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Atomic Resolution (0.94 A) Structure @lostridium aciduriciFerredoxin. Detailed
Geometry of [4Fe-4S] Clusters in a Protein
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ABSTRACT: The crystal structure of the 2[4Fe-4S] ferredoxin fr@ostridium aciduricihas been solved

using X-ray diffraction data extending to atomic resolution, 0.94 A, 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 fiffactor 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 A and about 0.003 A for the heavier [4Fe-4S]
cluster atoms. Significant differences between the stereochemistry of the two clusters and distortion of
both of them from ideal'y 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—2%, which was highly disordered in the room temperature
structure.

Metal active sites in proteins display an extremely wide great detail 17, 20—24), similar data are not available for
diversity of structures and compositions. This diversity is proteins, due to the lack of atomic resolution X-ray structures
amplified in many cases by the variety of different functions [1.5 A at best8)]. Thus, the structural constraints imposed
that can be assumed by proteins containing a given metalby the proteins on their [4Fe-4S] centers have so far remained
prosthetic group. This arises from the essential and multi- undetermined, except in the very few cases in which changes
farious effects of the polypeptide chains on the reactivities in iron coordination occur9). In recent years, significant
of their metal sitesX). progress has been made in the determination of protein

An example of such interactions is provided by proteins structures at atomic resolution (1.2 A or better). For instance,
containing [4Fe-4S] clusters, which have been under intensethe geometries of Fe®nd Zn3 active sites in rubredoxins
scrutiny over the past three decadgs (Considering only have been determined with a precision approaching that
proteins for which crystallographic models have been obtained with synthetic analogue25( 26).
produced, these clusters are found in electron transfer proteins \ye report here the atomic resolution (0.94 A) structure
(3—7, 8 and references therein), in various enzym@s ( of a protein containing two iron-sulfur clusters, namely that
14), in DNA binding motifs (L5) and in suspected oxygen-  of the 2[4Fe-4S] ferredoxin fronClostridium acidurici
sensing sitesl@). The intrinsic physicochemical properties  (henceforth CauFd). This analysis at unprecedented resolu-
of [4Fe-4S] clusters have been investigated in considerabletjon clarifies uncertainties in some features of the polypeptide
detail through synthetic analoguds’). In addition, the role  cnain as reported in a previous 1.84 A resolution structure
of the polypeptide_ chain as tuner of the cluster reactivity of the same protein28). More importantly, for the first
has been studied in a vast number of proteit& (9). time in any protein, the geometries of the [4Fe-4S] clusters

Despite the powerful combination of these approaches, haye been determined with a precision that allows compari-
important gaps still limit our knowledge of the biological ~sons with analogous features in synthetic model compounds

function of [4Fe-4S] clusters. For instance, the means by and analysis of the strains imposed by the polypeptide chain.
which the proteins exert their influence on these metal centers
are not well understood. In particular, whereas the geometry MATERIALS AND METHODS
of the clusters in synthetic compounds has been assessed in
Crystallization and Data Collection Crystals of CauFd
* This work was supported in part by the EC BIOTECH programme Were grown as described earli@g]. For data collection, a
(Contracts CT92-0524 and CT96-0189 to Z.D. and K.S.W.). CEA single crystal was immersed in mother liquor containing 25%
(Fria;lﬁe) anddEMl?L (Hagﬂbturg)tawafrdetd Vli:t'ng fg”OW%h'DS t_fi de':.st.h glycerol for about 10 s and then transferred in a fiber loop
€ coorainates and structure Ttactors nave been depositea In the. H
PDB and have received ID codes 2FDN and r2FDNSF, respectively. to a stream of C_Old nitrogen gas at_ 100 K. Data were
* Corresponding author, CEA/Grenoble, DBMS-MEP, 17 rue des Collected at the wiggler EMBL beam line BW7B at DESY,

Martyrs, 38054 Grenoble Cedex 9, France. Tel: 33 476885623. Fax:
33 476885872. E-mail: moulis@ebron.ceng.cea.fr.

