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ABSTRACT: The crystal structure of the 2[4Fe-4S] ferredoxin fromClostridium aciduricihas been solved
using X-ray diffraction data extending to atomic resolution, 0.94 Å, recorded at 100 K. The model was
refined with anisotropic representation of atomic displacement parameters for all non-hydrogen atoms
and with hydrogens riding on their parent atoms. Stereochemical restraints were applied to the protein
chain but not to the iron-sulfur clusters. The finalR factor is 10.03 % for all data. Inversion of the final
least-squares matrix allowed direct estimation of the errors of individual parameters. The estimated errors
in positions for protein main chain atoms are below 0.02 Å and about 0.003 Å for the heavier [4Fe-4S]
cluster atoms. Significant differences between the stereochemistry of the two clusters and distortion of
both of them from idealTd tetrahedral symmetry can be defined in detail at this level of accuracy. Regions
of alternative conformations include not only protein side chains but also two regions of the main chain.
One such region is the loop of residues 25-29, which was highly disordered in the room temperature
structure.

Metal active sites in proteins display an extremely wide
diversity of structures and compositions. This diversity is
amplified in many cases by the variety of different functions
that can be assumed by proteins containing a given metal
prosthetic group. This arises from the essential and multi-
farious effects of the polypeptide chains on the reactivities
of their metal sites (1).

An example of such interactions is provided by proteins
containing [4Fe-4S] clusters, which have been under intense
scrutiny over the past three decades (2). Considering only
proteins for which crystallographic models have been
produced, these clusters are found in electron transfer proteins
(3-7, 8 and references therein), in various enzymes (9-
14), in DNA binding motifs (15) and in suspected oxygen-
sensing sites (16). The intrinsic physicochemical properties
of [4Fe-4S] clusters have been investigated in considerable
detail through synthetic analogues (17). In addition, the role
of the polypeptide chain as tuner of the cluster reactivity
has been studied in a vast number of proteins (18, 19).

Despite the powerful combination of these approaches,
important gaps still limit our knowledge of the biological
function of [4Fe-4S] clusters. For instance, the means by
which the proteins exert their influence on these metal centers
are not well understood. In particular, whereas the geometry
of the clusters in synthetic compounds has been assessed in

great detail (17, 20-24), similar data are not available for
proteins, due to the lack of atomic resolution X-ray structures
[1.5 Å at best (3)]. Thus, the structural constraints imposed
by the proteins on their [4Fe-4S] centers have so far remained
undetermined, except in the very few cases in which changes
in iron coordination occur (9). In recent years, significant
progress has been made in the determination of protein
structures at atomic resolution (1.2 Å or better). For instance,
the geometries of FeS4 and ZnS4 active sites in rubredoxins
have been determined with a precision approaching that
obtained with synthetic analogues (25, 26).

We report here the atomic resolution (0.94 Å) structure
of a protein containing two iron-sulfur clusters, namely that
of the 2[4Fe-4S] ferredoxin fromClostridium acidurici
(henceforth CauFd).1 This analysis at unprecedented resolu-
tion clarifies uncertainties in some features of the polypeptide
chain as reported in a previous 1.84 Å resolution structure
of the same protein (28). More importantly, for the first
time in any protein, the geometries of the [4Fe-4S] clusters
have been determined with a precision that allows compari-
sons with analogous features in synthetic model compounds
and analysis of the strains imposed by the polypeptide chain.

MATERIALS AND METHODS

Crystallization and Data Collection.Crystals of CauFd
were grown as described earlier (28). For data collection, a
single crystal was immersed in mother liquor containing 25%
glycerol for about 10 s and then transferred in a fiber loop
to a stream of cold nitrogen gas at 100 K. Data were
collected at the wiggler EMBL beam line BW7B at DESY,
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Hamburg, using a MAR Research 300 mm image plate
scanner. To cover the whole range of intensities, three sets
of images were recorded, differing in the exposure times and
the resolution limit. The diffraction images were processed,
and reflection intensities integrated with the program suite
DENZO/SCALEPACK (29), keeping the Friedel related
reflections separate. Table 1 shows a summary of data
collection. Data complete at 98.7% extending to 0.94 Å
resolution were obtained, consisting of 47 452 independent
intensities. The cell dimensions in space groupP43212
estimated from the postrefinement procedure area ) 33.95
Å and c ) 74.82 Å. The estimated accuracy of the
dimensions was 0.1%. The crystals contain about 35%
solvent and have aVM of 1.85 Å3/Da (30). The overall
temperature factor estimated from the Wilson plot (31) based
on the data from the frozen crystal is 5.1 Å2.

