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ABSTRACT. The chemical sequence of the [2F2S] ferredoxin from the cyanobacteriuAnabaena
PCC7119 (Fd7119) and its high-resolution X-ray structures in the oxidized and reduced states have been
determined. The Fd7119 sequence is identical to that of the ferredoxin from the PCC7120 strain (Fd7120).
X-ray diffraction data were collected at 100 K with an oxidized trigonal Fd7119 crystal, at 1.3 A resolution,
and with an orthorhombic crystal, previously reduced with dithionite and flash frozen under anaerobic
conditions, at 1.17 A resolution. The two molecular models were determined by molecular replacement
with the [2Fe-2S] ferredoxin from the strain PCC7120 (Rypniewski, W. R., Breiter, D. R., Benning, M.
M., Wesenberg, G., Oh, B.-H., Markley, J. L., Rayment, |., and Holden, H. M. (1B&hemistry 30
4126-4131.) The finalR-factors are 0.140 (for the reduced crystal) and 0.138 (for the oxidized crystal).
The [2Fe-2S] cluster appears as a significantly distorted lozenge in the reduced and oxidized redox
states. The major conformational difference between the two redox forms concerns the peptide bond
linking Cys46 and Ser47 which points its carbonyl oxygen away from the{25¢ cluster (“CO out”)

in the reduced molecule and toward it (“CO in”) in the oxidized one. The “CO out” conformation could

be the signature of the reduction of the iron atom Fel, which is close to the molecular surface. Superposition
of the three crystallographically independent molecules shows that the putative recognition site with the
physiological partner (FNR) involves charged, hydrophobic residues and invariant water molecules.

Ferredoxins are ironsulfur proteins that are found in transfer between ferredoxin and FNR involves the formation
bacteria, plants, and mammals where they are mainly of a complex §, 6).

structurally characterized by the presence of one or SeVGra'transfers, kinetic, thermodynamic, and biological studies of

clusters, [2Fe-2S], [3Fe-4S], or [4Fe-4S] and have been  the ENR/ferredoxin system from Spinach (e.g.,8) and
subjected for many years to a wealth of physicochemical ponapaenshave been pursued (e.@,, 10).

and biological studies( 2, 3). Along these lines, the crystal structures of the [2B8]

In plants, algae or photosynthetic bacteria [22€] wild-type ferredoxinAnabaen@?CC7120 (Fd7120)(@) and

ferredoxins mediate the transfer of two electrons, in two six mutants 9) have been determined by X-ray diffraction
successive one electron steps, from photosystem | to Ferre- y Y '

) ) . at resolutions ranging from 2.5 to 1.7 A as well as the crystal
doxin-NADP"™-oxidoreductases (FNR), which, as the name
indicates, eventually reduce NADRollowing the reaction structures ofAnabaenaPCC7119 FNR and of a complex

NADP* + 2e- + H+ — NADPH (4). Moreover, electron FNR-NADP* (12), at 1.8 and 2.25 A resolution, respectively.

Moreover, the crystal structures of several plant-type
* Laboratoire de Cristallographie et de Cristallogee des Protees. [2Fe—2S] ferredoxins, all in their oxidized state, have already
§ Laboratoire d’Enzymologie Mokulaire. been determined on the basis of X-ray diffraction data

' Laboratoire de Spectroitree de Masse. ; ; :
© Departamento de Biogmica y Biologa Molecular y Celular. obtained at resolutions ranging from 2.5 to 1.7 A. They show
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of Chemistry, University of Copenhagen, Universiteitsparken 5, DK- cluster geometries are very close to each otBed{, 13,

2100 Copenhagen, Denmark. 14, 15, 16, 17, 18). More recently, the coordinates of the
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Table 1: Mass Analysis (ESMS) of Fd7120 and Fd7119

expected mass measured mass measured mass
Fd7120 (sequence) Fd7120 Fd7119

native uncleaved proteins 10698.73 (A1-Y98) 10298.4 10698.3
cleaved carboxy-methylated proteins

fragment 1 465.56 (A1-K4) 465.3 465.4

fragment 2 1174.33 (\/5K15) 1174.2 1174.0

fragment 3 4178.47 (H16K52) 4178.4 4178.6

fragment 4 4516.92 (L53-K93) unobserved unobserved

fragment 5 667.68 (E94-Y98) unobserved unobserved

fragment 4+ 5 5166.58 (L53-Y98) 5167.2 5166.8
Fd7120 sequencd)

10 20 30 40 50
ATFKVTLINEAEGTKHEIEVPDDEYILDAAEEQGYDLPFSCRAGACSTCAGBLV
60 70 80 90

SGTVDQSDQSFLDDDQIEAGYVLTCVAYPTSDVVIQTHKEEDLY

aThe masses of the uncleaved apoproteins and the masses of the four fragments obtained after lysine-endopeptidase cleavage of the
carboxymethylated protein were compared. No cleavage was observed at K93, probably due to high acidic environment. The known sequence of
Fd7120 is indicated. The 21 corresponding amino acid residues sequenced by Edman degradation in Fd7119 are underlined. Lysyl residues cleaved
by the lysine-endopeptidase are indicated in bold.

