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ABSTRACT: The refined structure of reducéotobactewinelandii 7Fe ferredoxin Fdl at 100 K and 1.4

A resolution is reported, permitting comparison of [3Fe48hd [3Fe-43) clusters in the same protein

at near atomic resolution. The reduced state of the [3Feel@ter is established by single-crystal EPR
following data collection. Redundant structures are refined to establish the reproducibility and accuracy
of the results for both oxidation states. The structure of the [4Fé&:4Siister in four independently

determined Fdl structures is the same within the

range of derived standard uncertainties, providing an

internal control on the experimental methods and the refinement results. The structures of the [3Fe-4S]
and [3Fe-49] clusters are also the same within experimental error, indicating that the protein may be
enforcing an entatic state upon this cluster, facilitating electron-transfer reactions. The structure of the
FdI [3Fe-4S) cluster allows direct comparison with the structure of a well-characterize84fsynthetic
analogue compound. The [3Fe-48]uster displays significant distortions with respect to the;§é
analogue, further suggesting that the observed [3F&4g@iometry in Fdl may represent an entatic state.
Comparison of oxidized and reduced FdlI reveals conformational changes at the protein surface in response
to reduction of the [3Fe-4SP cluster. The carboxyl group of Asprotates~90°, Lys®, a residue hydrogen
bonded to Aspp, adopts a single conformation, and additionaOHmolecules become ordered. These
structural changes imply a mechanism for ltansfer to the [3Fe-48]cluster in agreement with

electrochemical and spectroscopic results.

I[ron—sulfur ([Fe-S]) cluster-containing proteins participate
in electron transfer, catalytic, regulatory, and structural
functions (—3). Electron-transfer reactions involving [Fe-
S] clusters occur in small proteins containing 1, 2, 3, 4, 7,
or 8 Fe atoms in one or more clusters or centers in
rubredoxins (Rds)ferredoxins (Fds), and high-potential iron
proteins (HiPIPs)Z, 4) and in larger multidomain complexes,
such as chloroplast cytochrorhg (5). Biologically relevant
redox couples occur for B&?"(Sy)s Rd centers, [4Fe-
4SPt2t clusters in HiPIPs, and [4Fe-£#3]" and [2Fe-
2SPH* clusters in Fds; reduction potentials range freG60
mV in [4Fe-4S}* Fd clusters to+350 mV in HiPIPs {).
The protein matrix influences cluster reduction potential by
controlling solvent accessibility and the number of amide
dipoles directed gt-S, us-S cluster and $§ ligand atoms
(6). The protein may further influence reduction potential
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GM48495 to D.B.G. and D.E.M. and Grant GM36325 to C.D.S.).

by enforcing an ‘entatic’ or ‘rack’ state, restraining [Fe-S]
cluster structure intermediate between ground-state oxidized
and reduced geometrieg, (8). In blue copper proteins, for
example, this effect raises the reduction potential by enforc-
ing distorted tetrahedral geometry on the Cu(l) site and
restricting the approach of an axial Met ligand in both the
Cu(l) and Cu(ll) states; structural reorganization between the
oxidized and reduced states is therefore minimized, enhanc-
ing the rate of electron transfe®)(

Structural characterization of [Fe-S] proteins in both
oxidized and reduced states has been limited. In the MoFe
protein of nitrogenase, a Ser side chain and a main chain N
ligand in the oxidized cluster,°R are exchanged for two
new Fe-S bonds in the reduced staté,(0). Concomitant
with this structural change, a significant expansion occurs
in the P cluster relative to the P cluster as manifested in
a 0.15 A longer average Fde distance X1). Initial
comparison of the structures Beptococcus aerogen8ge

* Coordinates and structure factors for three new, refined ferredoxin Fd andChromatiumzinosumHiPIP lead to the observation

structures have been deposited with the Protein Data Bank (Ox2, Red1that protein-bound [4Fe-48] clusters can exhibit the [4Fe-
and Red2; accession codes 7FD1, 6FDR, and 7FDR, and r7fd1sf, réfdrsfg Sp+/+ redox couple, as in Fds, or the [4Fe-2%]" couple,

and r7fdrsf, respectively).
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1 Abbreviations: FdlAzotobactewinelandii 7Fe ferredoxin; [2Fe-
2S], [3Fe-4S], and [4Fe-4S], protein-bound [Fe-S] clusters;3ffe
[FesSq], and [FeSy], core structures in synthetic [Fe-S] cluster analogue
compounds; Rd, rubredoxin; Fd, ferredoxin; HiPIP, high-potential iron

as in HiPIPs 12). In C.v. HIPIP the reduced [4Fe-45]

cluster manifests longer F& bonds £0.1 A), resulting in
a tetragonal distortion of the cluster, and shorte®.¢ A)
NH---S interactions13). In contrast, oxidized and reduced
Pyrococcus furiosuRd structures refined at 1.8 A resolution

protein;sy standard uncertainty; EPR, electron paramagnetic resonance.show smaller increases in the-F8y bond lengths (0.04 A)
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and smaller decreases in the N#$ interactions (0.09 A)
upon reduction X4). Structures of oxidized and dithionite-
reducedAzotobacterinelandii 7Fe ferredoxin (Fdl) at pH
8 and pH 6 determined at 241.9 A resolution indicate
apparent shifts within the [3Fe-49] cluster and a confor-
mational change of Asp a surface residue proximal to this
cluster (5).

Synthetic inorganic analogues provide an essential refer-
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identified and characterized as a FAD-containing NADPH:
ferredoxin reductase (FPRB{—39) and shown to be a
component of an oxidative stress response pathwa. in
vinelandii (40—42).

FdlI provides a well-characterized example of redox-gated
H* transfer in a [Fe-S] protein. The Fdl [3Fe-48]cluster
exhibits a pH-dependent reduction potential and reversible
protonation in the reduced sta#3(-45). Electrochemical,

ence for understanding how proteins select, influence, or mytagenesis, and spectroscopic experiments have established

control the properties of inorganic [Fe-S] centefd). (

that upon reduction of the [3Fe-4S}luster, Asp®, a residue

Synthetic inorganic complexes have been characterized aty, the protein surface directly adjacent to the cluster,
atomic resolution as analogues of [2Fe-2S], [3Fe-4S], and tilitates rapid translocation of a'Ho the [3Fe-4S]cluster.