§ University of York. 1 Abbreviations: CauFdClostridium acidurici[the former species
' University of Washington. nameClostridium acidi-uricihas been changed . acidurici (27)]
U CEA. ferredoxin; NOE, nuclear Overhauser effect; ADP, atomic displacement
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Table 1: Crystallographic Data Table 2: Bond Lengths within the [4Fe-4S] Clusters

space group P452,2 cluster | cluster Il
cell (A) a=33.95,c=74.82 Fel-S2 2.295(3) 2.295(2) 2.293(3)  2.294(2)
beam line EMBL Hamburg, wiggler BW7B S3 2.291(3) 2.290(2) 2.247(3) 2.247(3)
wavelength (A) 0.883 S4 2.257(3) 2.258(4) 2.298(3)  2.300(3)
detector MAR Research Image Plate Fe2-S1 2.310(3) 2.310(2) 2.325(3) 2.326(4)
T (K) 100 S3 2.264(3) 2.261(3) 2.292(3)  2.294(3)
resolution (A) 20.6-0.94 S4 2.307(3) 2.307(2) 2.278(33) 2.277(2)
reflections, unique 28 084 Fe3-S1 2.274(3) 2.272(2) 2.242(3) 2.242(2)
reflections, Friedels separate 47 452 S2 2.273(3) 2.275(4) 2.312(3) 2.311(2)
completeness (%) 98.7 sS4 2.302(3) 2.302(2) 2.304(3) 2.306(3)
R (1) merge (%) 7.3 Fe4-S1 2.262(3) 2.262(3) 2.283(3) 2.283(2)
1/a(1) overall 15.0 S2 2.266(2) 2.267(2) 2.2403) 2.239(4)
1/a(1) outer shell 2.0 S3 2.284(3) 2.285(2) 2.299(3) 2.301(2)
Fel-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)
Hamburg, using a MAR Research 300 mm image plate Fed 2.698(2) 2.698(2) 2.690(2) 2.692(4)
scanner. To cover the whole range of intensities, three sets Feé—ze3 2;;2% g;zg% g;ig% g;iggg

; EE A ; e . . . .

of images were recorded, differing in the exposure times and Fe3-Fed 2685(2) 2686(2) 2717(2) 2718(2)

the resolution limit. The diffraction images were processed, re1-sGg(37)  2.265(2) 2.267(2) 2.274(3)  2.274(4)
and reflection intensities integrated with the program suite Fe2-SG11(40) 2.271(3) 2.272(3) 2.279(3)  2.278(3)
DENZO/SCALEPACK @9), keeping the Friedel related  Fe3-SG14(43) 2.233(3) 2.230(2) 2.259(3)  2.259(2)
reflections separate. Table 1 shows a summary of data_Fe4-SG47(18) 2.252(3) 2.251(2) 2.277(3) 2.275(4)
collection. Data complete at 98.7% extending to 0.94 A 2Values from least-squares matrix inversion (columns 1 and 3) and
resoluton were obtained, consising of 47 452 ndependent{ie SSUTBte, o7, e, Qe O Teend onens
mtepsmes. The cell dlanSIOnS in space groes2;2 by their last digit standard uncertainties in br%ckets. P
estimated from the postrefinement procedureaare 33.95

A and ¢ = 74.82 A. The estimated accuracy of the
dimensions was 0.1%. The crystals contain about 35%
solvent and have &y of 1.85 A¥Da (30). The overall
temperature factor estimated from the Wilson p8if) based

on the data from the frozen crystal is 5.2.A

molecules checked and rejected or appended to the model
on the basis of B, — F. andF, — F electron density maps.
The occupancies of alternative conformations were refined
constraining their sum to unity. At this stage, all waters were
i i assigned unit occupancies. When the refinement converged
Refinement.The starting model was that of entry 1IFDN  and no more significant features were identifiable in the
(28) from the Protein Data Bank3p). Only the protein  maps, a round equivalent to three complete cycles of blocked-
atoms were accepted, without water molecules. The initial matrix reﬁnement was performed W|th blocks Containing