Refinement.The starting model was that of entry 1FDN
(28) from the Protein Data Bank (32). Only the protein
atoms were accepted, without water molecules. The initial
R factor was high, 48%, reflecting the use of a room
temperature starting model with slightly different cell dimen-
sions. Several cycles of isotropic refinement were carried
out with the program REFMAC (33, 34) coupled with
automatic selection of solvent water atoms by ARP (35). At
this stage, no attempt was made to model the multiple
conformations of protein side chains. After the initial
isotropic refinement converged,R factor 14.6%, refinement
was continued with the program SHELXL-96 (36) using the
F2 as observables with noσ cutoff. Atomic displacement
parameters (ADP) of all atoms of the model were converted
to anisotropic. Hydrogen atoms were included at the
calculated positions with their ADP isotropic and 20% (or
50% for methyl groups) higher than those of their parent
atoms. The conjugate gradient option was used throughout
anisotropic refinement, except at the end, when convergence
had been achieved (see below). Restraints were applied to
the stereochemical parameters (38) as well as to the ADP;
their weights were default values within SHELXL-96. At
this resolution with 10-fold excess of observables (47 452)
over refined parameters (4980) the effect of geometrical
restraints on the well-defined parts of the model is small
(25); they are nevertheless necessary to hold the poorly
defined parts of the model in a stereochemically acceptable
geometry. The contribution of the solvent continuum was
taken into account using the SHELXL SWAT instruction.

Rounds of anisotropic refinement with SHELXL-96 were
interspersed by graphics sessions (QUANTA, Molecular
Simulations Inc., San Diego, 1997) when alternative con-
formations of some protein regions were built and water

molecules checked and rejected or appended to the model
on the basis of 3Fo - Fc andFo - Fc electron density maps.
The occupancies of alternative conformations were refined
constraining their sum to unity. At this stage, all waters were
assigned unit occupancies. When the refinement converged
and no more significant features were identifiable in the
maps, a round equivalent to three complete cycles of blocked-
matrix refinement was performed with blocks containing
positional parameters of about 30 residues or anisotropic
displacement parameters of about 15 residues. The succes-
sive blocks were overlapped by two residues. Subsequently,
a round of similar cycles was run with all restraints removed
and simultaneously all shifts suppressed by damping them
to zero. This allowed rigorous estimation of the errors
associated with each independent refined parameter from the
inverse least-squares matrix. This protocol has been estab-
lished in the refinement of previous atomic resolution models
(e.g.,26, 37, 39, 40) and thereforeR-free cross validation
was not used. Instead of global validation, the features in
the electron density maps and their chemical interpretability
were accepted as the ultimate validation. Indeed, since the
atomic resolution of this analysis is similar to that of small
crystal structures and the ratio of observations to parameters
was about ten to one, it rendered the use ofR-free
unnecessary.

At this stage, it was realized that the positional errors of
the cluster iron and sulfur atoms were as small as 0.002 Å.
To confirm that the clusters were defined with such accuracy,
the following procedure was employed. The positions of
the cluster atoms (8 Fe and 8 S) were randomized ten times
by 0.3 Å. Each of the ten models was independently refined
to convergence by ten cycles of conjugate gradient minimi-
zation. The results concerning the geometry of the clusters
were analyzed statistically (Table 2). The accuracy of the
cluster stereochemistry estimated from the spread of posi-
tional parameters between the 10 “randomized” refinements
is comparable to that obtained from the least-squares matrix
inversion.

Table 1: Crystallographic Data

space group P43212
cell (Å) a ) 33.95,c ) 74.82
beam line EMBL Hamburg, wiggler BW7B
wavelength (Å) 0.883
detector MAR Research Image Plate
T (K) 100
resolution (Å) 20.0-0.94
reflections, unique 28 084
reflections, Friedels separate 47 452
completeness (%) 98.7
R (I) merge (%) 7.3
I/σ(I) overall 15.0
I/σ(I) outer shell 2.0

Table 2: Bond Lengths within the [4Fe-4S] Clustersa

cluster I cluster II
Fe1-S2 2.295(3) 2.295(2) 2.293(3) 2.294(2)

S3 2.291(3) 2.290(2) 2.247(3) 2.247(3)
S4 2.257(3) 2.258(4) 2.298(3) 2.300(3)

Fe2-S1 2.310(3) 2.310(2) 2.325(3) 2.326(4)
S3 2.264(3) 2.261(3) 2.292(3) 2.294(3)
S4 2.307(3) 2.307(2) 2.278(3) 2.277(2)

Fe3-S1 2.274(3) 2.272(2) 2.242(3) 2.242(2)
S2 2.273(3) 2.275(4) 2.312(3) 2.311(2)
S4 2.302(3) 2.302(2) 2.304(3) 2.306(3)

Fe4-S1 2.262(3) 2.262(3) 2.283(3) 2.283(2)
S2 2.266(2) 2.267(2) 2.240(3) 2.239(4)
S3 2.284(3) 2.285(2) 2.299(3) 2.301(2)

Fe1-Fe2 2.760(2) 2.759(2) 2.730(2) 2.731(2)
Fe3 2.719(2) 2.719(3) 2.722(2) 2.724(2)
Fe4 2.698(2) 2.698(2) 2.690(2) 2.692(4)

