of theirinternal and

external barriers. For both trajectories and barriers we have
counted the atoms in closest contact with Cys46(O) and
computed the quantityFc, or the collisional fraction.Fc is
defined as the fraction of the total run time in which a couple
of atoms have a distance less thanrmin/2, with rmin is the radius
of the corresponding van der Waals potential at minimum. The
collisional fraction is near 1 when the two atoms are in close
contact. Thus, most unfavorable interactions affecting the “CO
in”/”CO out” transition will be with negatively charged atoms
with high Fc.

In Table 3 we list the atoms and their charges with a high
Fc. For system FdRss

ni, negatively charged Thr48(N), Leu77-
(CD2), and S2 of the [2Fe-2S] cluster, have the highest
collisional fraction for theinternalbarrier. For the same barrier,
electrostatically attractive interactions also exists with Ser47-
(HA) and Ser47(C), the highest inFc. In contrast, the amide
hydrogen Ser47(HN), which rotates at the same time as the
carbonyl, experiences very few collisions in both pathways (data
not shown). Thus, the free energy barrier of theinternal and
external pathways is dominated by repulsive interactions
involving the carbonyl, not the amide group.

Results obtained for theexternalfree energy barrier in Table
3 show that Ala45(O) and Phe65(CG2) repulsively interact with
the Cys46 carbonyl.

For the FdOss
ni system, at the top of theinternal barrier, the

most important repulsive interactions for Cys46(O) are with
Ser47(OG) and Thr48(N), whereas only interactions with
Ser47(OG) are most unfavorable for theexternalbarrier.

Figure 5. Free energy profiles for the torsion angleφ47 of oxi Fd, panela,
and ofred Fd7119 panelb. The labels of the legends are explained in the
text. The internal and external pathways for the “CO in”-“CO out”
transition are labeled by two arrows and markedint. andext., respectively.
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According to the free energy profiles shown in Figure 5, the
conformational transition between the “CO out” and “CO in”
states will most likely occur through theexternalpathway for

bothred and theoxi Fd7119 forms. However, only for thered
form the Cys46(O) atom has a large collisional fraction with
atoms belonging to residue Phe65 at the top of theexternal
barrier (Table 3).

2. Role of Glu94 on the Free Energy Profiles.As discussed
in section 3.1, the H-bond between Glu94(OE2) and Ser47-
(OG) found in the crystal is not conserved both in hydrated
structures of parsley ferredoxin and in the ferredoxin/FNR
complex. Glu94 is located within a group of 3 consecutive
negatively charged residues (94-96) occurring near the C-
terminus of the protein and interacting electrostatically with the
active site, the [2Fe-2S] cluster. In our simulation of hydrated
Fd7119, we were not surprised to find residues 94-96 strongly
solvated by water to the extent that the distance between their
side-chains with the [2Fe-2S] cluster and its neighboring
residues is increased. This might well be an artifact of the force
field which not including electronic polarization is likely to
overestimate water solvation.33 Another explanation might be
an improper screening of the interaction due to the noncomplete
equilibration of the positive counterions of the simulation.

To investigate the effect of this interaction on the free energy
profile of the “CO in” to “CO out” transition, we have carried
out additional simulations of reduced Fd7119 in its crystal
environment. Only in this charged state we expect an interesting
dependence on the distance between Glu94 and the [2Fe-2S]
cluster. Indeed, given the structure of the free energy profile of
the oxidized state, the decrease of this distance could only
increase the relative stability of the “CO in” conformation.

In this series of simulations, after equilibration (see Section
IIA) the distances between Glu94(OE2) and Ser47(OG) in the

Figure 6. Position of Glu94 with respect to the Ser47 residue shown with the corresponding free energy profiles for theφ47 torsion angle. Ball-and-sticks
are used for Ser47, Glu94 and the four cysteines coordinated to the [2Fe-2S] cluster. Only the trace of the backbone is shown for the remaining residues.
Four structures are displayed: In panela, the X-ray structure of ref 12; in panelb, the simulated crystal molecul B; in panelc, the simulated crystal molecul
E; in paneld, the simulated crystal molecule A. In each panel, a dashed line joins Ser47(OG) and Glu94(OE) and the distance between these two atoms is
reported.