R factor was high, 48%, reflecting the use of a room positional parameters of about 30 residues or anisotropic
temperature starting model with slightly different cell dimen- gjisplacement parameters of about 15 residues. The succes-
sions. Several cycles of isotropic refinement were carried sjye blocks were overlapped by two residues. Subsequently,
out with the program REFMAC33, 34) coupled with 3 round of similar cycles was run with all restraints removed
automatic selection of solvent water atoms by ARB)(At  and simultaneously all shifts suppressed by damping them
this stage, no attempt was made to model the multiple 1o zero. This allowed rigorous estimation of the errors
conformations of protein side chains. After the initial associated with each independent refined parameter from the
isotropic refinement convergeR,factor 14.6%, refinement  jnyerse least-squares matrix. This protocol has been estab-
was continued with the program SHELXL-986) using the  |ished in the refinement of previous atomic resolution models
F? as observables with ne cutoff. Atomic displacement (e g. 26, 37, 39, 40) and thereforeR-free cross validation
parameters (ADP) of all atoms of the model were converted yas not used. Instead of global validation, the features in
to anisotropic. Hydrogen atoms were included at the the electron density maps and their chemical interpretability
calculated positions with their ADP isotropic and 20% (or \ere accepted as the ultimate validation. Indeed, since the
50% for methyl groups) higher than those of their parent atomic resolution of this analysis is similar to that of small
atoms. The conjugate gradient option was used throughouterystal structures and the ratio of observations to parameters
anisotropic refinement, except at the end, when convergenceyas about ten to one, it rendered the use Rfree
had been achieved (see below). Restraints were applied tq,nnecessary.
the stereochemical parameteg8)(as well as to the ADP; At this stage, it was realized that the positional errors of
their weights were default values within SHELXL-96. At the cluster iron and sulfur atoms were as small as 0.002 A.
this resolution with 10-fold excess of observables (47 452) T¢ confirm that the clusters were defined with such accuracy,
over refined parameters (4980) the effect of geometrical the following procedure was employed. The positions of
restraints on the well-defined parts of the model is small the cluster atoms (8 Fe and 8 S) were randomized ten times
(29); they are nevertheless necessary to hold the poorlypy 0.3 A, Each of the ten models was independently refined
defined parts of the model in a stereochemically acceptabletg convergence by ten cycles of conjugate gradient minimi-
geometry. The contribution of the solvent continuum was zation. The results concerning the geometry of the clusters
taken into account using the SHELXL SWAT instruction. \ere analyzed statistically (Table 2). The accuracy of the
Rounds of anisotropic refinement with SHELXL-96 were cluster stereochemistry estimated from the spread of posi-
interspersed by graphics sessions (QUANTA, Molecular tional parameters between the 10 “randomized” refinements
Simulations Inc., San Diego, 1997) when alternative con- is comparable to that obtained from the least-squares matrix
formations of some protein regions were built and water inversion.
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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 > 40(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 (A) 0.027 452
angle distance’f 0.038 609
planar +4 distance (A) 0.052 130
peptide planar groups (A) 0.035 55
aromatic planar groups (A) 0.017 2
chiral volumes (&) 0.360 57
torsion angles, planaf) 6.3 55
torsion angles, staggered) ( 15.6 58
torsion angles, orthonorméf)( 33.3 2
B factors, main chain, bond 0.78 274
B factors, main chain, angle gh 1.03 318
B factors, side chain, bond gR 1.97 178
B factors, side chain, angle i 2.32 291

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
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Ficure 1: Protein fold, schematically shown as a CA coil with
[FesSq] clusters and coordinating cysteine side chains. The second
conformation of the main chain is shown in dark gray. Figure drawn
with MOLSCRIPT 69).
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standard uncertainties of refined parameters and derived™GURE 2: Ramachandran plot, calculated with PROCHE®H) (

quantities, such as bond lengths and angles and torsiont
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 A resolution data recorded at 100 K, consisting
of 47 452 independent reflections (Friedel mates not merged),
Table 1. The finalvR2 factor (based oR?) is 25.26%, final
R1 factor (based oifr) is 10.03% on all 47 452 reflections
and 8.66% on 37 200 reflections wily > 40(F,), Table 3.
Since there are 8 iron atoms/protein molecule and Friedel

wo [4Fe-4S] clusters, which are each coordinated by four
cysteines. The estimated errorszimy, andw are typically
smaller than 1 except in parts of the chain with two
conformations (residues—% 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 rmna fidea-helices or
p-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 1FDM

related reflections were not averaged, the data contained aspectacular improvement in the resolution, from 1.84 A for

significant anomalous signal and the Flackarameter41)
refined to a value of 0.055 withh = 0.009, providing clear
enantiomorph distinctionx 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

1FDN (28) to 0.94 A (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 temperat@® (
by more than 2%. This shrinkage from 88 700 to 86 240

water content is 71 molecules. Several protein atoms are inA3 clearly reflects the effect of freezing but is not isotropic