Recently, we have obtained large crystals of the 2ZFe 0.1%, v/v, in water) and a linear gradient from 25 to 65%
2S] ferredoxin fromAnabaenaPCC7119 (Fd7119) diffract-  of solvent B (CH3CN/trifluoroacetic acid 70:0.085%, v/v,
ing at atomic resolution. This prompted us to determine its in water) was performed over 50 min with a flow rate of
chemical sequence and refine crystallographic models in the200 uL/min.
oxidized and reduced states to obtain an accurate geometry ESMS analyses were carried out on a Sciex (Thornhill)
of the [2Fe-2S] cluster and its environment in both redox AP/l triple quadrupole mass spectrometer equipped with
states. Here, we report a structural analysis derived froman atmospheric pressure ionization source. The ionspray
X-ray diffraction data collected at 1.3 A resolution with a needle voltage was maintained at 5 kV. Each mass spectrum
Fd7119 oxidized crystal and at 1.17 A with a partially was an average of four scans. The samples were infused into
reduced crystal. This allowed, in particular, significant the source at a concentration of about 0.5 mg/mL in 25%
comparisons with [2Fe2S] containing model compounds  MeOH/1% AcOH (V/v).

and gave insights on the role of the protein maté)(The ~ The results of these biochemical characterizations are
structure of the molecular surface close to the cluster, which symmarized in Table 1.

is thought to be involved in the recognition of FNR and thus ¢y «tajization.Crystals of Fd7119 were obtained at@
in mtermolec;ular electron-transfer process, has also beenand pH 5.5 by the “hanging drop” vapor diffusion method
analyzed. Flnally, the present paper constitutes, at ournqer conditions similar to those of Fd712a), except that
knowledge, the first report on a three-dimensional atomic qqjm succinate was used instead of potassium succinate.
structure of a reduced plant-type [2F2S] ferredoxin. Crystals of about 0.5 0.5 x 0.5 mn# grew within 2 days.
Like for Fd7120, two crystal forms are often present within
EXPERIMENTAL PROCEDURES the same drop9): one is orthorhombica(= 37.22 Ab =
Purification and Biochemical Characterization. Anabaena 37.37 A,c =146.6 A,a. = = y = 90 deg; S. GP2;2:2,
PCC7119 ferredoxin (Fd7119) was isolated and purified as and two molecules, mol-1 and mol-2 per asymmetric unit)
previously described?@). The unknown sequence of Fd7119 and the other trigonal(= b = 37.4 A,c = 1455 A,a =
was studied by Edman degradation and electrospray masg = 90 deg,y = 120 deg; S.@&3,21 and one molecule per
spectrometry (ESMS) and compared to that ofAln@baena asymmetric unit).
PCC7120 ferredoxin (Fd7120). To obtain the structure of the oxidized Fd7119 ferredoxin,
Automated Edman degradation was performed with an a trigonal crystal, grown in aerobic conditions at@, was
Applied Biosystems gas-phase Sequencer model 477A withdipped for a few seconds into a cryoprotectant solution
on-line analysis of the phenylthiohydanthoin derivatives at containing 20% glycerol and 80% crystallization reservoir
260 nm. buffer and flash-frozen in liquid propane (123 K).
Cysteines of both ferredoxin Fd7119 and Fd7120 were To prepare the reduced Fd7119 crystal, we first checked
carboxymethylated using sodium iodoacetate (70 mM) at pH the reducing conditions with ferredoxin in the crystallization
6.5in 6 M guanidineHCI. Carboxymethylated proteins were medium. This sample was introduced in a glovebox under
cleaved by lysine-endopeptidase. Digestions were performedanaerobic conditions (about 1 ppm oxygen) and 1 mM
at an enzyme/substrate ratio of 1:20 (by masespfb at 37 dithionite was added to it. Spectrophotometric measurements
°C. were then performed in an airtight cell. The spectrum showed
Purification of proteins or peptides generated by enzymatic that the ferredoxin was reduced. As a further check, we left
cleavage was carried out by reverse phase HPLC, using arthe solution exposed to air and measured again its optical
Applied Biosystems Model 130A system equipped with a absorbance.
C8 column (Aquapore RP-300, 100 mm 2.1 mm). The The diffusion rate of the reducing agent into the crystal
column was equilibrated with solvent A (trifluoroacetic acid solvent channels was expected to be lower than in solution.
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Table 2: Crystallographic Data Collection and Processing

reduced crystal oxidized crystal
spzce group P2,2:2, P3,21
a(h) 37.22 37.4 :
b (A) 37.37 374 Serd7
c(A) 146.6 135.5
resolution range (A) 30:01.17 30-1.3
unique reflections 67 611 27431
redundancy 4.3(2.8) 6.5 (3.3}
completeness (%) 95.5 (8923) 96.5 (80.5%
Rsym (%)° 3.7 (11.1% 6.1 (22.6}
2 (&1 Coverall 12.0 (6.9 5.8 (3.0}
2 Numbers in parentheses correspond to the data in the last resolution CyS46

shell, 1.22-1.17 A and 1.341.28 A for the reduced and oxidized
crystal, respectively Roym = 3 |I; -0V I;; I; is the intensity of théth
observation andl;(is the mean intensity of the reflection.