Fe2-Fe3 2.779(2) 2.778(2) 2.752(2) 2.753(1)
Fe4 2.713(2) 2.713(3) 2.710(3) 2.712(2)

Fe3-Fe4 2.685(2) 2.686(2) 2.717(2) 2.718(2)
Fe1-SG8 (37) 2.265(2) 2.267(2) 2.274(3) 2.274(4)
Fe2-SG11 (40) 2.271(3) 2.272(3) 2.279(3) 2.278(3)
Fe3-SG14 (43) 2.233(3) 2.230(2) 2.259(3) 2.259(2)
Fe4-SG47 (18) 2.252(3) 2.251(2) 2.277(3) 2.275(4)

a Values from least-squares matrix inversion (columns 1 and 3) and
those estimated from the average of 10 randomized refinements
(columns 2 and 4), see text. Distances in angstroms are accompanied
by their last digit standard uncertainties in brackets.
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During inspection of the Fourier syntheses, it was clear
that many water molecules lay too close together to have
full occupancies and that they represent sites from overlap-
ping and alternative solvent networks. Those waters gener-
ally had weaker associated electron density and some tended
to drift away from the map peaks during refinement. It was
decided to try to refine the occupancies of all water
molecules. This refinement was stable, in spite of refining
the occupancies simultaneously with the ADP. The tendency
to move away from the density peaks also diminished. This
stage was accepted as the end of refinement, and finally
blocked matrix least-squares refinement without restraints
or shifts (as described above) was performed to obtain
standard uncertainties of refined parameters and derived
quantities, such as bond lengths and angles and torsion
angles. The refinement results are summarized in Table 3
and the details of the model stereochemistry are given in
Table 4.

RESULTS AND DISCUSSION

Refined Model.The atomic model of CauFd was refined
against 0.94 Å resolution data recorded at 100 K, consisting
of 47 452 independent reflections (Friedel mates not merged),
Table 1. The finalwR2 factor (based onF2) is 25.26%, final
R1 factor (based onF) is 10.03% on all 47 452 reflections
and 8.66% on 37 200 reflections withFo > 4σ(Fo), Table 3.
Since there are 8 iron atoms/protein molecule and Friedel
related reflections were not averaged, the data contained a
significant anomalous signal and the Flackx parameter (41)
refined to a value of 0.055 withσ ) 0.009, providing clear
enantiomorph distinction.x should refine to either 0.0 for
the correct enantiomorph or 1.0 for the opposite one.

The model contains the following: 454 protein atoms (726
with hydrogens), 8 Fe and 8 inorganic S atoms, and 94 water
sites. As many are partially occupied, the stoichiometric
water content is 71 molecules. Several protein atoms are in
addition split into two alternative sites as discussed below.

OVerall Fold. As a reminder of the overall fold of this
protein, the current model is shown in stereo in Figure 1.
Briefly, the polypeptide chain is tightly wrapped around the

two [4Fe-4S] clusters, which are each coordinated by four
cysteines. The estimated errors inæ, ψ, andω are typically
smaller than 1° except in parts of the chain with two
conformations (residues 5-6 and 25-29) where they rise
to 3°. The Ramachandran plot (Figure 2) shows that only
three residues (Asp28, Thr36, and Asp39) lie slightly outside
the most favored regions of conformational space. In spite
of CauFd containing essentially nobona fideR-helices or
â-sheets, the residues nevertheless show a strong preference
to lie within the corresponding regions of the plot.

Only the most salient features of the structure revealed
by the present study are described in the following sections.

Accuracy of the Model and Comparison to 1FDN.A
spectacular improvement in the resolution, from 1.84 Å for
1FDN (28) to 0.94 Å (this work), has been achieved by the
combined use of cryogenic conditions and synchrotron
radiation. This is the highest resolution achieved to date
for a ferredoxin.

The unit cell volume is lower for the present cryogenic
study at 100 K than that of 1FDN at room temperature (28)
by more than 2%. This shrinkage from 88 700 to 86 240
Å3 clearly reflects the effect of freezing but is not isotropic
as thec-axis shows practically no difference. This is largely
due to reduced thermal motion, as exemplified below by the
freezing of the residue 25-29 loop which is only visible at
low temperature. In addition, only 46 water molecules were

Table 3: Refinement Statistics

program SHELXL-96
restraints ref 38 for protein, none for [4Fe-4S] clusters
wR2 (%) 25.26
R factor, all reflections (%) 10.03 (47 452 reflections)
R factor,F > 4σ(F) (%) 8.66 (37 200 reflections)
goodness of fit 1.00
Flackx parameter 0.055 ((0.009)