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

as thec-axis shows practically no difference. This is largely
due to reduced thermal motion, as exemplified below by the
freezing of the residue 2529 loop which is only visible at
low temperature. In addition, only 46 water molecules were
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Ficure 3: Individual atomic coordinate errors for main chain atoms estimated by least-squares matrix inversion. For re§iansl 5
25-29, the values for only one conformation (A) are shown; much larger errors reflect the flexibility and partial occupancy of these
regions.

located in the 1FDN model at 1.84 A resolution, compared chain were visible in the difference Fourier synthesis (Figure
with the 94 water sites associated with the present model.4).
Freezing the crystal clearly has the effect of not only reducing  The atomic resolution of the data permitted the refinement
the average temperature factors of the protein atoms but alsaf displacement parameters of the water atoms together with
ordering the solvent. This should be borne in mind when their occupancies. This proceeded stably and led to mean-
comparing the detailed structure at 0.94 A against the 1.84ingful results. Several waters refined to values higher than
A model. 0.9; their occupancies were subsequently fixed at 1.0. Others
The accuracy of the present model can be judged by acquired occupancies less than 0.9; they clearly reflect the
several indicators. The Ramachandran plot was alreadyalternative H-bonding networks. The statistics of water
mentioned above. Errors in refined parameters were esti-occupancies are summarized in Figure 5.
mated by two methods, first rigorously from inversion of Internal 2-fold Symmetry of 2[4Fe-4S] Ferredoxins.
the least-squares matrix and second by a set of 10 parallelCauFd displays a high degree of internal 2-fold symmetry
refinements of the atoms in the clusters after randomization. (28), the result of an internal sequence repeat arising from
The latter is discussed in more detail in the cluster section an ancestral gene duplicatiodAZ]. Since the presence of
below. The estimated coordinate errors of the main atomstwo very similar but slightly different halves of the molecule
are plotted as a function of residue number in Figure 3. Over is almost certainly important for its biological rolé3, 44),
most of the sequence, the coordinate errors of the main chainit is worth asking to what extent such noncrystallographic
atoms are in the range 0.860.02 A, only in the disordered  symmetry is preserved in the high-resolution model. The
loop 25-29 they rise up to 0.10 A. Note that these error main chain carbons of the two halves belonging to 52 out
estimates are made truly independently for each parameterof the 55 amino acids of the sequence (only residues 27, 28,
The errors in the distances involving the heavy atoms of the and 34 have no counterpart) were superimposed with an rms
clusters are spectacularly low, around 0.602003 A (Table of about 0.9 A. This average difference in position decreases
2). These are 1 order of magnitude smaller than the errorsto 0.4 A when the 32 most closely related CA atoms are
expected from a restrained-type refinement at more typical superimposed. One (A) of the two conformations of the
resolution for a protein (above 1.5 A). Such accurate values main chain around residues-229 (see below) superimposes
for protein parameters might be expected to allow the better over the symmetry-related half of the molecule than
creation of a stereochemical target library from protein data does the other (B) conformation.
alone as previously suggestetD). Thus, the internal symmetry seen at lower resolution holds
The deviations from the idealized library target valugg (  quite well at the higher accuracy reached in this study. The
in Table 4 are greater than the weights often (incorrectly) main chain fragments which do not correspond well between
applied in refinements at lower resolution. This supports the two halves of the molecule are the segments linking the
the notion that many low- and medium-resolution refinements clusters (residues 1517 and 44-46), residues 23 and 52,
are actually overrestrained. In addition, inclusion of hydro- and a peripheral short segment (residues 24 and 25 and 53
gen atoms allows the other atoms to refine more properly and 54).
into their own positions; they no longer refine to the center  Alternate Conformations and Disordered Regiohs the
of gravity of, e.g., CH or Chlgroups. Indeed, a majority = 1FDN model, there was no clear electron density for residues
of the hydrogen atoms in the well-defined parts of the protein 27 and 28, associated with the turn gf-&trand. Improved
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Ficure 4: Residue Val46 with overlapped difference Fourier synthesis &\&I calculated for the model with all hydrogen atoms of this
residue omitted.

407 Table 5: Amino Acid Side Chains with Alternate Conformatidns
occupancy (%)

y conformation A conformation B
30 Ser 10 87 13
Glu 17 68 32
=] Asn 21 59 41
Ser 24 70 30
20 A Val 31 85 15
GIn 54 86 14

aThe estimated errors of the occupancies are less than 2%.