[4Fe-4S] protein-bound clusterd)( These include a large
number of compounds with thiolate ligands and,f&RE 1+
and [FeS;]?™* cores (L6) as well as trinuclear cuboidal and
heterometallic cubane clusters7( 1§. The synthesis of a
[3Fe-4S] cluster analogue in the reduced state; 3¢ has
been accomplished ). The synthetic [F£5]° cluster has

Protonation is presumed to occur at the neargSt atom
via conformational change of A¥pto form [3Fe-4S}-H.
The K, of the [3Fe-4S]cluster is 7.8 when Aspis ionized
and 6.5 when Asli is protonated45). Thus, the Fdl system
provides a model for a redox-driven proton pump in the
forward direction; reoxidation of the cluster requires that the

electronic, magnetic, and structural properties in accord with .+ iyt pe released4s).

protein-bound [3Fe-4S] cluster&q).

Recently the use of cryocrystallography techniques and

synchrotron radiation has allowed very high-1(0 A)
resolution data to be collected from protein cryst2) (At
this resolution, the observation-to-parameter ratio allow:
refinement of the protein structure with anisotropic temper-
ature factors and without the use of geometric restraitifs (
This methodology can be applied to metalloproteins at
somewhat lower resolution~1.5 A). In this case, longer
metal-ligand bond lengths allow unrestrained refinement of

metal and inorganic sulfur atoms while restraints are applied

to the protein component of the structure. Inversion of the
full-matrix of positional shifts at the end of refinement results
in standard uncertaintys() values for the heavy atoms that
are unbiased by geometric restraints. Application of this
method to oxidized Fdl at 1.35 A resulted sn values of
0.01 A for Fe-S bonds in the [3Fe-4S]and [4Fe-4S}
clusters 22). Two other [Fe-S] proteins refined in this
manner areClostridium aciduriciFd, which contains two
[4Fe-4St clusters 23), andPyrococcus furiosuRd, which
contains an F&(Sy), center 24). In the Fd case, data were
collected to 0.94 A resolution, and tise values for Fe-S
bonds are<0.003 A; in the Rd case, data were collected to
0.95 A, and thesuvalues for Fe-S bonds are alse0.003

A. In one other case, the structure Desulfasibrio gigas
Fd, which contains a [3Fe-4Skluster, was refined at 1.7
A resolution, resulting isuvalues for Fe-S bonds of~0.05

In this paper the refined structure of reduced Fdl at 1.4 A
resolution is reported, permitting for the first time direct
comparison of [3Fe-4S]and [3Fe-49)clusters in the same

< Protein at atomic resolution. The reduced state of the [3Fe-

4SP cluster is established by single-crystal EPR following
data collection. The [4Fe-48]cluster in Fdl is not reduced
under the conditions used. The structure of the Fdl [3Fe-
4SP cluster allows direct comparison with the structure of
the [FeS4]° synthetic analogue, providing insight into the
geometric features of the [Fe-S] cores intrinsic to the
inorganic entity vs those influenced by the protein structure.
Comparison of oxidized and reduced Fdl at 1.4 A reveals
conformational changes in the protein relevant to the
mechanism of H transfer to the [3Fe-4SLtluster.

EXPERIMENTAL PROCEDURES

Crystallization. Tetragonal crystals were grown under
aerobic conditions using recombinant prote88)(as de-
scribed 26, 39. Square bipyramidal crystals approximately
0.4 mm in size in each dimension were chosen for data
collection. Crystals were stabilized and transferred in a
synthetic mother liquor of 4.8 M (NSO, in 150 mM Tris
HCI, pH 8.5.

Data Collection.Four high-resolution data sets have been
collected from Fdl crystals, two from oxidized crystals

A (25). However, in no case has an [Fe-S] protein structure (denoted Ox1 and Ox2) and two from reduced crystals

been refined at<1.5 A resolution for more than one
oxidation state of the [Fe-S] cluster.
Azotobactewinelandii Fdl is an extensively studied [Fe-

(denoted Redl and Red?2) (Table 1). Oxidized refers to the
[3Fe-4ST state, and reduced refers to the [3Fe%4$ite of
Fdl. The Ox1 data set corresponds to the 1.35 A data

S] protein that provides a model system for addressing basicPreviously collected at a synchrotron beam line (PDB

questions about [Fe-S] cluster structure and funct@s(

accession code 6FD1)2%2). The crystal used for that

31). Fdl contains 106 residues including 9 Cys, 3 as ligands €XPeriment was not exposed to reducing agents at any time.

to the [3Fe-4Sj° cluster, 4 as ligands to the [4Fe-48T
cluster, and 2 nonligand Cys, 1 proximal to each clus2ar (
32). The reduction potential of the [4Fe-48] cluster is
—650 mV; that of the [3Fe-43P cluster is—420 mV at pH

7.8 but is also strongly pH depender®3). The [Fe-S]
clusters in Fdl have been characterized bysstzauer, MCD,
CD, and EPR spectroscopie84( 35 and employed to
evaluate the effects of ferricyanide oxidatioB6). The
physiological electron-transfer partner of Fdl has been

Three new data sets have been collected at 100 K using a
rotating-anode X-ray generator and multiwire area detector
(Table 1). For the Ox2 data set, an oxidized single crystal
was transferred from a 1QeL droplet of synthetic mother
liquor into a 50uL droplet of synthetic mother liquor
containing 25% v/v glycerol. After 15 s, the crystal was
transferred to a nylon loop and flash-frozen in a cold stream
of N2 gas at 100 K. For the Redl and Red2 data sets, two
single crystals were reduced and frozen inside an anaerobic
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Table 1: Data Collection Statistics
oxidized 1 oxidized 2 reduced 1 reduced 2
data set (Ox1) (Ox2) (Red1) (Red?2)
Space Grou(p4:2,2

unit cell parameters

a(h) 54.84 54.46 54.74 54.51

b (A) 54.84 54.46 54.74 54.51

c(A) 92.64 92.65 93.77 93.54
wavelength (A) 1.08 1.54 1.54 1.54
detectobc Mar Xen Xen Xen
detector settings 14 cm, 29 cm 0:210°, 45°, 50° 20: 100, 45 20: 10°, 45
max resolution (A) 1.35 1.30 1.40 1.40
no. of observations 188796 122037 109499 66520
redundancy 3.30 3.45 4,56 2.28
unique reflections 57315 29311 24027 17496
overall completeness (%) 96.5 82.8 82.8 60.1
avgl/o(l) 21.3 17.9 13.6 15.4
Reymn{1) 0.057 0.082 0.104 0.065
completeness to 1.6 A (%) 99.1 99.3 91.7 71.1
completeness to 1.4 A (%) 99.0 95.6 82.8 60.1
last shell
resolution (A) 1.451.35 1.40-1.30 1.50-1.40 1.50-1.40
completeness (%) 90.3 51.5 55.3 29.8
avgl/o(l) 1.9 0.82 0.90 11
Reymn{1) 0.73 0.34 0.44 0.31