However, the soaking time in the reduced crystallization
solution was necessarily limited, because during the experi-
ment, we had to keep the crystal on ice at its crystallization
temperature (4°C vs about 20°C for the glovebox).
Therefore, to obtain a reduced crystal, we transferred an
orthorhombic sample on ice into the glovebox and soaked
it, between 30 min and 1 h, in the crystallization solution to
which 10 mM (vs 1 mM in solution) sodium dithionite and
20% (v/v) glycerol were adde®8). Then the crystal was
picked up with a loop from the solution, flash-cooled and
kept in liquid propane before being removed from the
glovebox. All solutions had previously been deoxygenated,
by bubbling gaseous nitrogen for about 15 min in the
glovebox.

X-ray Data Collection and ProcessinBuring X-ray data
collection, the oxidized and reduced frozen crystals were FIGURe 1. The two alternate conformations of the Cys46-Ser47
respectively kept within a nitrogen stream at 100 K. For the PAeP“de agdrits elnvironsrgentlifn the rEngeg _Cf}/Sta'deh CcO p‘;iming
oxidized crystal, we used the European Synchrotron (ESRF) i(t ()“E%V %utf).eEﬁ:s‘ttr%% f e?]l;itl;rr%t:g (Vvere'go)nﬁgutéd)v%‘i’tvﬁgr;%rﬁ_
beamline BM2 with a CCD (XRKCCD) detectord =0.98  yydes (F,| — F.|). For each conformatioriF.| and phases were
A). For the reduced crystal, we used the ESRF beam line calculated with a refined model from which the other conformation
BM14 with a MAR research 345 image plate detector has been omitted. Positive and negative difference electron density
0.751 A) (Table 2). In both cases, two sets of images, one ;?gg?surgfeagglgi ddrifilwag]ciell’g\tll\'loag?ﬁ rier‘]j’l;ﬁfepegt)'("eghcﬁr?gg
at high resolution (81.15 ’B‘) and one at a medium resolutlon hydrogen in white, sulfur in yéllow, gnd iron in b;own){gThe figure ’
(30—2.1 A), were recorded. The data were processed with ywas drawn with BobScript(l).

XDS (version 93) 24) for the oxidized crystal and MOSFLM
(version 5.5) 25) for the reduced one. All data were finally — Rgeefactors were 0.19 and 0.235, respectively for the reduced
scaled with the CCP4 program SCALARR) (Table 2). crystal and 0.17 and 0.215 for the oxidized one.

RefinemeniWe generated two initial atomic models using ~ We completed the refinements of the oxidized and reduced
X-ray data, between 15 and 2.5 A, of the oxidized and structures using the program SHELXL-931) with F? as
reduced crystal, respectively, and the structure of Fd7120observables excluding resolution data at resolution lower than
(11) (Protein Data Bank ID: 1FXA). The molecules, exclud- 15.0 A but without applying any sigma cutoff. Conjugate
ing waters, were placed in their corresponding crystal cells, gradient option was used and protein bond and angle
by molecular replacement and fast rigid body refinement, restraints were applie®®) with the default values proposed
by the AMoRe program packag@7). The initial crystal- by SHELX-97 for weights. No stereochemical restraints were
lographicR-factors were in each case about 0.43. applied on the [2Fe2S] cluster iron and sulfur atoms. Here

Several interleaving cycles of manual model building of again, we manually adjusted the polypeptide chain through
the polypeptide chain with 28) and isotropic refinement  several interleaving graphic sessions.
with the program REFMAC 29) coupled with automatic For the reduced crystal, difference Fourier maps confirmed
addition of solvent water atoms by ARBQ) were then the presence of main chain alternate conformations centered
carried out, including progressively high-resolution X-ray at the 46-47 peptide. One of this conformation shows the
data. Features of positive density greater tham3~, — F Cys46-CO pointing toward the cluster (“CO in”) as in the
difference Fourier maps were modeled as the oxygen atomoxidized crystals, whereas the other one has the Cys46-CO
of a water molecule or alternate conformations for several pointing away from the cluster (“CO out”) (Figure 1).
side chains. At this stage of the refinement, an alternate Examination of the temperature factors of the average
conformation of the 4647 peptide was also observed in structure indicated more precisely that these conformational
the reduced crystal but not modeled. The resulting R- and changes occurred at the main chain segment including Ala45
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Table 3: Refinement by SHELX-97 with Anisotropic Temperature Superposition of [2Fe2S] Containing Proteins.To

Factors compare the [2Fe2S] environments in [2Fe2S] containing
reduced crystal _ oxidized crystal proteins, we S|mply fltteq by least-squares the &oms 0}‘
mol-1, mol-2 the four liganding cysteines. The data have been retrieved
resolution range (A) 150117 15013 from the Protein Data Bank (http://www.rcsb.prg/pc_ib/) a_nd
reflections used 67 145 26 254 the Prosthetic Groups and Metal lons in Protein Active Sites
atomic parameters 17 225 8098 Database Version 2.0 (PROMISE) at the University of Leeds
restraints 21431 9598 (http://bmbsgill.leeds.ac.uk/promise/).
hydrogens 8944 3876
solvent molecules 369 238
heteroatoms 8 4 RESULTS
R work (%)? 14. 13.77 . . . . .
Rﬁ;’;k(((%;g 1829 18_14 Biochemical PropertiesN-terminal sequencing showed
Goodness of fit 35 2.005 that the first 21 residues of Fd7119 are identical to the first
wR2 (FEng 34.28 32.94 21 residues of Fd7120 (Table 1). Moreover, the two
averageB-factor H _
protein () 17.16,20.3 125 apoproteins are eluted_at the same place by reverse phase
cluster (%) 11.5 13.6 04 chromatography and yield the same number of enzymatic
solvent (&) 36.0 33.6 peptides, eluting at the same place with the same relative
rms deviations intensity (not shown). Analyses by mass spectroscopy of
| h (A ; ;
Bong englt ( d) 0603239 06035 ., apoproteins or carboxymethylated fragments gives, for
ond angles (deg) - : — Fd7119 and Fd7120, identical mass values (Table 1), which
*Rfactor= 3 |Fo — Fdl/3Fo ® Goodness of fit={ 3 [w(Fs” — Fe?)?)/ is in total agreement with the theoretical values expected