7 A after residue 27. Gly26, which folds similarly in the two

crystallographic conformations, appears to have a different
¥ angle in the NMR solution study.
The main chain of residues 5 and 6 also assumes two

1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3

slightly different conformations in a 3:1 ratio. In addition,

occupancy five side chains involving external hydrophilic amino acids,
Ficure 5: Histogram of site occupancies for solvent water as well as the exposed Val31, have been modeled with two
molecules. alternative conformations with occupancies summed to unity

) ) N o (Table 5). Figure 6 shows the electron density for Asn21.

resolution and cryogenic conditions allow the definition of Hydrogen Bonds.The clear definition of residues 25
two conformations for this region (Figure 1). These two 29 in the present high-resolution model defines additional
folding patterns of the main chain have essentially equal hydrogen bonds compared to 1FD28[. Some involve side
occupancy. They start to diverge by aroughly diiference  chain atoms (Table 6). An interesting one, between Gly26
in the Ser25y angle and reconverge onto a single conforma- N gng Arg29 O, reaches across {Burn around residues
tion at Tyr30. The gap between main chain atoms is up t0 27 and 28 in conformation B.
2.5 A for residues 27 and 28. Such difference is obviously  As for all the stereochemical parameters, the lengths of
too large to escape detection at 1.84 A resolution, and thea| H honds are more accurately defined in the 0.94 A model.
lack of clear electron density in this region in 1FDN was The distances between donor and acceptor atoms decrease
probably due to dynamic disorder which is frozen out at 100 gp, average when compared to those derived from lower
K. Although _these two conformations are Well_defined_ at resolution data (Table 6). This is partly related to the
0.94 A, relatively few water molecules, all with partial ghrinkage of the molecule/crystal lattice in the cryogenic
occupancies and high B factors, could be associated withstrycture: the 2.8% shrinkage in volume corresponds roughly
this exposed loop. to a cell dimension change of 1.4%.

Due to insertions or deletions in the 289 loop in other The H bonds involving the sulfur atoms of the active sites
comparable structures of ferredoxins, the only model avail- are presented in more detail below.
able for comparison to CauFd was derived from NMR data Geometry of the ClustersThe present work provides the
on the homologous ferredoxin fro@. pasteurianumvhere first opportunity to examine the precise geometry of [4Fe-
the -turn composing this loop produces a relatively high 4S] clusters in a protein. The coordinates of the iron and
number of NOE and appears well defindd), The folding inorganic sulfur atoms were refined throughout without any
in solution approximately follows conformation B of the restraint applied to the clusters. These atoms were then
present crystal structure up to residue 25 and conformationmoved by an rms of 0.3 A from their refined positions, and
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Ficure 6: Asn21 with correspondingR — 2F., o, density at & level showing alternate conformations of its side chain with occupancies
ratio A/B of 60/40%.

the entire structure was again refined until convergence. ThisTable 6: Intramolecular Hydrogen Borids

procedure was repeated 10 times and the data were then used (2) Main Chain to Main Chain

to calculate mean values and empirical standard uncertainties this this

for the intracluster distances (Table 2). The empirical  donor acceptor work 1FDN donor acceptowork 1FDN

standard deviations, between 0.002 and 0.003 A,_agree VeM'Wa3N  val530  2.842 2.87 Val3lN Ser240 2.881 291

well with those estimated from the matrix inversion, con- AsnsN(A) Ala510  2.927 2.94 Asp33N Ala220 2.776 2.88

firming that the latter are realistic. The spread among&e  Cys8N  Asn50(A) 2.969 3.32 Cys37N Asp330 2.965 3.08

; ; ; ; Glul5N Glyl20  3.292 3.42 Ala44N Gly410 3.236 3.23

%?tancﬁs in the Clugfrﬁ IS :Jp to-300 t'n;fes.’ th?se values. Zi17N  Cysi40 2980 289 Va4SN Cys430 3241 827
us, the geometry of the clusters is sufficiently accurate to cyc1gN  Cys140 3272 3.40 Cysd7N Cysa30 3.187 3.3

allow meaningful comparisons with the structures of syn- cysi8N Glul50 3.606 3.61 Cys47N Alad44 O 3.046 3.21