2 A single-crystal frozen at 100 K was used for each data’deata were collected at Stanford Synchrotron Radiation Laboratory beam-ihe 7
using a Mar Research 30 cm image plate dete@®y. ¢ Data were collected using a Siemens direct-drive rotating-anode X-ray generator operated
at 55 kV, 90 mA, graphite monochromator, and a Siemens Hi-Star area defdotia processed in point grow22 ¢ Data processed in point
group 4mmm

chamber. For each experiment, a single crystal was trans-was 16-14 days. No decay in the diffraction pattern was
ferred to 50uL of degassed synthetic mother liquor contain- apparent in this time. The data were indexed, integrated,
ing 5 mM sodium dithionite (Ng5,04, 83% pure) and 85  merged, and scaled using the Xengen suite of progrédg)s (
uM methyl viologen. After soaking for 30 min, the crystal (Table 1).
was transferred to a 5L droplet of synthetic mother liquor EPR.The crystals used for the Ox2 and Redl data sets
containing 25% v/v glycerol, 50 mM N§&,O,, and 85uM were frozen on a nylon loop attached to specialized pins
methyl viologen. After 15 s, the crystal was transferred to a constructed from Bakelite or Lucite. This allowed insertion
nylon loop and flash-frozen by immersion in liquic.N'he of the crystal and pin into the X-band microwave cavity of
blue color of reduced methyl viologen was used as an the EPR spectrometer. The pins could be attached to the
indicator of the absence of,On the solutions. The high  standard magnetic goniometer supports for X-ray data
concentration of Ng5,O, in the cyroprotectant solution was  collection and then transferred from the 100 Kddéis stream
required to destroy oxidants present in the glycerol, asto liquid N, in preparation for EPR. In this manner, the
determined by trial EPR measurements using single crystals.crystals could be kept frozen throughout X-ray data collec-
Reduced crystals were removed from the glovebox undertion, stored in liquid N if necessary, and then used to record
liquid N, and transferred into the 100 K;Njas stream EPR spectra. Under liquid JNthe pin containing a crystal
(Oxford Cryosystems) on the area detector using precooledwas inserted onto the open endao3 mmquartz EPR tube
steel tongs. and glued in place with 2-propanol. EPR spectra were
The Ox2, Redl, and Red?2 data sets were collected at 100recorded &7 K using a Bruker EMX spectrometer operating
K using Cuka radiation from a Siemens SRA rotating-anode at X-band and equipped with an Air Products APD liquid
X-ray generator operated at 55 kV, 90 mA and equipped helium cryostat. Spectra were recorded at a microwave
with a graphite monochromator. The data were recorded with frequency of 9.556 GHz and 1 mW power using phase-
a Siemens Hi-Star area detector mounted on a 3-circlesensitive detection at 100 kHz field modulation and 5 G
goniometer using two passes with appropriate frame widths amplitude. Digital signal conversion parameters included a
and exposure times to accommodate the high- and low-41 ms conversion time, 81 ms time constant, and 5<02
resolution data. In the first pass, the detector anghg i&as 10 receiver gain. Initial studies established that these
10°, the frame width Aw) was 0.25, and the exposure time  microwave power levels were nonsaturating. The approxi-
was -2 min per frame. A total rotation range of 24@as mate height for optimum positioning within the microwave
collected in 4w sweeps of 6Dat ¢ settings of 0, 45°, 90°, cavity was established before mounting. For each crystal,
and 138. For the high-resolution pass, the detect@nzas the signal amplitude was optimized by fine adjustment of
45°, the frame width Aw) was 0.2, and the exposure time  crystal height and rotation about the EPR tube axis. The EPR
was 5-7 min per frame. A total rotation range of Z4®@as signal from oxidized single crystals of Fdl was observed to
collected in 4w sweeps of 6Dat ¢ settings of 0, 45°, 90°, have a small orientational anisotropy relative to their broad
and 138 as for the low-resolution data. For the Ox2 data intrinsic line width. This fact allowed reproducible signals
set, the detector@was set to 50 for one of the 60 w to be obtained and compared by the above rough orientational
sweeps. The total time for data collection from each crystal positioning procedure.
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Table 2: Refinement Statistics Table 3: Independent Derivation of Standard Deviations for the
oxidized 1 oxidized 2 reduced 1reduced 2 [3Fe-45} Cluster
structure (Ox1) (Ox2)  (Redl) (Red2) bond Redi s randomizeél s

resolution (A) 1350 1.30-c 1.40-0 1.40- Fel-S2 2.23 0.019 2.22 0.004
no. of observations 30880 28183 22762 16282 —S3 2.24 0.017 2.25 0.006
no. of HLO molecule3 162 138 144 141 -S4 2.23 0.017 2.24 0.003
no. of parametep$ 9211 8995 8990 9013 -Sy8 2.26 0.016 2.31 0.007
data:parameter ratio 3.35 3.13 2.53 1.81
goodness of fit 1.69 2.54 1.97 2.38 Fe2:§% ggi 88%2 3212:, 8882
R-factor (all data) (%) 159 15.8 175 17.0 -S4 2.32 0.017 2.31 0.004
R-factor ( > 4o(1)) (%) 13.8 13.6 15.0 14.8 —Sy16 2.30 0.019 2.30 0.004
average isotropig, A2f Fe3-S1 2.29 0.018 2.28 0.005
protein C,N,O,S atoms 25.8 16.0 16.6 17.2 —S2 2.20 0.019 2.23 0.004
cluster Fe,S atoms 19.8 104 10.7 12.0 -S4 2.33 0.019 2.35 0.006
solvent O atoms 435 30.5 30.6 30.8 —Sy49 2.28 0.020 2.30 0.005
rms deviations " average 2.27 0.018 2.28 0.004
protein bond lengths (A) 0.011 0.010 0.008 0.007 _
protein bond angles (deg) 2.24 2.21 2.01 1.90 EZ%_E:% ggg 8812 gg 8882