Table 4: Deviations from Target Stereochemistry

su contributors
bond distance (Å) 0.027 452
angle distance (°) 0.038 609
planar 1-4 distance (Å) 0.052 130
peptide planar groups (Å) 0.035 55
aromatic planar groups (Å) 0.017 2
chiral volumes (Å3) 0.360 57
torsion angles, planar (°) 6.3 55
torsion angles, staggered (°) 15.6 58
torsion angles, orthonormal (°) 33.3 2
B factors, main chain, bond (Å2) 0.78 274
B factors, main chain, angle (Å2) 1.03 318
B factors, side chain, bond (Å2) 1.97 178
B factors, side chain, angle (Å2) 2.32 291

FIGURE 1: Protein fold, schematically shown as a CA coil with
[Fe4S4] clusters and coordinating cysteine side chains. The second
conformation of the main chain is shown in dark gray. Figure drawn
with MOLSCRIPT (59).

FIGURE 2: Ramachandran plot, calculated with PROCHECK (60).
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located in the 1FDN model at 1.84 Å resolution, compared
with the 94 water sites associated with the present model.
Freezing the crystal clearly has the effect of not only reducing
the average temperature factors of the protein atoms but also
ordering the solvent. This should be borne in mind when
comparing the detailed structure at 0.94 Å against the 1.84
Å model.

The accuracy of the present model can be judged by
several indicators. The Ramachandran plot was already
mentioned above. Errors in refined parameters were esti-
mated by two methods, first rigorously from inversion of
the least-squares matrix and second by a set of 10 parallel
refinements of the atoms in the clusters after randomization.
The latter is discussed in more detail in the cluster section
below. The estimated coordinate errors of the main atoms
are plotted as a function of residue number in Figure 3. Over
most of the sequence, the coordinate errors of the main chain
atoms are in the range 0.01-0.02 Å, only in the disordered
loop 25-29 they rise up to 0.10 Å. Note that these error
estimates are made truly independently for each parameter.
The errors in the distances involving the heavy atoms of the
clusters are spectacularly low, around 0.002-0.003 Å (Table
2). These are 1 order of magnitude smaller than the errors
expected from a restrained-type refinement at more typical
resolution for a protein (above 1.5 Å). Such accurate values
for protein parameters might be expected to allow the
creation of a stereochemical target library from protein data
alone as previously suggested (40).

The deviations from the idealized library target values (38)
in Table 4 are greater than the weights often (incorrectly)
applied in refinements at lower resolution. This supports
the notion that many low- and medium-resolution refinements
are actually overrestrained. In addition, inclusion of hydro-
gen atoms allows the other atoms to refine more properly
into their own positions; they no longer refine to the center
of gravity of, e.g., CH or CH2 groups. Indeed, a majority
of the hydrogen atoms in the well-defined parts of the protein

chain were visible in the difference Fourier synthesis (Figure
4).

The atomic resolution of the data permitted the refinement
of displacement parameters of the water atoms together with
their occupancies. This proceeded stably and led to mean-
ingful results. Several waters refined to values higher than
0.9; their occupancies were subsequently fixed at 1.0. Others
acquired occupancies less than 0.9; they clearly reflect the
alternative H-bonding networks. The statistics of water
occupancies are summarized in Figure 5.

Internal 2-fold Symmetry of 2[4Fe-4S] Ferredoxins.
CauFd displays a high degree of internal 2-fold symmetry
(28), the result of an internal sequence repeat arising from
an ancestral gene duplication (42). Since the presence of
two very similar but slightly different halves of the molecule
is almost certainly important for its biological role (43, 44),
it is worth asking to what extent such noncrystallographic
symmetry is preserved in the high-resolution model. The
main chain carbons of the two halves belonging to 52 out
of the 55 amino acids of the sequence (only residues 27, 28,
and 34 have no counterpart) were superimposed with an rms
of about 0.9 Å. This average difference in position decreases
to 0.4 Å when the 32 most closely related CA atoms are
superimposed. One (A) of the two conformations of the
main chain around residues 24-29 (see below) superimposes
better over the symmetry-related half of the molecule than
does the other (B) conformation.

Thus, the internal symmetry seen at lower resolution holds
quite well at the higher accuracy reached in this study. The
main chain fragments which do not correspond well between
the two halves of the molecule are the segments linking the
clusters (residues 15-17 and 44-46), residues 23 and 52,
and a peripheral short segment (residues 24 and 25 and 53
and 54).

Alternate Conformations and Disordered Regions.In the
1FDN model, there was no clear electron density for residues
27 and 28, associated with the turn of aâ-strand. Improved

FIGURE 3: Individual atomic coordinate errors for main chain atoms estimated by least-squares matrix inversion. For regions 5-6 and
25-29, the values for only one conformation (A) are shown; much larger errors reflect the flexibility and partial occupancy of these
regions.
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resolution and cryogenic conditions allow the definition of
two conformations for this region (Figure 1). These two
folding patterns of the main chain have essentially equal
occupancy. They start to diverge by a roughly 40° difference
in the Ser25ψ angle and reconverge onto a single conforma-
tion at Tyr30. The gap between main chain atoms is up to
2.5 Å for residues 27 and 28. Such difference is obviously
too large to escape detection at 1.84 Å resolution, and the
lack of clear electron density in this region in 1FDN was
probably due to dynamic disorder which is frozen out at 100
K. Although these two conformations are well defined at
0.94 Å, relatively few water molecules, all with partial
occupancies and high B factors, could be associated with
this exposed loop.