thetic analogues. Asn21N Cys180 3.295 3.30 Asp50N Cys47 O 3.151 3.20

: . Ser24N  Val310  3.026 3.09 Val53N Val30O 2.909 2.88
Inorganic Cores. It has been documented that synthetic ) o6 NB) Arg29 O(®B) 2.670 Ala55 N AlalO 2975 3.07

compounds of general formula [R(SR)]?" often display Thr36N  Asp330  3.064 3.00
a compressed tetragonal geometry along one pseudo-fourGly45N  Gly410  3.039 3.29

fold axis resulting in a local symmetry close to thg point GlyA5N  Ala420  3.105 3.02
: Vald6 N  Ala420  3.187 3.24

group ROand references therein). However, a few structures
differing from this idealized description have been reported (b) Main Chain to Side Chain
(21, 23, 46). donor acceptor this work 1FDN

Cluster II, coordinated by cysteines 37, 40, 43, and 18, AlalN Asp39 OD1 2.699 2.88
shows approximately tetragonally compressed geometry Arg29 NH1 lle4 O 2.799 2.78
(Figure 7a). The compression axis passes through the (Fe2, 2'5‘":)732"\] issggggé(f’) 3;29%22 %%87
Fe4, S1, S3) face of the cubane core containing the iron ' '
atoms coordinated by Cys40 and Cys18 on one side and the () N-H---SG
(Fel, Fe3, S2, S4) face on the opposite side. Accordingly, cluster | cluster 11
the Fe-S distances distribute into four short ones (2.251 this this
0.015 A) and eight long ones (2.3@2 0.012 A) This is donor  acceptor work 1FDN donor  acceptor work 1FDN

borne out by the distances between inorganic sulfur atoms seriloN Cys8 SG 3.366 3.29 Asp39N Cys37 SG 3.483 3.44
(average 3.615 A) which clearly separate into two long Tyr30N Cys8SG 3563 3.65 Tyr2N Cys37SG 3.337 3.37
distances of 3.676 A40.004) and four short ones at 3.584 C':Iéllgm gY:E gg ggé? g-gg C:‘Z‘SH gyz‘l‘g gg gggi ggg

. 3% . . % . .
'2\_ (+£0.012). In contrast, the Fee distances follow &  ,\5ci N Cyea7SG 3333 326 Ala22N Cys18SG 3.306 3.16
different trend: they are clustered around 2.72248.019),

with the Fe2-Fe3 distance being the longest (2.753 A) and (d) Side Chain to Side Chain
the Fel-Fe4 distance being the shortest (2.692 A). This donor acceptor this work 1FDN
indicates that the deviation from ide& symmetry is actually Thr36 OG1 Asp33 OD2 2751 269

a twist (compression and rotation) of the,Retrahedron
towardsD, symmetry (Figure 7a).

In contrast to cluster Il, cluster | does not display a clear- : .
cut deviation from idealizedy symmetry for its [4Fe-4S] donor acceptor thiswork 1FDN donor acceptor this work 1FDN
core. Distances and angles are more tightly distributed Cys14N  S1 3621 3.60 Cys43N S1 3.405 3.50
around the mean than for cluster Il and for most of the gﬁ'gl’\z‘N zi gggg i'ig I(|Sel3§1‘1NN zi g.gig g.g
structurally characterized synthetic compounds. Only the y i i Y : :
Fe—Fe distances (2.726 0.032 A) are slightly more aThe distances in angstroms are given for the current model and
scattered. Cluster | constitutes another example, in addition/®" tFON €8).

(e) N-H-+-S (Inorganic)

cluster | cluster Il
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FiGure 7: Probability (33%) thermal ellipsoid representation of (a) cluster Il and (b) cluster I.

Table 7: Structural Comparisons of [4Fe-4S] Clusters in CauFd and Table 8: Cysteine Conformations in CadFd
in Model Compounds