2 H atoms not modeled on solvent moleculeEach model includes Fe2-Fe3 2.65 0.015 2.63 0.004
841 C, N, O, and S protein, 776 H, 7 Fe, and 8 inorganic S atoms. average 268 0.014 267 0.004
Lys® refined in two conformations of occupancies 0.35 and 0.65 in - - -
the Ox1 structure, and 0.32 and 0.68 in the Ox2 strucfEach a All values in angstroms? Reduced structure refined against 1.40

structure refined with anisotropic thermal factors for C, N, O, S, Fe A data (Table 2)suvalues derived from least-squares analyg®.(

atoms and with isotropic thermal factors for H atorh&oodness of ~ ©Average bond length resulting from refinement of 15 randomized
fit: {S[W(F2—FA?/(n — p)}¥ 2wheren = no. of reflectionsp = no. coordinate sets against the 1.40 A data (see Experimental Procedures).

of parameters® Reference 22 The larger effective isotropiB-factors d Standard deviation in the bond length calculated from the 15 models
for the Ox1 structure vs the Ox2, Red1, and Red?2 structures may beresulting from refinement of randomized coordinate sets against the
due to the different area detectors, relative beam intensities, datal-40 A Red1 data.

collection times, and/or scaling procedures used in the two types of . .

experiments. isotropic B values. Following the last cycle, standard

uncertaintiesgu) were derived for the atomic positions from
Structure Refinement and Analysitie protein structures  a block diagonal matrix least-squares calculation that in-
refined against Ox1, Ox2, Redl, and Red2 data sets (Tablecluded positional parameters but not thermal parameters. For
1) are referred to with the same nomenclature as the datathis calculation, restraints on all protein as well as Fe, S,
sets (Table 2). The Ox2, Redl, and Red?2 structures of Fdland $ atoms were relaxed to yield unbiased values.
were refined using the same methodology as reported forExclusion of the thermal parameters did not lead to under-
the refinement of the Ox1 structur®?). This entailed estimation of thesuvalues, but it did allow for a significant
application of the program Shelx-921) for both conjugate reduction in computational time. In a trial calculation using
gradient least-squares refinement and block diagonal full- the Ox1 data that included both positional and thermal
matrix least-squares standard uncertainty analysis. All data,parameters in the block diagonal matrix, the derisedalues
including negative intensities, were used in the refinement. differed by less than 0.1% from those obtained when the
No data were omitted to calculaR.e for the Ox2, Red1, thermal parameters were excluded. Statistics for the four
and Red2 structures because they were expected to be veryefined structures are summarized in Table 2. The electron
similar to the known Ox1 structure. Throughout the refine- density map calculated with coefficientd=2|—|F.| and data
ment calculations, no restraints were applied to bond lengthsfor the Red1 structure at 1.40 A resolution is shown in Figure
and angles involving [Fe-S] cluster ang 8gand atoms. 1 in the region of the reduced [3Fe-4$8]uster. It was not
Protein bonds and angles were given target values definedpossible to calculate a difference Fourier map (coefficients

by Engh and Huber4(7) and were restrained usingvalues |Fol—|F¢|) between the oxidized and reduced Fdl data sets
of 0.02 A for bonds and 0.04 A for angles, where the angles due to the change in cell constant for thexis (Table 1),
are treated as 1,3 distances. an artifact of the crystal freezing process.

The Ox1 structure was used as a starting model for the To confirm that the refinement procedure is robust and
refinement of the Ox2 and Red1 structures. For the refine- not subject to bias from the input model, the following
ment of the Red2 structure, the refined Red1 structure wascomputational experiment was done. The coordinates of the
used. In all casessa (48) weighted 2F,|—|F.| maps were model, including all protein, Fe, S, and solvent atoms, were
calculated after each cycle, and the models were checkedrandomly displaced by 0.25 A rms using a Gaussian random
and adjusted in density where necessary. All electron densitynumber generator. This randomly displaced coordinate set
calculations and model manipulations were done with the was then refined against the 1.40 A Redl data set using
Xtalview suite of programs4@). The side chain of Ly¥% Shelx-97 as described above. This procedure and refinement
was modeled and refined in two conformations in the Ox1 was then repeated 14 more times, yielding 15 refined
and Ox2 structures, but in just one conformation in the coordinate sets, each derived from a differently randomized
reduced structures. Gftwas modeled in two conformations  structure. The average structure of the [3Fe24Siister
in the Red2 structure. In the second and third cycle§ H obtained from these 15 refinement calculations is virtually
molecules were added and adjusted in the models, and thédentical to the one obtained initially (the Redl structure)
structures were refined with anisotrofBovalues. Inthe last  (Table 3). Using the 15 independently refined structures,
cycle, hydrogen atoms were included and refined with standard deviations were derived for the+Sbond lengths,
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Ficure 1: Electron density for the reduced [3Fe-#8uster in the Red1 structure. The map is calculated using coefficigfgis2F|, all
data in the resolution range 38:7.40 A, and phases based on the final model (Table 2). The map is contoured at 2, 6, 10y.aFael4
orientation of the cluster is the same as in Figure 3.