Due to insertions or deletions in the 25-29 loop in other
comparable structures of ferredoxins, the only model avail-
able for comparison to CauFd was derived from NMR data
on the homologous ferredoxin fromC. pasteurianumwhere
the â-turn composing this loop produces a relatively high
number of NOE and appears well defined (45). The folding
in solution approximately follows conformation B of the
present crystal structure up to residue 25 and conformation

A after residue 27. Gly26, which folds similarly in the two
crystallographic conformations, appears to have a different
ψ angle in the NMR solution study.

The main chain of residues 5 and 6 also assumes two
slightly different conformations in a 3:1 ratio. In addition,
five side chains involving external hydrophilic amino acids,
as well as the exposed Val31, have been modeled with two
alternative conformations with occupancies summed to unity
(Table 5). Figure 6 shows the electron density for Asn21.

Hydrogen Bonds.The clear definition of residues 25-
29 in the present high-resolution model defines additional
hydrogen bonds compared to 1FDN (28). Some involve side
chain atoms (Table 6). An interesting one, between Gly26
N and Arg29 O, reaches across theâ-turn around residues
27 and 28 in conformation B.

As for all the stereochemical parameters, the lengths of
all H bonds are more accurately defined in the 0.94 Å model.
The distances between donor and acceptor atoms decrease
on average when compared to those derived from lower
resolution data (Table 6). This is partly related to the
shrinkage of the molecule/crystal lattice in the cryogenic
structure: the 2.8% shrinkage in volume corresponds roughly
to a cell dimension change of 1.4%.

The H bonds involving the sulfur atoms of the active sites
are presented in more detail below.

Geometry of the Clusters.The present work provides the
first opportunity to examine the precise geometry of [4Fe-
4S] clusters in a protein. The coordinates of the iron and
inorganic sulfur atoms were refined throughout without any
restraint applied to the clusters. These atoms were then
moved by an rms of 0.3 Å from their refined positions, and

FIGURE 4: Residue Val46 with overlapped difference Fourier synthesis at 3σ level calculated for the model with all hydrogen atoms of this
residue omitted.

FIGURE 5: Histogram of site occupancies for solvent water
molecules.

Table 5: Amino Acid Side Chains with Alternate Conformationsa

occupancy (%)

conformation A conformation B

Ser 10 87 13
Glu 17 68 32
Asn 21 59 41
Ser 24 70 30
Val 31 85 15
Gln 54 86 14

a The estimated errors of the occupancies are less than 2%.
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the entire structure was again refined until convergence. This
procedure was repeated 10 times and the data were then used
to calculate mean values and empirical standard uncertainties
for the intracluster distances (Table 2). The empirical
standard deviations, between 0.002 and 0.003 Å, agree very
well with those estimated from the matrix inversion, con-
firming that the latter are realistic. The spread among Fe-S
distances in the clusters is up to 30-40 times these values.
Thus, the geometry of the clusters is sufficiently accurate to
allow meaningful comparisons with the structures of syn-
thetic analogues.

Inorganic Cores. It has been documented that synthetic
compounds of general formula [Fe4S4(SR)4]2- often display
a compressed tetragonal geometry along one pseudo-four-
fold axis resulting in a local symmetry close to theD2d point
group (20and references therein). However, a few structures
differing from this idealized description have been reported
(21, 23, 46).

Cluster II, coordinated by cysteines 37, 40, 43, and 18,
shows approximately tetragonally compressed geometry
(Figure 7a). The compression axis passes through the (Fe2,
Fe4, S1, S3) face of the cubane core containing the iron
atoms coordinated by Cys40 and Cys18 on one side and the
(Fe1, Fe3, S2, S4) face on the opposite side. Accordingly,
the Fe-S distances distribute into four short ones (2.251(
0.015 Å) and eight long ones (2.302( 0.012 Å). This is
borne out by the distances between inorganic sulfur atoms
(average 3.615 Å) which clearly separate into two long
distances of 3.676 Å ((0.004) and four short ones at 3.584
Å ((0.012). In contrast, the Fe-Fe distances follow a
different trend: they are clustered around 2.722 Å ((0.019),
with the Fe2-Fe3 distance being the longest (2.753 Å) and
the Fe1-Fe4 distance being the shortest (2.692 Å). This
indicates that the deviation from idealTd symmetry is actually
a twist (compression and rotation) of the Fe4 tetrahedron
towardsD2 symmetry (Figure 7a).