cysteine 8 11 14 47
fee  Pre Vee s fBs Vs 11 179.3 72.7 54.5 181.2
compd A © A A& © @Ay 6 (Fe-S-G-Cy) 63 306.16 252.1 87.24
CauFd, cluster | 1668 551 238 2210 550 559  Cysteine =y 2 oy ey
CauFd, cluster Il 1.666 54.7 2.37 2214 56.1 5.56 Jél(Fe_S_Q_C) 6735 308.85 273.9 8409
[FesS(SCHPhY] > 1.682 55.6 2.44 2208 55.6 5.52 ° i : : :
[FesSy(SPh))> 1.675 54.6 241 2211 55.6 554 aThe dihedral angle is in degrees.
[FesSI(SCHCH.CO,)]5 1.687 55.4 2.46 2.206 55.0 5.50
[Ee“g(gf'gc“g?”)fﬂ% 11-%;}3 641 22-3:’5 22-221124 556659 55-5535 discrepancies, the values obtained for [4Fe248lusters are
%FZ;&ES{-BE;ﬂZ*EE; 1687 550 247 2207 549 553 similar, in contrast to those of [4Fe-4S¢lusters (Table 7,
[FesSiCly2~ 1694 54.4 249 2197 559 543 compare the volumes of the S4 tetrahedra). Although
[FesS4(SPh)]3~ 1680 54.3 243 224 536 576 similarly accurate values are not available for [4Fe34S]
2The volumes were calculated as described in refr &hd3 refer analogs, the corresponding volumes are also expected to be

to the distances and angles from the mean coordinates of the eightsignificantly different 60). These data strongly suggest that
atoms and$ = 54.74 for a perfect tetrahedron. Note that these no redox transitions have been induced in the crystal by
calculations are approximate for the clusters of CauFd, as they apply X-ray irradiation. Moreover, it is likely that photooxidation
to exactDyy local symmetry. The volumes of the synthetic analogues : . . .
are taken from refs 17 and 20. of this protein might have produced cluster conversion rather
than mere oxidation, as documented in solutib) (
) Coordination to the Polypeptide ChainThe structural
to a few synthetic analoguegX, 23), of a [4Fe-4S] cluster  yiscrepancies observed among otherwise similar synthetic
not following the common compression froffy toward analogues of [4Fe-4S] clusters have been ascribed to a subtle
approximateD.q symmetry (Figure 7b). interplay between intrinsic chemical properties of these cores
A noteworthy feature of both clusters is the relatively short and lattice effects in the crystalg(Q 21, 23). In proteins,
distance of Fe4 to the other iron atoms (Table 2) which the extrinsic influences on the properties of the clusters are
contributes to the local symmetry lowering from. No contributed mainly by the polypeptide chain.
obvious strain is induced by the polypeptide chain on this  while the conformations of the identical ligands are
atom, but the effect must be due to the environment. Indeed,generally similar in [F§S(SR)]?>~ analog compounds, the
Fe4 is surrounded by hydrophobic side chains belonging to orientation of the cysteine side chains varies in CauFd (Table
the B-turn flanking the remote cysteine of the coordinating 8). Despite these differences, the lengths of the Fe-SCys
motif (43, 47. The same distortion has not been evidenced ponds linking cluster Il to the polypeptide chain are all
with model compoundsi(/, 20-24, 49, even with those  closely similar, with a mean value of 2.272 A0.007). In
displaying a differentiated subsitéd). Only in the case of  cluster I, the mean value of the F8Cys distances is smaller
some trialkylphosphine coordinated clusters, does a shift of and the spread is larger (2.2850.016) than for cluster II
one iron atom toward the plane formed by the three (Table 2). For both clusters, the shortest distance is observed
coordinating inorganic sulfurs occudq and references  for the third cysteine (Cys14 and Cys43) of each of the
therein). cysteine triads. The FeSCys distances are slightly larger
Keeping in mind that the inorganic cores of CauFd are (cluster II), or smaller (cluster 1), than the F8R distances
not idealDyq structures, their volumes have been calculated found in synthetic analogues (ca. 2.26 A on average), except
by a previously devised procedurE7j. The volume of the  for one having sterically hindered ligandg4( 2.274 A on
tetrahedron defined by the four sulfur atoms is slightly larger, average). The significance of these rather small differences
while the one defined by the iron atoms is smaller, in the is unclear. However, in all cases the narrow distributions
case of the protein than for all reported synthetic analoguesof these values agree with a similar oxidation state for all
(Table 7). However, in both clusters of this protein as well iron ions at this redox level (formally 2459, with electron
as in model compounds, the iron tetrahedron assumes a moreéelocalization over each cluster. For comparison, the spread
irregular shape than the sulfur tetrahedron. Despite theseof Fe—SCys distances in oxidized (& rubredoxin 25, 26
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is larger than in CauFd. The main difference between model relative positions of some NH, CO, and other dipoles around
compounds and the clusters in CauFd concerns the tilt ofthe cluster, as found in the superposition of the two halves
the Fe2-SCys (Cys11 and 40 for clusters | and Il, respec- of CauFd.