and they are less than the standard uncertaingiggalues) ment procedure is robust; i.e., the resulting structure is
derived from the least-squares analysis. Therefore, thedetermined by the data and not biased by the starting model
derived Fe-S bond lengths are a property of the data and (Table 3). Furthermore, the test case demonstrates that the
not the starting model. In the test case, the standard deviationstandard deviations due to the refinement method are smaller
for Fe—S bonds are 0.0630.007 A while thesuvalues are than thesuvalues derived from the data (Table 3), indicating
0.008-0.011 A using the Red1 data set (Table 3). This result that the errors are not underestimated.
demonstrates that the refinement procedure is robust, that SummaryThe results permit three types of comparisons
the structure converges to a set of atomic positions inde-to be made: Ox1 vs Ox2, Red1 vs Red2, and Ox1 vs Red1.
pendent of the starting model, and that the coordinatesThe first two comparisons address the reproducibility of the
obtained for the reduced [3Fe-4Sjluster (Redl, Red2  data collection and refinement methods, and of the derived
structures) are not biased by the starting coordinates usedstructures, for each oxidation state; the latter comparison
Essentially the same approach was used to evaluate thexddresses the effect of reduction on the [3Fet4SJuster
accuracy ofuvalues for the [4Fe-48] clusters inClostri- and the protein for the structures refined against the two best
dium aciduricirefined at 0.94 A resolutior2@). data sets. These comparisons lead to three conclusions. First,
the structures of the [3Fe-4Shnd [3Fe-49) clusters are
RESULTS AND DISCUSSION essentially the same within experimental error, suggesting
Three new high-resolution structures of Fdl have been that the protein may be enforcing an entatic state upon this
refined for comparison with one previously determined high- cluster. Second, the structure of the [3Fe%S8]ster displays
resolution structure. Together, the four structures comprise Significant distortions with respect to the FSg]° synthetic
two of the oxidized protein containing a [3Fe-4Sjluster ~ analogue 19), further suggesting that the observed [3Fe-
(Ox1, Ox2) and two of the reduced protein containing a [3Fe- 4S]”® geometry may represent an entatic state. Third,
4SP cluster (Red1, Red2). Data collection for the Ox2, Red1, conformational change in the protein at AS@s previously
and Red? structures was done using a conventional X-rayobserved15), and at Ly, resolved at 1.4 A, together with
source and fine slicing during data acquisition, resulting in the presence of ordered,® molecules in reduced Fdl,
data of comparable quality to those collected at a synchrotronimplies a mechanism for Htransfer to the [3Fe-43tluster
source for the Ox1 data (Table 1). All four data sets were in agreement with electrochemical and spectroscopic results
collected from crystals frozen at 100 K. The pH of the (43—45).
crystals was 7.8 for the Ox1 data set and 8.5 for the Ox2, Ewidence for Oxidized, Reduced Crystdisllowing data
Redl, and Red2 data sets. The structures have been refinedollection, the crystal used for the Redl data set was
to a common resolution of 1.4 A using a full-matrix least- transferred from the 100 K Nyas stream to liquid Nwithout
squares refinement method without geometric restraints onthawing and subsequently used to record EPR spectra as
the [Fe-S] clusters that results $n values for Fe-S bonds described under Experimental Procedures. The crystal showed
of ~0.01 A (22) (Table 2). Refinement of 15 randomized nog = 2.01 signal whatsoever (Figure 2) for the [3Fe-4S]
models against the Red1 data demonstrates that the refineeluster 85), indicating that it was essentially 100% in the
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Ficure 2: EPR spectra recorded from a Fdl single crystal used
for data collection (Redl data set; Tables 1, 2). (a) The crystal
after data collection and subsequent storage in liquid(B) The
crystal after exposure to air for 2 min, showing partial recovery of
theg = 2.01 signal for the [3Fe-4S]cluster. (c) The crystal after
exposure to air for 2 h, showing complete recovery of the
2.01 signal. The spectrum in (c) was comparable in amplitude to
similarly sized crystals of fully oxidized Fdl.

[3Fe-4S} form during data collection. Upon thawing to room
temperature and exposure to air for 2 min, ghe 2.01 signal

began to appear; after 2 h, the signal was fully recovered

(Figure 2), indicating that the integrity of the [3Fe-4S]
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changes, and because the crystals used for the Red1 and Red2
data sets were treated identically, it is assumed that the Red?2
structure also represents the fully reduced, [3F&-4&ite

of Fd1.

The crystals used for the Ox1 and Ox2 data sets were
handled aerobically and not treated with sodium dithionite
at any time. To test that the Ox2 crystal was not photoreduced
during X-ray irradiation for 10 days, the crystal was
transferred from the 100 K Ngas stream to liquid Nand
used to record EPR spectra as for the Red1 crystal. If the
crystal had become photoreduced, then the reduced state of
the [3Fe-43] cluster could be expected to be maintained in
the N, gas stream at 100 K during data collection, as it was
for the Red1 crystal. However, the intensity of thes 2.01
signal for this crystal was identical before and after reoxi-
dation in air fo 2 h (data not shown), indicating that no
photoreduction had occurred. The crystal used for the Ox1
data set was exposed to a more intense X-ray beam at a
shorter wavelength (Table 1). However, the Ox1 structure
displays the same conformations of Aspnd Lys$* as the
Ox2 structure, consistent with both structures representing
the oxidized state of Fdl. Solution samples of cytochrame
oxidase irradiated for upot2 h atroom temperature with
X-rays from a conventional source (1.47 A) and a synchro-
tron source (1.391.74 A) are also not photoreduced, as
indicated by EPR and optical spectroscop®)(

[3Fe-4S]" vs [3Fe-4SY. Fe—S bonds, FeFe distances,
and theirsu values for the [3Fe-4SP clusters are sum-

cluster in the crystal had not been affected by treatment with marized in Table 4. A schematic of the [3Fe-#SEluster

sodium dithionite or by X-ray irradiation. As discussed
below, the Red1 structure displays distinct conformational
changes at ASp and Ly$* compared to the Ox1 and Ox2

structure with distances and angles from the Red1 structure
is shown in Figure 3. Theuvalues for Fe-S bonds for the
Ox2 structure are only slightly larger than for the Ox1

structures. Because the Red2 structure also displays thesstructure, showing that data of comparable quality can be

Table 4: [3Fe-4S7° Cluster Geometry

distancessuin A

oxidized 1 oxidized 2 reduced 1 reduced 2 model compound
distance (Ox1p (Ox2) (Red1) (Red2) [FesSq0P
Fel-S2 221 2.24 2.23 2.28 2.242
-S3 2.23 2.19 2.24 2.24 2.265
-S4 2.27 2.26 2.23 2.23 2.273
—Sy8 2.29 2.24 2.26 2.26 2.310
Fe2-S1 2.28 2.25 2.32 2.32 2.275
—-S3 2.29 2.23 2.21 2.27 2.250
—S4 2.32 2.29 2.32 2.30 2.333
—Sy16 231 2.26 2.30 2.34 2.327
Fe3-S1 2.28 2.23 2.29 2.35 2.274
—-S2 221 2.21 2.20 2.24 2.251
-S4 2.33 2.29 2.33 2.24 2.310
—Sy49 2.32 2.27 2.28 231 2.316
average 2.28 2.25 2.27 2.28 2.286
SU (range) 0.00810.0111 0.01120.0142 0.01690.0196 0.02580.0325 0.0020.003
SU (average) 0.0097 0.0126 0.0181 0.0295 0.0026
Fel-Fe2 2.73 2.70 2.73 2.72 2.731
Fel-Fe3 2.67 2.66 2.65 2.64 2.712
Fe2-Fe3 2.64 2.64 2.65 2.64 2.665
average 2.68 2.67 2.68 2.66 2.703
SU (range) 0.00590.0074 0.00960.0107 0.01250.0148 0.01930.0227 0.002-0.002
SU (average) 0.0065 0.0097 0.0136 0.0206 0.002

2 Reference22. P Referencel9; Fe and S atoms renumbered for comparison as follows: the [3Pean8]FgSy|° clusters were superposed on
their usS atoms, and the [B8]° cluster was rotated 12@o make the longest FeFe distances coincigée., 2.73 and 2.73 A. The corresponding
atoms as labeled in Figure 2 and @& are therefore [3Fe-4%] Fel, Fe2, Fe3, S1, S2, S3, S4855/16, $49; and [FeS|% Fe2, Fe3, Fel, S2,

S3, S4, S1, S21, S31, S11.
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FiIGURE 3: Schematic diagram of the structure and atom labeling for the [3F8%48]ster in FdI with bond lengths, angles, asulvalues
determined for the Redl structure (Tables 3, 4).

collected with a conventional X-ray source vs a synchrotron 103.9, respectively, in Ox2@). Trends due to bond valence
source, although a much longer time for data collection is are also the same: the average-hgS bond is 0.04 A longer
required. The Ox1 and Ox2 structures show that the [Fe-S]than the average FeS bond in both the Ox1 and Redl
cluster structure can be determined with an accuracy of structures.