In contrast to cluster II, cluster I does not display a clear-
cut deviation from idealizedTd symmetry for its [4Fe-4S]
core. Distances and angles are more tightly distributed
around the mean than for cluster II and for most of the
structurally characterized synthetic compounds. Only the
Fe-Fe distances (2.726( 0.032 Å) are slightly more
scattered. Cluster I constitutes another example, in addition

FIGURE 6: Asn21 with corresponding 3Fo - 2Fc, Rc density at 1σ level showing alternate conformations of its side chain with occupancies
ratio A/B of 60/40%.

Table 6: Intramolecular Hydrogen Bondsa

(a) Main Chain to Main Chain

donor acceptor
this

work 1FDN donor acceptor
this

work 1FDN

Val3 N Val53 O 2.842 2.87 Val31 N Ser24 O 2.881 2.91
Asn5 N(A) Ala51 O 2.927 2.94 Asp33 N Ala22 O 2.776 2.88
Cys8 N Asn5 O(A) 2.969 3.32 Cys37 N Asp33 O 2.965 3.08
Glu15 N Gly12 O 3.292 3.42 Ala44 N Gly41 O 3.236 3.23
Glu17 N Cys14 O 2.980 2.89 Val46 N Cys43 O 3.241 3.27
Cys18 N Cys14 O 3.272 3.40 Cys47 N Cys43 O 3.187 3.13
Cys18 N Glu15 O 3.606 3.61 Cys47 N Ala44 O 3.046 3.21
Asn21 N Cys18 O 3.295 3.30 Asp50 N Cys47 O 3.151 3.20
Ser24 N Val31 O 3.026 3.09 Val53 N Val3 O 2.909 2.88
Gly26 N(B) Arg29 O(B) 2.670 Ala55 N Ala1 O 2.975 3.07
Thr36 N Asp33 O 3.064 3.00
Gly45 N Gly41 O 3.039 3.29
Gly45 N Ala42 O 3.105 3.02
Val46 N Ala42 O 3.187 3.24

(b) Main Chain to Side Chain

donor acceptor this work 1FDN

Ala1 N Asp39 OD1 2.699 2.88
Arg29 NH1 Ile4 O 2.799 2.78
Ala7 N Asn5 OD1(B) 3.242 3.08
Asp35 N Asp33 OD1 2.902 3.07

(c) N-H‚‚‚SG

cluster I cluster II

donor acceptor
this

work 1FDN donor acceptor
this

work 1FDN

Ser10 N Cys8 SG 3.366 3.29 Asp39 N Cys37 SG 3.483 3.44
Tyr30 N Cys8 SG 3.563 3.65 Tyr2 N Cys37 SG 3.337 3.37
Ala13 N Cys11 SG 3.415 3.44 Ala42 N Cys40 SG 3.326 3.37
Val49 N Cys47 SG 3.567 3.65 Val20 N Cys18 SG 3.554 3.59
Ala51 N Cys47 SG 3.333 3.26 Ala22 N Cys18 SG 3.306 3.16

(d) Side Chain to Side Chain

donor acceptor this work 1FDN

Thr36 OG1 Asp33 OD2 2.751 2.69

(e) N-H‚‚‚S (Inorganic)

cluster I cluster II

donor acceptor this work 1FDN donor acceptor this work 1FDN

Cys14 N S1 3.621 3.60 Cys43 N S1 3.405 3.50
Ile9 N S3 3.363 3.30 Ile38 N S3 3.546 3.47
Gly12 N S4 3.273 3.19 Gly41 N S4 3.316 3.29

a The distances in angstroms are given for the current model and
for 1FDN (28).
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to a few synthetic analogues (21, 23), of a [4Fe-4S] cluster
not following the common compression fromTd toward
approximateD2d symmetry (Figure 7b).

A noteworthy feature of both clusters is the relatively short
distance of Fe4 to the other iron atoms (Table 2) which
contributes to the local symmetry lowering fromTd. No
obvious strain is induced by the polypeptide chain on this
atom, but the effect must be due to the environment. Indeed,
Fe4 is surrounded by hydrophobic side chains belonging to
the â-turn flanking the remote cysteine of the coordinating
motif (43, 47). The same distortion has not been evidenced
with model compounds (17, 20-24, 46), even with those
displaying a differentiated subsite (48). Only in the case of
some trialkylphosphine coordinated clusters, does a shift of
one iron atom toward the plane formed by the three
coordinating inorganic sulfurs occur (49 and references
therein).