(n — p)}¥% n = reflections p = refined parameters wR2 = { S w(F4?

— FS WFDT} 2, for Fd7120. Therefore, except for a possible substitution by

a residue with same mass and similar hydrophobicity (e.g.,
Leu/lle), the biochemical analyses strongly suggested that
to Thr48, the cluster atoms Fel and S2 and to a lesser extenfhe chemical sequence of the [2F2S] ferredoxin from the
the side chains Ala45, Cys46, Ser47, and Thr48. When we strain PCC7119 is identical to that from the strain PCC7120.
refined one of the two conformers, néw — Fc difference  As we will see below, this is in accordance with the
maps clearly revealed the electron density of the a"fematecrystallographic analysis.
Cys46-CO colnformatic.)n and vice-versa (Figure 1). It has Reduction of the Orthorhombic Crystafter reduction
not _b_een possible to refine separately the Fel and S2 aIternat%f the ferredoxin solution in crystallization condition the
positions. Therefore, only the two conformers of the polypep- UV —visible spectrum showed an important decrease of the
tide chain Ala45 to Thr48 segment were included in the peak absorbance at = 330, 420, and 460 nm, which
model and refined for several cycles constraining the sum yantifies a reduced [ZFQSi cluster. Since sut;sequent
of their respective occupancies to unity. The occupancy of yeyidation led to a spectrum similar to that of an oxidized
the ("CO in”) conformation was for thewo crystallographi- - g4 tion, we inferred that Fd7119 could be reduced at pH
cally independent molecules, mol-1 and mol-2, 0.60 and 0.45, 5 5 1y, githionite in its crystallization solution. Unfortunately,
respectively. As a final check, we verified that the resulting it has not been possible to obtain an interpretable optical
Fo, — Fc difference map was devoid of any significant feature. spectrum for the crystal after reduction, due to the low
The contribution of the solvent continuum was taken into absorbance.

account by the SHELXL SWAT instruction. In the last  Quality of the X-ray Diffraction Data and Refined Models.
stages, the analysis of the electron density maps suggeste@ecause of the quality and size of the crystals and the use
that thermal parameters of many atoms could be modeledof cryogenic techniques coupled with synchrotron radiation
as anisotropic. The validity of this assumption was confirmed, (brillancy and high energy radiation) X-ray data are of good
when applied, by a further decrease of theeRactor by quality as shown by low Regefactors, rather highilZial 0
0.025. Moreover, since many hydrogen atoms were clearly and redundancy (Table 2). This in turn accounts for the high
“visible” on F, — F. difference electron density maps, they quality of the final electron density map (Figure 2) and
were included in the final stage of the refinement resulting consequently for the accuracy and precision of the three
in a further 0.01 decrease in& No significant feature has  atomic models. Moreover, the overall correlation between
been observed on the fingd — F. difference electron density  the observed and calculated electron densities is over 0.9,
maps. The final R, Re and WR2 factor (based on the F2  which confirms that the total Fd7119 chemical sequence is
factors) are 0.14, 0.184, and 0.34 respectively for the reducedidentical to that of Fd7120.

orthorhombic crystal and 0.138, 0.191, and 0.33 for the  o,erall Folding. Not surprisingly, Fd7119 is roughly
OX|_d|zed trigonal cryst_al. T_he statistics of the respective globular and the folding of its polypeptide chain is very
refinements are described in Table 3. All X-ray data were gimjlar to that of plant-type ferredoxin of known crystal
included in these final calculations. structure including Fd712®( 11). Its most salient features

It should be also emphasized that during the final stagesconsist of a four strande@-pleated sheet opposite to the
of the refinement the iron and sulfur atoms were refined with protruding zone, containing the cluster, twehelices, and
SHELXL without any restraint. Moreover the errors on the the cluster liganding peptides. The [2F2S] cluster, close
atomic parameters were estimated from inversion of the blockto the molecular surface, is coordinated through the iron
least-squares matrix with two blocks, overlapping each other atoms to four cysteine sulfur atoms (Figure 3). The folds of
by three residues, for each molecule and an additional blockthe three crystallographically independent molecules (one in
for water molecules. the oxidized crystal and two in the reduced crystal) are very
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cysteine ligands. Carbon atoms are colored in black, nitrogen in blue, oxygen in red, sulfur in yellow, and iron in brown. The figure was
drawn with BobScript (51).