Table 3. Collisional Fractions, or Fc, for Atom Cys46(O)

FdRss
ni atom Cys46(O)

φbias ) −50.0° φbias ) 170.0°

Kbias ) 20.0 kcal mol-1 Kbias ) 15.0 kcal mol-1

atom residue Fc Q atom resisude Fc Q

HA Ser47 0.55 0.09 C Ala45 0.13 0.51
C Ser47 0.74 0.51 O Ala45 0.35 -0.51
N Thr48 0.21 -0.47 HA Cys46 0.15 0.09
CD2 Leu77 0.14 -0.27 CA Ser47 0.75 0.07
S2 [2Fe-2S] 0.2 -0.84 HB2 Ser47 0.91 0.09

HB2 Phe65 0.1 0.09
CD2 Phe65 0.2 -0.11

FdOss
ni atom Cys46(O)

φbias ) 30.0° φbias ) 125.0°

Kbias ) 20.0 kcal mol-1 Kbias ) 25.0 kcal mol-1

atom residue Fc Q atom resisude Fc Q

CB Cys46 0.63 0.03 HA Cys46 0.49 0.09
HB2 Cys46 0.56 0.01 CA Ser47 0.34 0.09
CA Ser47 0.64 0.07 HB1 Ser47 0.44 0.09
CB Ser47 0.14 0.05 OG Ser47 0.90 -0.66
OG Ser47 0.24 -0.66
C Ser47 0.96 0.51
N Thr48 0.60 -0.47

Only atoms which haveFc g 0.1 and are not first or second topological
neighbors of Cys46(O) are listed.φ47 andKbias are the parameters used in
the biasing potential.Q’s are the charges of the atom in the CHARMM27
force field expressed ine. On the left and right-hand sides we listFc for
internal andexternalpathways. On the top are results for run FdRss

ni and on
the bottom for run FdOss

ni.

A R T I C L E S Pizzitutti et al.

15230 J. AM. CHEM. SOC. 9 VOL. 125, NO. 49, 2003



8 molecules of the simulation box were computed. As shown
in Table 2, a broad spread in these distances was obtained. We
notice that the experimental H-bond between Glu94 and Ser47
are not well reproduced. In addition to the previously mentioned
force field limitations, this could also be due to inadequacies
in the simulated crystallographic environment which included
no ions.

Molecules B, E, and A, with Glu94(OE2)-Ser47(OG) dis-
tances of 4.49, 7.05, and 11.02 Å, respectively, were chosen to
undergo additional free energy calculations. Theirφ47 free
energy profiles are reported in Figure 6 along with a pictorial
representation of the molecule conformations in their “CO in”,
molecule B, and “CO out”, molecules E and A, states.

We first notice that in Figure 6 the free energy of the Cys46
carbonyl oxygen conformation is strongly dependent on distance
between the negatively charged C-terminus residues (in par-
ticular Glu94) and the [2Fe-2S] cluster region. Indeed, when
the Glu94(OE2)-Ser47(OG) distance is 11.02 Å (panel d), the
“CO out” conformation becomes favored and the free energy
profile is similar to those computed for the hydrated reduced
Fd. Instead, for the shortest distance, 4.49 Å in panel b, the
“CO in” is more stable and the free energy curve on the right-
hand side of the panel is very much like the one computed for
oxidized Fd7119 and presents both a minimum atφ47 ≈ -90°,
and a more pronounced barrier placed at∼80°.

Interestingly, the profile computed for the intermediate
distance of 7.0 Å in panel c presents two minima, at less than
a kBT from each other, corresponding to the “CO in” and the
“CO out” conformations. The largest activation is now atφ47

≈ -24° in an intermediate position between the maxima found
for the oxidized and reduced Fd7119 simulations. An activation
barrier of∼4.4 kcal mol-1 is found for theexternaltransition
pathway between “CO in” and “CO out”.

Thus, the “CO in” and the “CO out” relative stability obtained
in our simulation depends on the distance between Glu94 and
the region near the [2Fe-2S] cluster. Hence, Glu94 might be
thought as a trigger for the transition between “CO in” and “CO
out” states inred Fd7119.

A closer inspection of the three conformations in panels b,
c, and d of Figure 6 reveals that at large Glu94(OE2)-Ser47-
(OG) distances the “CO out” conformations present a hydrogen
bond between Ser47(OG) and Cys46(O) which disappears in
their “CO in” conformations. The origin of this behavior is the
hydrogen Ser47(HG1) which is able to interchange its position
between favorable interactions with the carboxylate of residue
Glu94, “CO in” state, and the H-bond with Cys46(O), “CO out”
state. For molecule B, shown in panel b in its “CO in”
conformation, the hydrogen bond Ser47(OG)-Cys46(O) does
not exist, the Ser47(HG1) pointing toward the Glu94 carboxyl
terminal groups.

IV. Conclusions

This paper has reported on the calculation of the free energy
profile of theφ47 backbone angle which control the “CO in” to
“CO out” transition in the reduced and oxidized Ferredoxin from
CyanobacteriumAnabaenaPCC7119. Calculations were carried
out for Fd7119 in both solution and its crystal environment.
The computed free energy curves show a great consistency with
each other, despite the different conformational states of the
C-terminus region spanned by the different trajectories consid-

ered here. These profiles demonstrate that, as in the crystal, in
solution the carbonyl oxygen Ser47 can be found in two states:
The “CO in” state, stable foroxi Fd7119, and the “CO out”
state, stable forred Fd7119.