~40.01 A in completely independent experiments. In  Based on the above metric parameters and comparisons,

comparing these two experiments, the accuracy4<.02 it can be concluded that the structure of [3Fe#4&8ster
A for Fe—S bonds; of the 12 FeS bonds, 7 agree within 2 in Fdl does not change significantly upon reduction, implying
times this range|0.04), and 5 differ by|0.05—|0.06 A. that the protein restrains its configuration. The previously

The Fe-Fe distances, which are more accurately determined, reported 15) apparently larger differences between the [3Fe-
agree better, indicating that the larger differences in&e  4S[7 clusters for crystals at ambient temperature and at pH

bonds may be statistical outliers. 8 must have been an artifact of the lower resolution<{1.9
Within the range of accuracy defined by tka values, 2.1 A). Also, at lower resolution, restraints on the [Fe-S]
the [3Fe-4S} and [3Fe-49] clusters do not differ signifi- ~ geometry were needed in refinement, and these could have

cantly in structure. For the Red1 and Red?2 structuressihe introduced systematic errors in the model. Further, due to
values are slightly larger due to the lower effective resolution the use of restraints, no direct estimate of the errors in Fe
and lesser completeness of these data sets (Table 1)and S atomic positions could be derived. In the present
apparently, treatment with sodium dithionite is somewhat refinement calculations, the Fe and S atoms are resobed,
deleterious to the crystals. Nevertheless, 10 of the$e values are determined, and the results of two independent
bonds in the better determined Red1 structure agree withinexperiments for each oxidation state agree within the derived
|0.04 A, i.e., £2su from the mean of their values for the range of errors.

Ox1 and Ox2 structures; the Fe31 bond is 0.05 A longer [3Fe-4SP vs [FesS]°. The atomic resolution structure of
and the Fe2S3 bond is 0.05 A shorter (Table 3). Despite the [F&S,]° synthetic analogue reveals asymmetry intrinsic
these two differences, other metric parameters indicate thatto the inorganic corel@). For example, in the absence of a
the [3Fe-4S] and [3Fe-43] clusters have essentially the fourth Fe, the thre@,S atoms are splayed outward so that
same structure within the accuracy of the experiments. In the average,S—Fe—u,S angle is 112.6vs 103.6 for the
particular, the more accurately determined-fFe distances  averageu,S—Fe—usS angle. Also, FeusS bonds are 0.05
agree within/0.02 A in all four structures (Table 4). Further, A longer on average than F@,S bonds. These intrinsic
least-squares superposition of the [3Fe-4S] cores results inasymmetries occur with virtually identical values in the [3Fe-
rms deviations of 0.068 A for Ox1 vs Ox2, 0.040 A for Red1 4S}* and [3Fe-4S]clusters in Fdl (Figure 32Q). However,

vs Red2, and a range of 0.048.065 A for four Ox1/2 vs previous comparison of the [3Fe-4Stluster in the Ox1
Red1/2 comparisons; i.e., differences between the [3F&-4S] structure and the [R84]° synthetic analogue2@) indicated
and [3Fe-4Sj clusters are no greater than the experimental that the protein-bound cluster displays distortions not intrinsic
errors. In terms of angles, the ‘splayed’ conformation of the to the core itself. The fact that the reduced [3Fe%48]ster
core is the same for the Ox1 and Red1 structures; the averagén the Red1l structure is virtually unchanged confirms this
uS—Fe—u,S and u,S—Fe—usS angles are 112°4and result, and it shows that the protein distorts the [3F&-4S]
103.9, respectively, in Redl1 (Figure 3), and 113a&nd cluster relative to the synthetic analogue in the same
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Table 5: [4Fe-4S] Cluster Geometry

distancessuin A

oxidized 1 oxidized 2 reduced 1 reduced 2

bond (Ox1y (Ox2) (Redl) (Red2) clustert cluster IP
Fel-Fe2 2.73 2.71 2.76 2.75 2.760 2.690
Fel-Fe3 2.75 2.70 2.75 2.76 2.719 2.710
Fel-Fe4d 2.78 2.73 2.79 2.78 2.698 2.717
Fe2-Fe3 2.76 2.75 2.77 2.72 2.779 2.730
Fe2-Fe4d 2.77 2.74 2.78 2.74 2.713 2.722
Fe3-Fe4 2.73 2.71 2.72 2.73 2.685 2.752
average 2.75 2.72 2.76 2.75 2.726 2.720
SU (range) 0.00660.0074 0.00860.0104 0.01230.0142 0.01880.0259 0.002-0.002 0.002-0.003
SU (average) 0.0067 0.0085 0.013 0.022 0.002 0.002

aReference 220 Clusters | and |l are [4Fe-48] clusters in the structure @lostridium aciduriciferredoxin refined at 0.94 A resolutio2).
Cluster | has ligands C§sCys't, Cys, and Cy4’ to Fel, Fe2, Fe3, and Fe4, homologous with ligands’ Gygs'é, and Cy4° to the [3Fe-4S]
cluster (Figure 3). Cluster Il has ligands €y<Cys”, Cys'%, and Cy4® to Fel, Fe2, Fe3, and Fe4 which have been renumbered to correspond to
the Fdl [4Fe-4S} homologous ligands C¥% Cys®, Cys'?, and Cyé®to Fel, Fe2, Fe3, and Fe22).