Phe65 46—47 peptide flip is associated with conformational changes
of neighboring residues as revealed by their relatively higher
[2Fe-2S] X B factors in the average structure. Some minor positional
\ ; changes of Fel, S2 and Cys4g-&e also probably taking
- place in view first of their relatively higher temperature
factors (about 15 Avs 12 A for the neighboring atoms).
Along these same lines, it is of interest to note that the
ellipsoids representing the cluster atoms anisotropic temper-
ature factors are elongated along a direction that is nearly
perpendicular to the cluster distorted plane; the most
elongated ones being those of Fel and S2. However, as
mentioned above, it has not been possible to refine separately
the Fel and S2 alternate positions. It follows that the {2Fe
2S] cluster geometry, as we see it in the reduced crystal,
has to be considered as an average between two slightly

Ficure 3: Ribbon diagram depicting the three-dimensional structure different conformations.
of Anabaena PCC711f&rredoxin. The [2Fe2S] cluster and three Geometry of the [2Fe2S] Cluster and its &mnment.

residues (Phe65, Ser47, and Glu94) known by site directed
mutagenegis to be important for electr)on transfer){o FBRate Whatever the crystal re_dox state, the [2S] cluster
represented. The figure was drawn with MolScrig)( appears as a nonplanar distorted lozenge. The angles between
the normals to the SiFel-S2 (close to the molecular
close to each other since the radial mean square deviation$urface) and StFe2-S2 (buried) moieties are 6.8 deg in
(rms) between molecules range from about 0.3 A for the the oxidized crystal and 8.8 deg for mol-1 and 8.7 deg for
Ca chain to about 0.9 A for all the atoms excluding mMol-2 in the reduced one. On the whole, the F&8L, Fel-
conformational differences between some surface side chainsSy, and Fet+S2 distances are both significantly longer and
Terminal Tyr98 Conformationin the trigonal crystal, ~ More widely distributed than the Fe31, Fe2-Sy, and
Tyro8 is pointing into the solvent and is stabilized by an F€2-S2 distances. By contrast, the Fefle2 distances are
hydrogen bond and contacts with symmetry related mol- '€markably constant (average 2.747 + 0.002 A (Table
ecules, which accounts for the very well-defined correspond- 4).
ing electron density. In the orthorhombic crystal, Tyr98 is  NH---S Hydrogen BondsThe cysteine ligands and the
pointing toward Ser47 and Glu94 in both mol-1 and mol-2, sulfur atoms of the [2Fe2S] cluster are involved in a
In mol-2 Tyr98-Q; is making a strong hydrogen bond (2.8 network of hydrogen bonds with main chain peptide nitrogen
A) with Ser47-Q and a close contact (3.2 A) with Phe65- atoms (Figure 4). As in plant-type ferredoxing3) the
C¢. The latter contact is obviously too short. This is most NH-:-S bonds involving the StFel—S2 moiety outnumber
probably due to some crystallographic disorder reflected by by far those involving the StFe2-S2 moiety. Moreover,
a relatively weak electron density for both mol-1 and mol- in the reduced crystal, the “CO out” alternate conformation
2. This point is discussed below. of the Cys46-Ser47 peptide bond corresponds to an ad-
Alternate Conformations in the Reduced Crysf&he ditional NH--+S bond with S2, again on the side of the cluster

major difference between the oxidized and reduced crystal S1-Fel-S2 moiety (Table 5).

concerns the peptide linking Cys46 and Ser47. In the OH---O Surface Hydrogen Bond3he hydrogen bond
oxidized crystals, the Cys46 carbonyl oxygen atoms is always between Serd7-@and Glu94-Q, is particularly important,
pointing toward the cluster (“CO in”). In thievo crystallo- since site-directed mutagenenesis experiments have shown
graphically independent molecules, mol-1 and mol-2, presentthat its absence could block the electron-transfer pathway
in the reduced crystal, the 487 peptide can adopt two  out of the ferredoxin molecule and perturb the formation of
conformations with the Cys46 carbonyl oxygen pointing a productive complex between Fd and FNB}. (This bond
either toward the cluster S2 atom like in the oxidized crystal is quite short in the oxidized crystal (G0 = 2.51 A; Figure
(“CO in") or away from it (“CO out”) (see Table 4). This 5). Inthe reduced crystals, the same bond can also be inferred
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Table 4: [2Fe-2S] Cluster Geometry in Reduced Crystal (1.17 A), Oxidized Crystal (1.3 A), and Model Compounds