Keeping in mind that the inorganic cores of CauFd are
not idealD2d structures, their volumes have been calculated
by a previously devised procedure (17). The volume of the
tetrahedron defined by the four sulfur atoms is slightly larger,
while the one defined by the iron atoms is smaller, in the
case of the protein than for all reported synthetic analogues
(Table 7). However, in both clusters of this protein as well
as in model compounds, the iron tetrahedron assumes a more
irregular shape than the sulfur tetrahedron. Despite these

discrepancies, the values obtained for [4Fe-4S]2+ clusters are
similar, in contrast to those of [4Fe-4S]+ clusters (Table 7,
compare the volumes of the S4 tetrahedra). Although
similarly accurate values are not available for [4Fe-4S]3+

analogs, the corresponding volumes are also expected to be
significantly different (50). These data strongly suggest that
no redox transitions have been induced in the crystal by
X-ray irradiation. Moreover, it is likely that photooxidation
of this protein might have produced cluster conversion rather
than mere oxidation, as documented in solution (51).

Coordination to the Polypeptide Chain.The structural
discrepancies observed among otherwise similar synthetic
analogues of [4Fe-4S] clusters have been ascribed to a subtle
interplay between intrinsic chemical properties of these cores
and lattice effects in the crystals (20, 21, 23). In proteins,
the extrinsic influences on the properties of the clusters are
contributed mainly by the polypeptide chain.

While the conformations of the identical ligands are
generally similar in [Fe4S4(SR)4]2- analog compounds, the
orientation of the cysteine side chains varies in CauFd (Table
8). Despite these differences, the lengths of the Fe-SCys
bonds linking cluster II to the polypeptide chain are all
closely similar, with a mean value of 2.272 Å ((0.007). In
cluster I, the mean value of the Fe-SCys distances is smaller
and the spread is larger (2.255( 0.016) than for cluster II
(Table 2). For both clusters, the shortest distance is observed
for the third cysteine (Cys14 and Cys43) of each of the
cysteine triads. The Fe-SCys distances are slightly larger
(cluster II), or smaller (cluster I), than the Fe-SR distances
found in synthetic analogues (ca. 2.26 Å on average), except
for one having sterically hindered ligands (24; 2.274 Å on
average). The significance of these rather small differences
is unclear. However, in all cases the narrow distributions
of these values agree with a similar oxidation state for all
iron ions at this redox level (formally 2.5+), with electron
delocalization over each cluster. For comparison, the spread
of Fe-SCys distances in oxidized (Fe3+) rubredoxin (25, 26)

a b

FIGURE 7: Probability (33%) thermal ellipsoid representation of (a) cluster II and (b) cluster I.

Table 7: Structural Comparisons of [4Fe-4S] Clusters in CauFd and
in Model Compoundsa

compd
rFe

(Å)
âFe

(°)
VFe

(Å3)
rS

(Å)
âS

(°)
VS

(Å3)

CauFd, cluster I 1.668 55.1 2.38 2.210 55.0 5.59
CauFd, cluster II 1.666 54.7 2.37 2.214 56.1 5.56
[Fe4S4(SCH2Ph)4]2- 1.682 55.6 2.44 2.208 55.6 5.52
[Fe4S4(SPh)4]2- 1.675 54.6 2.41 2.211 55.6 5.54
[Fe4S4(SCH2CH2CO2)4]6- 1.687 55.4 2.46 2.206 55.0 5.50
[Fe4S4(SCH2CH2OH)4]2- 1.671 2.39 2.212 56.5 5.53
[Fe4S4(S-t-Bu)4]2- (a) 1.688 54.1 2.45 2.214 56.9 5.55
[Fe4S4(S-t-Bu)4]2- (b) 1.687 55.0 2.47 2.207 54.9 5.53
[Fe4S4Cl4]2- 1.694 54.4 2.49 2.197 55.9 5.43
[Fe4S4(SPh)4]3- 1.680 54.3 2.43 2.24 53.6 5.76

a The volumes were calculated as described in ref 17.r andâ refer
to the distances and angles from the mean coordinates of the eight
atoms andâ ) 54.74° for a perfect tetrahedron. Note that these
calculations are approximate for the clusters of CauFd, as they apply
to exactD2d local symmetry. The volumes of the synthetic analogues
are taken from refs 17 and 20.

Table 8: Cysteine Conformations in CauFda

cysteine 8 11 14 47
ø1 179.3 72.7 54.5 181.2
θ (Fe-S-Câ-CR) 63 306.16 252.1 87.24
cysteine 37 40 43 18
ø1 178 71.7 52.3 176.1
θ (Fe-S-Câ-CR) 67.35 308.85 273.9 84.09
a The dihedral angle is in degrees.
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is larger than in CauFd. The main difference between model
compounds and the clusters in CauFd concerns the tilt of
the Fe2-SCys (Cys11 and 40 for clusters I and II, respec-
tively) bonds from the cube diagonal, as previously noted
(28). This deviation from any ideal symmetry is obviously
absent from model compounds with four identical ligands.
In addition, it seems larger here than in 1FDN, but whether
this increased distortion is due to freezing or is revealed by
the higher resolution remains unknown. The tilt of the Fe2-
SCys bond is larger for cluster II (18.1°) than for cluster I
(15.4°), which must be related to the forces imposed by the
polypeptide chain around Cys11 and Cys40.