Although our molecular dynamic investigation uses a state
of the art force field, the electrostatic interactions for a highly
charged system such as ferredoxin are likely to be overestimated
by an electrostatic model such as ours which lacks contributions
from electronic polarization. Indeed, previous works36,37 have
shown that electronic polarization has significant effects on the
screening of the electrostatic interactions in redox states. Thus,
the repulsion of Ser47 and the [2Fe-2S] cofactor with Glu94
and the other negatively charged C-terminus are not sufficiently
screened by our fixed charge model. As a likely consequence,
in all our equilibrated structures Glu94 is always farther away
from Ser47 than experimentally, in the crystal and in solution.

The free energy profiles obtained in this study are relevant
to electron transfers in the PSI/Fd7119 and Fd7119/FNR
complexes. In the former, the transfer occurs between PSI and
the oxidized form of ferredoxin. According to our results
summarized in Figure 5, the “CO in” conformation being the
most stable for theoxi form (see panel a) will evolve rapidly to
the “CO out” state after Fd7119 reduction, panel b, with
activation energies of not more than 1kBT at 300 K. We assume
here that PSIf Fd7119 electron transfer is unaffected by the
“CO in” and “CO out” states of ferredoxin. This is unlikely.
Indeed, from our calculations the driving force for the electron
transfer from PSI to ferredoxin in its “CO in” state is positive
and estimated at 6 kcal mol-1.41 This is a strong indication of
a highly activated electron transfer. An activated process is also
predicted if the “CO out” conformationonlycan sustain electron
transfer. In this last case, our free energy profiles predict an
activation energy to go from “CO in” (stable for theoxi state)
to “CO out” of 11-12 kcal mol-1.

For the Fd7119/FNR complex, our calculations indicate that
the most stable state ofred ferredoxin is the “CO out” state,
Figure 5, panel b. When an electron is transferred from Fd7119
to FNR, the “CO out” state (φ47 ≈ 75°) for oxi Fd7119 is
metastable, see panel a, and will quickly evolve to the “CO in”
state of theoxi form with activation energy of at most 3kBT.

So far, we have discussed the interplay between electron
transfer and conformational changes in Fd7119 based on our
results for hydrated ferredoxin. The picture we have depicted
can change dramatically if the conformation of ferredoxin is
different in the PSI/Fd7119 and Fd7119/FNR complexes than
in solution. Indeed, our computations of theφ47 free energy
profile for three differentred Fd7119 molecules in the reduced
crystal environment show that the relative stability of the “CO
in” state with “CO out” depends crucially on the distance
between the Ser47 and the Glu94 residues. For short distances,
the “CO in” state is favored in thered form, whereas for large
distances the “CO out” state becomes increasingly favored.
These findings and the mobility of the C-terminus groups, as
seen in our simulations, could change dramatically the free

(41) This value was obtained as follows: First, the driving force for the reaction
to reduced ferredoxin in its “CO out” state can be estimated at-3 kcal
mol-1, as the midpoint potential of ferredoxin and FAFB for PSI from
spinach are=-9.45 kcal mol-1 38 and=-12.45 kcal mol-1,39 respectively.
Second, from Figure 5, about+9 kcal mol-1 are necessary to go from
“CO out” to “CO in” in the reduced ferredoxin. The sum of these two
energies is our estimate of the electron transfer from PSI to the “CO in”
state of ferredoxin.
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energy profile forφ47 in the complex ferredoxin/PSI with respect
to that observed in solution. Hence, conformational changes in
Fd7119 when bound to PSI or FNR can have crucial effects on
the kinetics of the electron transfer.

Essential to the relative stability of the “CO in” and “CO
out” states is the hydrogen bond between between Ser47(OG)
and Cys46(O) which locks in the “CO out” state. These findings
can provide an interpretation of site-directed mutagenesis
experiments by Hurley et al.38 which demonstrated that only
the Ser47Thr Fd7119 mutant had electron transfer activity (50
% of the wild type) in the Fd/FNR complex. Indeed, only
residues serine and threonine can switch between a specific
hydrogen bond with Cys46(O) and an interaction with Glu94.

To conclude, our simulations have shown a relevant role for
Phe65 in the “CO in” to “CO out” transition of thered form of
Fd7119. Indeed, we find that Phe65 has a large probability of

colliding with the Cys46(O) at the top of theexternalbarrier.
Thus, our calculation predicts that the electronic shells of the
carbonyl Cys46 group and the phenyl ring in Phe65 are in close
contact during the conformational transition. This finding is
relevant to the electron transfer between the reduced form of
Fd7119 and the FAD isoalloxazines of FNR. Indeed, the
carbonyl/phenyl ring interaction could facilitate the de-localiza-
tion of the Fd’s electron toward theΠ orbitals of Phe65 aromatic
ring which is found to be crucial to the Fd7119/FNR electron
transfer.9,15
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