reduced crystal oxidized [FeS(SCH).CeHal 2/ (Net)s[Fe;Sy{ S-2,6-
mol-1 mol-2 crystal [FexSx(SCsH4CHa)4)? (t—Bu CONH)2GH3} 4]
bonds (A)
Fel-Fe2 2.749 (4) 2.747 (4) 2.746 (5) 2.698 (1)/2.691 (1) 2.671 (6)
Fel-S1 2.293 (5) 2.285 (5) 2.278(7)
-S2 2.261 (5) 2.233(5) 2.234 (7)
—41Sy 2.328 (4) 2.361 (6) 2.335(7)
—46Syin 2.299 (50) 2.192 (40) 2.276 (7)
—46S/0ut 2.328 (40) 2.300 (30)
Fe2-S1 2.235 (5) 2.218 (4) 2.227(7) 2.232 (2)/2.202 (1) 2.203 (7)
-S2 2.178 (5) 2.197 (5) 2.184 (7) 2.185 (1/2.200 (1) 2.198 (7)
—49Sy 2.299 (4) 2.313(6) 2.287(7) 2.300 (2)/2.312 (1) 2.308 (8)
-79S 2.301 (5) 2.297 (5) 2.288(7) 2.300 (2)/2.312 (1) 2.328(7)
angles (deg)
S1-Fel-S2 101.8 (2) 102.2 (2) 102.2 (3) 104.73 (5)/104.61 (4)
S1-Fel-46Syin 111.3 (7) 112.8 (6) 108.1 (2)
S1-Fel-46Sout 108.9 (8) 110.8 (6)
S1-Fel-41Sy 119.2 (2) 119.3 (2) 119.8 (2)
S2-Fel-41Sy 102.9 (2) 103.2 (2) 102.3 (3)
S2-Fel-46Syin 116.7 (8) 114.9 (6) 119.1 (3)
S2-Fel-46Syout 119.7 (8) 118.5 (6)
41S/-Fel-46Sin 105.1 (8) 104.5 (8) 106.0 (3)
41S/-Fel-46Syout 104.9 (8) 103.2 (8)
Fel-S1-Fe2 74.7 (2) 75.2(2) 75.1(2) 75.27 (5)/75.39 (4)
Fel-S2-Fe2 76.5 (2) 76.6 (2) 76.8 (3)
S1-Fe2-S2 106.4 (2) 105.5 (2) 105.6 (3) 104.73 (5)/104.61(4)
S1-Fe2-49S 113.0 (2) 114.3 (2) 112.3 (3) 112.33 (5)/114.48 (4)
S1-Fe2-79S/ 115.2 (2) 114.9 (2) 116.0 (3) 110.78 (5)/105.32 (4)
S2-Fe2-79S/ 106.0 (2) 105.6 (2) 105.0 (3) 112.05 (5)/105.48 (4)
S2-Fe2-49S/ 110.7 (2) 111.4 (2) 111.2 (3) 110.66 (5)/115.81 (4)
49S/-Fe2-79S 105.2 (2) 104.9 (2) 106.6 (3)

aNumbers in parentheses correspond to the last digit standard uncertaintesCys46-CO pointing toward the cluster, ot Cys46-CO
pointing away from the cluster.

547 _," _

FiGure 4: Stereoview of the hydrogen bond (NH5) network involving cluster and cysteine ligands sulfur atoms in the reduced crystal
(“CO out” conformation). The additional Ser47N+S2 bond is represented by red dashed line and the other ones by black dashed lines.
Carbon atoms are colored in gray. The figure was drawn with MolScsipt (

as the Ser47 and Glu94 electron density maps are reasonablpISCUSSION

well-defined in mol-1 and mol-2. However, due to the limits Does the Reduced Crystal Contain Reduced Ferredoxin
of the refinement of the alternate conformation, the discrep- y1olecule® About half of the molecules present in the
ancies between ©O equivalent hydrogen bonds are quite yeqyced crystal show their Cys46 peptide carbonyl oxygen
large (2.77 A (mol-1) and 3.32 A (mol-2) for the “CO in"  pointing away from the cluster S2 atom (“CO out”) and not
and 2.49 A (mol-1) and 2.92 A (mol-2) for the “CO out”  toward it (“CO in") like in the oxidized crystals. Since this
one). Therefore, it is not possible to conclude if the solvent exposed oxygen is notinvolved in any crystal packing
conformational change involves a significant modification interaction, this suggested that the “flip” of the Cys46
to the geometry of this critical hydrogen bond. Moreover, a negatively charged peptide carbonyl might be characteristic
very strong hydrogen bond between two surface residuesof the reduced protein.

Glu32 and Glu24 is also visible in the oxidized-(€D = 5’Fe Mossbhauer spectroscopy has shown that the {2Fe
2.59 A) and in the reduced crystals+@D = 2.56 A). 28S] cluster contains two ferric Fein the oxidized state and
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Table 5: N-H--S Geometry

reduced crystal

mol-1 mol-2 oxidized crystal
M—H---AO <D—H..A> MD—H---AO
D A D..ARA) H.ARA (deg) D..ARA) H.ARA (deg) D..ARA) H.ARA (deg)

43N 4119 3.22 2.28 155.6 3.22 2.28 156.7 3.28 2.34 157.1
45Nout  41% 3.40 2.46 155.6 3.35 2.40 153.1
45Nin 419 3.40 2.45 159.6 3.38 245 158.8 3.39 2.46 154.1
41N 46Sout 3.83 2.84 169.3 3.83 2.84 168.9
41N 46Sin 3.93 2.95 168.9 3.92 2.93 169.7 3.94 2.95 170.0
48Nout  46Sout 3.34 2.36 166.2 3.38 2.40 167.8
48Nin 46Sin 3.39 2.42 164.7 3.43 2.46 164.8 3.40 242 166.6
79N 499 3.49 2.52 163.8 3.48 2.50 164.9 3.55 2.58 164.0
44N 798 351 2.70 138.0 3.47 2.70 134.7 3.54 2.70 141.6
40N S1 3.27 2.27 171.3 3.21 2.21 171.8 3.28 2.28 178.3
42N S1 3.30 2.38 153.2 3.30 3.30 155.0 3.29 2.36 154.7
46Nout S22 3.42 2.58 141.6 3.38 2.50 147.4
46Nin S2 3.36 243 155.1 3.32 2.38 157.3 3.35 2.44 150.9
47Nout S22 3.67 2.73 156.5 3.71 2.80 152.3

aD = donor, A= acceptor; inr= Cys46-CO pointing toward the cluster and corresponds to the oxidized molecute, ©y$46-CO pointing
away from the cluster and corresponds to the reduced molecule.

considered as the signature of the reduced state of the-[2Fe
2S] ferredoxin.