tively) bonds from the cube diagonal, as previously noted

(28). This deviation from any ideal symmetry is obviously CONCLUSIONS

absent from model compounds with four identical ligands.  The 0.94 A model of CauFd has confirmed the previously
In addition, it seems larger here than in 1FDN, but whether yanorted fold of the polypeptide chain and, in particular, the
this increased distortion is due to freezing or is revealed by exceptional 2-fold noncrystallographic symmetry of the
the higher resolution remains unknown. ThetiltoftheFe2 mgjecule. The new model reveals slight deviations from this

SCys bonq is larger for cluster Il (18)1than for cluster | symmetry, which have bearings on the geometry of the [4Fe-
(15.4), which must be related to the forces imposed by the 45 clusters. An important gain afforded by atomic resolu-
polypeptide chain around Cys11 and Cys40. tion and low temperature is the positioning, in two confor-

Environment of the ClustersOne of the most scr_ut|n|zed mations, of the previously poorly defined loop (residues 25
parameters thought to tune the properties of iron-sulfur >9) - The mobility of this loop is substantiated by NMR data
clusters in proteins is the number and distribution of showing that it predominantly assumes at room temperature
hydrogen bonds involving their sulfur atoms( 53). As a conformation intermediate between the two crystallographic
shown in Table 6, the same number of hydrogen bonds gnes, An additional bonus of the 0.94 A resolution model
surrounds each cluster, five of them involving cysteinyl s the possibility of locating with high precision those atoms
sulfurs and the remaining three inorganic sulfurs. Moreover, which, in the neighborhood of the clusters, are likely to create
the lengths of symmetry-related hydrogen bonds are very ginoles that may be important effectors of the redox potential.
similar around the two clusters, with only a few exceptions. Most importantly, the atomic resolution attained here has
The main difference is the shorter (stronger) NH-S bond gjiowed the accurate inspection of the geometry of [4Fe-
between Tyr2 N and Cys37 SG of cluster Il compared to 45] clusters, for the first time in any protein. The two
the longer (weaker) bond between Tyr30 N and Cys8 SG of ¢jysters do not assume exactly identical structures, in keeping
cluster I. Other minor differences between clusters | and Il \yith the fact that the 2-fold symmetry of the ferredoxin
concern the hydrogen bonds involving inorganic sulfurs and mpolecule is not perfect. This suggests that the geometry of
backbone atoms Ile9 NH and lle38 NH, and Cys14 NH and [4Fe-4S] clusters is finely tuned by the polypeptide chain,
Cys43 NH (Table 6). _ ~_ as most obviously shown by the tilt of one-F8Cys bond

One may try to correlate these features with the distortions imposed by a constraint of the protein. The$ecore of
of the clusters discussed above. The differences in lengthqyster 11 approaches the most frequently occurrbg

(Table 6) between the hydrogen bonds to SG37 and SG8,symmetry, whereas that of cluster | does not display any
as well as between those involving S*1, may explain at least cjear-cut symmetry.

in part the Iarge difference {p between the S*iFe- We have recently refined the structures of Zn- and Fe-
SCys37 and S*tFe-SCys8 angles, as compared to those containing rubredoxins at resolutions better than 1.2 (
within the three other pairs of such angles (meaf)2Aso, 26). The structure reported here, at an even higher resolution

the absence of hydrogen bonds to SG14 and SG43 may beyng for a protein containing metal sites of much higher
one of the reasons why the corresponding-B€ys bonds  nclearity, shows that the characterization of an extensive
are shorter than the other three in each cluster. In contrasiset of metal active site structures at atomic resolution is not
to the Fe-SCys bonds, the structural differences between 5 remote goal. This should allow a generalization of
the two [4Fe-4S] inorganic cores cannot be straightforwardly stryctural comparisons with synthetic analogues and the
rationalized on the basis of hydrogen-bond-mediated interac-ynyeiling of detailed structural features that are associated

tions with the polypeptide chain. It seems indeed that the with spectroscopic and functional properties of protein active
Raman active modes of the FECys bonds differ in various  gjtes.

[4Fe-4S] proteins while the FES* modes remain relatively

invariant 63-56). However, even for synthetic analogues REFERENCES
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