EnVironment of the Clusters.One of the most scrutinized
parameters thought to tune the properties of iron-sulfur
clusters in proteins is the number and distribution of
hydrogen bonds involving their sulfur atoms (52, 53). As
shown in Table 6, the same number of hydrogen bonds
surrounds each cluster, five of them involving cysteinyl
sulfurs and the remaining three inorganic sulfurs. Moreover,
the lengths of symmetry-related hydrogen bonds are very
similar around the two clusters, with only a few exceptions.
The main difference is the shorter (stronger) NH-S bond
between Tyr2 N and Cys37 SG of cluster II compared to
the longer (weaker) bond between Tyr30 N and Cys8 SG of
cluster I. Other minor differences between clusters I and II
concern the hydrogen bonds involving inorganic sulfurs and
backbone atoms Ile9 NH and Ile38 NH, and Cys14 NH and
Cys43 NH (Table 6).

One may try to correlate these features with the distortions
of the clusters discussed above. The differences in length
(Table 6) between the hydrogen bonds to SG37 and SG8,
as well as between those involving S*1, may explain at least
in part the large difference (5°) between the S*1-Fe-
SCys37 and S*1-Fe-SCys8 angles, as compared to those
within the three other pairs of such angles (mean 2.5°). Also,
the absence of hydrogen bonds to SG14 and SG43 may be
one of the reasons why the corresponding Fe-SCys bonds
are shorter than the other three in each cluster. In contrast
to the Fe-SCys bonds, the structural differences between
the two [4Fe-4S] inorganic cores cannot be straightforwardly
rationalized on the basis of hydrogen-bond-mediated interac-
tions with the polypeptide chain. It seems indeed that the
Raman active modes of the Fe-SCys bonds differ in various
[4Fe-4S] proteins while the Fe-S* modes remain relatively
invariant (53-56). However, even for synthetic analogues
for which many high precision crystal structures are available,
the factors that determine the detailed geometry of the [4Fe-
4S] core remain somewhat obscure.

Other structural factors may explain some of the properties
of [4Fe-4S] clusters. The importance of the dipoles sur-
rounding the metal site, and not only the hydrogen bonds,
has recently been emphasized as a main determinant of the
value of the reduction potential (57, 58). Here, comparison
with analogue model compounds is of very little relevance,
as the latter are generally solvated by organic solvents and
are not surrounded by peptide ligands. Nevertheless, no
well-defined water molecules have been identified in the
present model at less than 6 Å from any of the inorganic
cores. NMR studies have clearly established that the
difference between the redox potentials of the two clusters
in clostridial 2[4Fe-4S] ferredoxins is only 10 mV on average
(47and references therein). Such differences probably arise
from slight variations (a few tenths of an angstrom) in the

relative positions of some NH, CO, and other dipoles around
the cluster, as found in the superposition of the two halves
of CauFd.

CONCLUSIONS

The 0.94 Å model of CauFd has confirmed the previously
reported fold of the polypeptide chain and, in particular, the
exceptional 2-fold noncrystallographic symmetry of the
molecule. The new model reveals slight deviations from this
symmetry, which have bearings on the geometry of the [4Fe-
4S] clusters. An important gain afforded by atomic resolu-
tion and low temperature is the positioning, in two confor-
mations, of the previously poorly defined loop (residues 25-
29). The mobility of this loop is substantiated by NMR data
showing that it predominantly assumes at room temperature
a conformation intermediate between the two crystallographic
ones. An additional bonus of the 0.94 Å resolution model
is the possibility of locating with high precision those atoms
which, in the neighborhood of the clusters, are likely to create
dipoles that may be important effectors of the redox potential.

Most importantly, the atomic resolution attained here has
allowed the accurate inspection of the geometry of [4Fe-
4S] clusters, for the first time in any protein. The two
clusters do not assume exactly identical structures, in keeping
with the fact that the 2-fold symmetry of the ferredoxin
molecule is not perfect. This suggests that the geometry of
[4Fe-4S] clusters is finely tuned by the polypeptide chain,
as most obviously shown by the tilt of one Fe-SCys bond
imposed by a constraint of the protein. The Fe4S4 core of
cluster II approaches the most frequently occurringD2d

symmetry, whereas that of cluster I does not display any
clear-cut symmetry.

We have recently refined the structures of Zn- and Fe-
containing rubredoxins at resolutions better than 1.2 Å (25,
26). The structure reported here, at an even higher resolution
and for a protein containing metal sites of much higher
nuclearity, shows that the characterization of an extensive
set of metal active site structures at atomic resolution is not
a remote goal. This should allow a generalization of
structural comparisons with synthetic analogues and the
unveiling of detailed structural features that are associated
with spectroscopic and functional properties of protein active
sites.
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