By the same criterion, 4560% of the molecules (i.e., with
“CO in") present in the reduced crystals are still oxidized.
The reduced crystal was obtained and frozen, at 123 K, under
strictly anaerobic conditions, excluding probably further
reoxidation. The reduction of only half of the molecules
might thus result from an incomplete diffusion of dithionite
within the crystal solvent channels. This could also explain
why mol-1 is relatively less reduced than mol-2 (40 vs 55%)
as its surface neighboring Fel is less accessible to solvent,
and hence to dithionite, than that of mol-2, due to crystal
packing.

It is of interest to note that a redox linked “peptide flip”
has also been observed in flavodoxins where, in the semi-
s \ qguinone and reduced forms, a peptide bond changes con-
Ficure 5: Refined model and electron densityfFgd — |F| map formation so that its carbonyl group forms an hydrogen bond

(contoured at &) of the Ser47 and Glu94 residues in the oxidized \jth the nearby N5 of the flavir3, 36). Furthermore, recent
crystal showing a strong hydrogen bond between them. The figure

A . analyses of structures and properties of mutants have
was drawn with BobScript(d). eleg)z;ntly shown that this Confporngational change helps in
a localized mixed valence FdFe*" in the reduced staté). minimizing the energy of the semiquinone formation and
Temperature-dependent proton NMR of the homologous optimizing the flavin interactions with the proteiB7, 38).
spinach ferredoxin has identified as?F¢he iron being the Cluster Geometry and Its itonment.The present work

closest one to the molecular surfa@8)( Furthermore, due  allows us to have at hand the first precise geometry of a
to orbital relaxation, most of the change in net charge upon [2Fe—2S] cluster in a protein, based on three independent
reduction or oxidation is found to spread over the bridging atomic models, one in the trigonal form and two in the
and terminal cysteine sulfur atoms as shown also on electronorthorhombic form, which were determined with X-ray data
density difference maps of a [2F€S] model compound as ~ at atomic resolution. The quality of the models is particularly
calculated by density functional theory (DFT34j. As far exemplified by the rather small standard deviations (sd’s)
as the Fd7119 cluster S2 sulfur atom is concerned, anof the intracluster and clusteprotein interatomic distances
additional negative charge due to reduction will increase the (Fe—Fe, S-S, Fe-S, or Fe-Sy) and angles as derived from
charge dipole repulsion with the negatively charged Cys46 block least-squares matrix inversion (Table 4). These sd's
peptide carbonyl oxygen. This could explain why the are of the same order of magnitude as those obtained for
Cys46-0 are pointing away from the cluster S2 sulfur atom model compounds.

for half of the molecules present in the reduced crystal. Itis In the oxidized and reduced molecules, the [2E8]

of interest to note that this “CO out” conformation necessarily cluster shows a significantlgistorted By, symmetry and is
involves a flip of Serd#NH, which consequently is pointing  definitely non planar as previously detected for a truncated
toward the cluster S2 atom. This results in an additional bovine adrenodoxin3®) and, to a lesser extent, an analogue
charge dipole attraction (Nt++S), which also contributesto  (40). The Fe-S distances are longer in the -SEel-S2
stabilize the “CO out” conformation. Therefore, we conclude moiety than in the buried SIFe2-S2 moiety. Since the
that this “CO out” conformation of Cys46 may be reasonably latter moiety shows the same geometry as model compounds



Structure of Anabaena PCC7119 [2F25] Ferredoxin Biochemistry, Vol. 38, No. 48, 19995771

FiGUurRe 6: Stereoview of the [2Fe2S] cluster main chain containing a ferredoxin-like domain with conformational variation of the peptide
bond centered at Fd7119 Cys46-Ser47. Superposition was performed witlx thetkz four cysteine ligands (rms from 0.07 to 0.4 A).
Main chain of the oxidized and reducédthabaena PCC711frredoxin (Fd) are represented in green and red thick lines, respectively.
Bovine adrenodoxin (ADX) is drawn with yellow lin&lostridium pasteurianunron—hydrogenase (FEH) with blue lin®esulfaibrio
gigasaldehyde oxido-reductase (AOR) with cyan line, &@wmktudomonas cepacdthalate dioxygenase reductase (PDR) with purple line.
The figure was drawn with MolScrip6g).