oxidation state. This is particularly evident in the-Fee reduced [Fg54] " cluster synthetic analogues, the fine details
distances (Table 4). Whereas the synthetig$gé cluster of the core geometry vary in response to extrinsic factors
has two long and one short +&e distance, the protein- and affect the ground spin statglf. In the Ox1 structure,
bound [3Fe-4S]° clusters have two short and one longFe the [4Fe-4S]" cluster is compressed along one of three
Fe distance. The change in geometry is primarily due to a cluster pseudo-4-fold axes by 0.03 AR2j. The most
large difference in one such distance. The+E&3 distance,  significant compression occurs along the same axis in the
with an average length of 2.66 A in the best determined Ox1, Ox2, Red1, and Red2 structures (0.02, 0.04, and 0.06 A,
Ox2, and Red1 structures, is shorter by more than 0.05 A respectively). This result independently confirms the similar-
compared to the corresponding 2.712 A distance in the ity of the [4Fe-4S]* cluster in all four refined structures.
[FesSi]° cluster. A difference of 0.05 A is 5 times the derived Tetragonal distortion occurs for one of the [4FeSJusters
suvalues of~0.01 A for Fe-Fe distances in these structures. (cluster Il) in the 0.94 A resolution structure Gfostridium
The Fel-Sy8 and Fe3-S2 bonds are also significantly acidurici Fd (23). In this case, the compression is 0.051 A,
shorter in the protein-bound clusters than in the synthetic and interestingly it occurs in the same direction as in Fdl,
analogue. suggesting that the homologous protein environments induce
From these results, it is apparent that the protein distortsthis cluster configuration. In Fdl, the opposite faces of the
the [3Fe-4S] cluster relative to the geometry of the BSg° [4Fe-4St' cluster normal to the axis of compression stack
core bound to a symmetrical tripodal thiolate ligand. This on Phé (Cys*® and Cy#° ligands) and P& (Cys?® and Cy#?
observation, and the fact that the [3Fe-4@hd [3Fe-43] ligands); inC. acidurici Fd, the opposite faces of the cluster
clusters have the same structure, suggests that the conformastack on the homologous residues TY€ys’” and Cy43
tion of the [3Fe-4Sj° cluster in Fdl may represent an entatic ligands) and Prd (Cys'® and Cy#° ligands). It is unlikely,
state. An entatic state for the [3Fe-48Fluster in Fdl could however, that this common geometric feature plays a role
be expected to facilitate the rate of electron transfer as it in determining the cluster reduction potential, due to the large
does for the blue Cu center in plastocyar®. ( difference in potential between the two proteirs660 mV
[4Fe-4SF' Clusters.The [4Fe-4S7" cluster in Fdl hasa  vs —420 mV).
potential of —650 mV and is not reduced by sodium Oxidized and Reduced FdThe [3Fe-4Si cluster, its
dithionite at pH 8.533). Consequently, the geometry of this Cys ligands, and the binding loop of residuesi® in the
cluster could be expected to be the same in the four Ox1, Ox2, Redl, and Red2 structures are superposed in
independently refined structures within the limits of the Figure 4. The [3Fe-43]° clusters and $ ligand atoms
experimental errors. Out of 24 possible-Hee distances, superpose very closely. The protein portions of these
all but 3, each involving Fel in the Ox2 structure, are the structures are also very similar, but with key differences at
same within the ranges sfivalues (Table 5). In six pairwise  specific residues proximal to the [3Fe-48luster. Overall,
least-squares superpositions, the rms deviations betweerthe rms deviations in six pairwise least-squares superpositions
[4Fe-4S}t-derived structures range from 0.043 to 0.070 A, of the four Fdl structures range from 0.18 to 0.42 A for all
independent of oxidation state of the [3Fe-4%¢luster. The atoms, and from 0.09 to 0.12 A for main chain Ne,CC,
range and magnitude of these values are no different thanand O atoms. Differences between oxidized vs reduced
those for the superposed [3Fe-#SElusters. This reproduc-  structures are no greater than between the independently
ibility is remarkable in light of the~1 A change in the unit  determined oxidized or reduced structures. However, there
cell c axis due to freezing artifacts (Table 1). The similarity are distinct differences at A§pand Ly$* and to a lesser
of the [4Fe-4F)" cluster structures confirms the reproduc- extent at Tyt® and Thi#4, and these are consistently observed
ibility of the refinement results and the similarity of the [3Fe- in the Ox1 and Ox2 structures vs the Redl and Red2
4S]" and [3Fe-49) clusters. This is turn highlights the structures. In particular, the torsion angle of As{ differs
difference between the [3Fe-48]Fdl and [FgS4]° synthetic so that the carboxyl group is rotatedd0° in the Red1 and
clusters. Red2 structures relative to the Ox1 and Ox2 structures.
The [4Fe-4SY" cluster in Fdl exhibits tetragonal distortion  Associated with this conformational change there is a small
as observed in synthetic [F®&]?t clusters 17, 22. In change in thep angle for Asp® affecting the carbonyl of
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Asp 15 Cys 16 changes in FdI upon reduction can also be explained in terms
by of electrostatic repulsion and the new conformation of*Asp
! /‘ Ordering of the Ly%* side chain is apparently due to superior

hydrogen bond geometry with A¥p(Figure 6). Ly$*
changes conformation in the ASp~Asn mutant of Fdl as
well; in this case, the side chain reorients to hydrogen bond
to the carbonyl of Ly#® in the absence of negative charge
(43). In the Red1 structure, an additiona}® molecule is
ordered adjacent to Ffp perhaps due to improved hydrogen
E*,’Edg bonding with a HO in direct contact to Asp (Figure 6).

The small shift of the aromatic ring of T¥raway from the
[3Fe-4SY cluster may also be due to electrostatic repulsion.
Together, the responses of the protein to the [3F&elGter,
[3Fe-45] observed in both the Red1 and Red2 structures, are consistent
with the single-crystal EPR data that the cluster is indeed
reduced in these structures.

E _‘ , NH---S Hydrogen Bondd\NH---S hydrogen bonds have
y A long been recognized as playing a key role in selecting the
cptt Iy °
C
| TP
o

oxidation states and reduction potentials of [Fe-S] clusters

N
Cys 8 in proteins B62). Theoretical calculations using crystal
structures and incorporating electrostatic and solvent acces-
sibility effects show that Coulombic interactions between the

protein and the [Fe-S] cluster, due in large part to amide
dipoles, are a major factor in determining reduction potential
(6). Decreases in average NH5 hydrogen bond length upon
reduction ofChromatiumeinosumHiPIP (13) andPyrococ-

Ficure 4: Least-squares superposition of four structures of oxidized cus furiosusRd (14) support the hypothesis that these

and reduced Fdl refined at 1.4 A resolution showing main chain

atoms of residues-816, Cys ligands, side chains of G§sTyr!3 interactions stabilize the reduced state. In Fdl, six potential
and Asps, and the [3Fe-43]° clusters. Ox1, red; Ox2, yellow;  NH---S hydrogen bonds occur for both the [3Fe-4%and
Red1, blue; Red2, green. [4Fe-4St clusters (Table 6). Based mu values, one of

these, between T and au,S atom of the [3Fe-4S)P
cluster, gets significantly shorter in the Red1 structure (Figure
4). On average, there is @0.04 A decrease of NHS
hydrogen bond length at the [3Fe-48]cluster vs a~0.02