(40, 41) (Table 4), this strongly suggests an influence of the of this peptide oxygen carbonyl is pointing toward the cluster
protein matrix, e.g. the asymmetric distribution of the NS (*CO in") like in the oxidized Anabaenaferredoxins.
bonds (Table 5 and Figure 4) In the [2Fe-2S] domains of théPseudomonas cepacia
Because of the presence within the reduced crystal of aphthalate dioxygenase reductase (PD&9),(Desulfaibrio
mixture of oxidized and reduced ferredoxins, we took care gigas xanthine oxidase-related aldehyde oxydoreductase
when comparing the conformations of the oxidized and (XOR) (46) andClostridium pasteurianuriton hydrogenase
reduced [2Fe2S] clusters and their environments. A good (FEH) @7), this same carbonyl oxygen is pointing at the
indication of the validity and limits of the present results opposite side (“CO out”) as in the reducethabaena
lies in the remarkable similarity between the three oxidized PCC7119 ferredoxin.
molecules (one in the oxidized crystal and two in the reduced PDR is particularly interesting in that this molecule is a
one) on one hand and the two reduced ones on the othercomplex including covalently linked FNR and [2F2S]
hand (Tables 4 and 5). In the reduced ferredoxin molecules,ferredoxin moieties45). Cys277-CO is pointing toward the
the Fe-S and Fe-Sy distances tend to be longer than in external medium, whereas Gly278-NH is hydrogen bonded
the oxidized one by, at most, 0.010 A to 0.020 A (Table 4), to a cluster sulfur like the corresponding Cys46-CO and
taking into account possible slight displacements of Fel, Ser47-NH in the reduced ferredoxin froAmabaenaElec-
Cys46-%, and S2. This increase is lower than those observedtrostatics 20) and density functional theoryt®) calculations
for other iron—sulfur proteins (e.g.42, 43). For example, have pointed at a critical role of the protein environment in
the average increase is 0.04 A in tRgrococcus furiosus differentiating the redox potentials of PDR {74mV) and
rubredoxin 44). This can be explained by the fact that in AnabaenaPCC7120 ferredoxin (arounet400mV). These
the oxidized Fd7119 FeiS1 and Fe1S2 are already longer  calculations have shown, in particular, that the PDR Gly278-
by about 0.05 A each than Fe31 and Fe2S2 or the Fe-S NH---S* hydrogen bond, accounts for the redox potential
distances found in the model compounds. The relative shift between the two oxidized proteins. Our present work
“elongation” of the St-Fel-S2 moiety might then help in  shows that, in fact, thénabaenaferredoxin undergoes a
accommodating the charge density increase due to reductionpeptide conformational change on reduction which leads to
By contrast, the effect of the reduction on the NS bond a cluster protein environment very close to that of the PDR.
lengths present in the reduced ferredoxin, by comparison with  In XOR, Cys45-0 is making a strong hydrogen bond with
the oxidized one, is more obvious. As expected, the increaseAlal136-NH (2.92 A), which is probably essential for electron
of the negative charge on sulfur atoms, upon reduction, transfer between the molybdopterin dinucleotide and the
strengthens their dipotedipole interactions with neighboring  molecular surface (re49, and MJ Romao, personal com-
peptide amide as shown by a significant decrease in themunication). In FEH, Cys46-0 is stabilized by an hydrogen
average NS bond distances. This is particularly clear for bond with Arg86-N (3.01 A).
Cys41-NH:-Cys46-$ (—0.10 A) and Thr48-NH-Cys46- It should be pointed out that XOR, FEH, and PDR crystal
Sy (—0.06 A). The large increase in Cys46-NH52 (+0.12 structures have not been determined in their reduced state.
A) distance is most likely linked with the structural re- This involves that the (“CO out”) conformation is not
arrangements associated with the Cys46-O flip (Table 5). necessarily correlated, as Anabaenard, with the nearby
Comparisons with Other [2Fe2S] Containing Molecules.  [2Fe—2S] cluster reduced state.
Superposition of [2Fe2S] clusters and their environment, Putative FNR Recognition Surfack.is very likely that a
found in known [2Fe-2S], containing three-dimensional prerequisite for electron transfer between ferredoxin and FNR
structures, strikingly shows that the major conformational is the formation of a specific complexs,( 6). Several
variation concerns in all cases the peptide bond correspondinghypothetical models have been proposed, mostly on the basis
to Cys46-Serd7 ilnabaengFigure 6). In adrenodoxirB9) of the individual FNRs, Fds, and PDR X-ray structures and
and plant-type ferredoxin X-ray structures, the cluster of surface potential calculation$, 19). They point at a charge
which is putatively in an oxidized state, the carbonyl oxygen and surface complementarity at the complex interface and
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Tyr98 is also in close contact with Phe65 (3.23 A) and
pointing toward Ser47, but too far to be hydrogen bonded.
Altogether, these results show a probable “structural partner-
ship” between Phe65, Ser47, Glu94, and Tyr98. They
confirm also the central role of the Ser47 hydroxyl group
(9), which appears from X-ray studies as a major stabilizing
factor of the molecular surface. It should also be mentioned
that the Phe65 aromatic ring is nearly stacked onto the 46
47 “flipping” peptide, since the angles between the two
planEs is about 20 deg and the average interatomic distance
4.2 A

The atomic coordinates obtained from the oxidized (code
1QT9) and reduced (code 1CZP) crystals have been deposited
at the Protein Data Bank.

Cys46-CO

Glu24
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close proximity of the Fd [2Fe2S] cluster to the FNR flavin.

Moreover, isothermal calorimetry has shown that the as-

sociation of Fd and FNR is dominated by a favorable entropy REFERENCES

change due, most probably, to the removal of water
molecules from the complex interfacef. The putative FNR
recognition surface of Fd7119 as it appears from the present
atomic resolution X-ray studies, qualitatively supports these
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