A decrease at the [4Fe-£Scluster. Overall, this difference

is small and not statistically significant. A lack of change in
he NH--S interactions is consistent with the suggestion that

Thr!4, Also associated with the change at Asis a distinct
ordering of the side chain of L§% a residue in hydrogen
bonding contact with Asp. In the Ox1 and Ox2 structures,
the Ly$* side chain adopts two alternate conformations
which refine with 65% and 35% relative occupancy. How-
ever, in the Red1 and Red2 structures, this side chain adopt
T2 Aresoluiion ahow the disordsred densiy for thertys (1€ Protein imposes an entatic state pon the [3FeS)
side chain in the Ox1 structure (Figure 5A) and the discretely cluster.
ordered density for this side chain in the Redl structure H' Transfer to the [3Fe-4S]Cluster. Previous experi-
(Figure 5B). These maps also show the fit for the oxidized ments have established that Asparticipates directly in
vs reduced conformations of ASpto the density, and the ~ protonation of the [3Fe-43Fluster in Fdl to form a [3Fe-
presence of additional peaks for orderegbHmolecules in ~ 4SP-H™ cluster #3—45). Chemical and structural arguments
the Red1 structure. The only other significant conformational imply that protonation occurs at theS atom nearest to the
change in the reduced vs oxidized Fdl structures is a 0.15 A solvent-accessible surface of the protein. The Ox1 and Redl
shift of the Ty#3 aromatic ring away from the [3Fe-45]  structures of Fdl are superposed in Figure 6. The concerted
cluster (Figure 4). structural rearrangements that occur upon reduction suggest
Previous structural studies of oxidized and reduced Fdl at three specific steps of a mechanism by which'aistelayed
pH 6 and 8 at room temperature and at-1292 A resolution from solvent to the S1 atom of the [3Fe-48]uster. First,
revealed conformational changes at Ksponsistent with  electrostatic repulsion between the Asgarboxyl group and
increased negative charge on the [3Fe24&8ister but the cluster repositions the carboxyl group. Second, the side
equivalent net charge on the [3Fe-28[" cluster (L5). This chain of Ly$* acts as a ‘latch-key’ to capture the reduced
effect is confirmed in the 1.4 A refined structures at pH 8.5. state conformation of Asf As a result of improved
In the reduced state, the carboxyl group of Rsmtates, hydrogen bond geometry between Asand Ly$?, the lysine
increasing the distance between it and the neasSsatom side chain becomes ordered; in contrast, it is partially
of the [3Fe-4S] cluster (Figure 6). In the Ox1 structure, the disordered in the Ox1 and Ox2 structures, suggesting that
shortest such distance is 4.59 A; in the Red1 structure, itthe oxidized state conformations of A8mand Ly$* are
becomes 4.92 A. Because the Aspide chain is solvent-  energetically less favorable. This situation facilitates rear-
exposed and expected to be ionized at pH 8.5, the confor-rangement to the reduced state. Third, the reduced state
mational change is presumably due to increased electrostaticonformation of the AsP—Lys® salt bridge and the
repulsion between Adp and the [3Fe-48]cluster. Other  electrostatic field induced by the [3Fe-48]uster promote
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FIGURE 5: Stereo figures of the|Bo|—|F¢| electron density maps at 1.4 A resolution showing residues at the protein surface adjacent to the
[3Fe-4S}/0 cluster. (A) The Ox1 structure showing the disorderedét.g&le chain and kD molecules adjacent to the ASpLys8 salt

bridge. (B) The Red1 structure showing an ordered conformation fo*Lysiew conformation for Asp, and additional HO molecules
adjacent to the ASp—Lys®* salt bridge. The maps are contoured at 1, 3, amd 5

ordering of HO molecules at the protein surface (Figure 5A However, conformational change of A8gan be modeled

vs 5B, Figure 6), providing a source of protons. starting from the Ox1 and Red1 FdlI structures. Protonation
Proton transfer from Aspto the [3Fe-4S]cluster is rapid, of Asp'® from solvent in the reduced state conformation will

~1300 s* (45), and cannot be visualized in crystal structures. relieve the electrostatic repulsion between it and the cluster.
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Table 6: NH--S Hydrogen Bonds

distancessuin A

oxidized 1 oxidized 2 reduced 1 reduced 2 [AO
hydrogen bond (Ox1p (Ox2) (Red1) (Red2) (Red-0Ox)
[3Fe-4S] Cluster
S1-N Cys'® 3.39 3.46 3.39 3.39 —0.04
S2—-N Tyr®3 3.52 3.58 3.43 3.37 —0.15
S3-N Thr* 3.28 3.30 3.22 3.25 —0.06
Sy8—N Leu?? 3.63 3.61 3.58 3.61 —0.03
Sy49—N Ala5* 3.35 3.37 3.39 3.32 —0.01
Sy49—N Ala53 3.40 3.38 3.46 3.37 +0.03
su(average) 0.03 0.03 0.05 0.08
[4Fe-4S] Cluster
S1-N Ala® 3.32 3.24 331 3.21 —0.02
S4—N lle*® 3.46 3.44 3.563 3.36 —0.01
Sy20—N Cys* 3.61 3.58 3.66 3.55 +0.01
Sy39—-N Phé 3.43 3.36 3.39 3.40 0.00
Sy39—N Asp* 3.36 3.39 3.44 3.25 —0.03
Sy42—N Leut 3.53 3.50 3.54 3.42 —0.04
su(average) 0.03 0.03 0.05 0.07

a All hydrogen bonds have NS distances<3.60 A in at least one structure, and all have i--S angles>130°. » Reference22.

S1 distance of 3.25 A, the sum of the atomic van der Waals
radii, the @; atom is 2.1+2.5 A from hydrogen atoms on
Tyr3 CS and Pr&° Co. These contacts would require a small
adjustment of the protein conformation to accommoed&tes

A van der Waals distances betweed:OCS3-H, or C-H
atoms. Regardless, it is possible for Aspo approach
sufficiently close to S1 for H transfer to occur with only
small conformational changes being required. Together, these
considerations based on the Ox1 and Red1 structures of Fdl
provide a detailed mechanism fortHransfer to the [3Fe-
4SP cluster.
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