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All the following chemicals: �-(5´-Adenosyl)-L-cysteine (SAC); 5´-deoxyadenosine; L-
Methionine; sodium pyruvate; sodium glyoxylate; formaldehyde; L-penicillamine; L-
Cysteine and L-Cystine were purchased from Sigma-Aldrich. Seleno-L-cystine and 
Tiron were purchased from Fluka and the CHAPS detergent was purchased from 
Calbiochem. 13C-labeled pyruvate (3-13C) and 13C,15N-labeled cysteine were 
purchased from Eurisotop. 

�����������
 
�������� ��� ���� ��������������� ���������� ���� �������� ��� ����� �����
����������������������������� 
In order to improve the structural homogeneity of the protein samples for 
crystallographic analyses, the semi-conserved second FeS cluster was removed by 
mutation of the three C-terminal cysteine ligands to serine. This Cys to Ser (C311S-
C319S-C321S) triple mutant of the accessory FeS cluster ligands was obtained 
following the QuikChange® site-directed mutagenesis kit strategy as previously 
described1. Our pStrepTmHydE plasmid served as template and the following 
primers: 
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�������� 5´-GAGAAGGACACTGCGTCTATTCCCTCCGTGATGAAGATGATA-3´; 
�������� 5´-CGCAGTGTCCTTCTCGAAAACGGAGATCTTTCCAGGATA-3´  
were used to produce the pStrep��HydE�FeS construct. The correctness of the 
cloned DNA sequence was confirmed by sequencing the entire gene. 
 
�������������������������������������
The sample used for enzymatic kinetic experiments in crystals (datasets ��, ��, �� 
& ��,� Table S1) was prepared without ��� ����� FeS cluster reconstitution. The 
��HydE�FeS gene was co-expressed with the ��� operon and ���� (�-adenosyl-L-
methionine synthase) using an ��� ���� BL21-CodonPlus(DE3)-RIL strain containing 
both pStrep��HydE�FeS and pRSF-ISC-MetK plasmids2. Cells were grown at 37°C in
buffered TB medium supplemented with 50 mM MOPS/KOH pH 7.1, 0.5% D-
glucose, ampicillin (100 µg.ml-1), kanamycine  (50 µg.ml-1) and chloramphenicol (35 
µg.ml-1) until the culture reached an OD600 of about 0.4. The temperature was then 
lowered to 20°C and after 30 min, the culture was transferred to 2 L sealed bottles 
inside an anaerobic glove box at 20°C. From this point on, all the procedures were 
performed anaerobically. After 15 min, the bottles were opened and incubated under 
mild shaking until the OD600 reached 0.7. We considered that by then the medium 
had equilibrated with the glove box atmosphere and the culture was under strict 
anaerobic conditions. The medium was then enriched with ammonium ferric citrate 
(40 µM), L-Cysteine (400 µM), MEM Vitamin solution 100X (SIGMA M6895) (12 
mL.L-1) and sodium fumarate (25 mM). Protein expression was induced at an OD600 
slightly above 0.8 with the addition of 10 µM isopropyl-�-D-1-thiogalactopyranoside 
(IPTG) and cells were grown overnight at 20°C before harvesting. The cell pellets 
were re-suspended in anaerobic low salt buffer (100 mM Tris pH 8.0; 50 mM NaCl) 
supplemented with EDTA-free protease inhibitor cocktail and then disrupted by 
sonication on ice inside the glove box (2 s 35% amplitude, 10 s pause, 2.5 min total 
time). Crude extract was subsequently cleared by ultracentrifugation in sealed tubes 
at 100,000 × g during 30 min at 4°C. The clarified supernatant was filtered, and 
loaded onto a streptavidin-agarose column (Iba®) equilibrated with anaerobic low-
salt buffer. After an extensive wash step, the protein was eluted with a 1 mM 
desthiobiotin solution. The protein fractions were concentrated by ultrafiltration (30 
kDa molecular weigh cut-off) to 8 mg.mL-1 and subsequently applied to a Superdex 
S-75 column previously equilibrated with anaerobic low-salt buffer (100 mM Tris pH 
8.0; 50 mM NaCl). The protein fractions corresponding to the monomeric form of 
��HydE were pooled and concentrated to 12 mg.mL-1 by ultrafiltration.  

Protein expression of the selenium-substituted cluster-containing sample 
(datasets ���� �� & ��, Table S1) was carried out aerobically. ��� ���� BL21-
CodonPlus(DE3)-RIL cells transformed with the pStrep��HydE�FeS plasmid were 
grown in LB medium containing ampicillin (100 µg.ml-1) and chloramphenicol (35 
µg.ml-1) at 37°C. Neither iron nor L-cysteine were added to the growth medium. 
When the culture reached an OD600 of about 0.8, protein expression was induced 
with 0.5 mM IPTG and the cells were grown for an additional 3.5 hours before 
harvesting, flash freezing and storage at -80°C. The pelleted cells were washed, then 
re-suspended in iron chelation buffer containing 100 mM Tris pH 8.0, 50 mM NaCl, 5 
mM EDTA and 5 mM Tiron, supplemented with a protease inhibitor cocktail. Cells 
were then disrupted by sonication on ice (2 s 40% amplitude, 8 s pause, 3 min total 
time). The crude extract was subsequently cleared by ultracentrifugation at 180,000 × 
g during 1 h at 4°C. The clarified supernatant was transferred to a glove box, filtered 
and loaded onto a streptavidin-agarose column equilibrated with low-salt buffer 
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containing 100 mM Tris pH 8.0 and 50 mM NaCl. Before elution, the column was first 
washed with 1.5 column volumes (CV) of iron chelation buffer and then with 3 CV of 
anaerobic low-salt buffer. The protein was eluted with 1 mM desthiobiotin. The 
purified apo-protein was concentrated by ultrafiltration (30 kDa molecular weigh cut-
off) to 30 µM and incubated with 5 mM DTT for 15 min. Then, 10 molar equivalents of 
seleno-L-cystine and 0.01 molar equivalents of NifS from ������������ ����������3 
were added and the solution was incubated, under mild stirring, for 30 min. 
Subsequently, 10 molar equivalents of (NH4)2Fe(SO4)2 were added drop-by-drop to 
the mixture. After 30 min incubation, the dark solution was heated to 70°C for 20 min, 
then filtered and loaded onto a GE Healthcare HiPrep 16/60 Sephacryl S-100 HR 
column, buffered with anaerobic low-salt buffer. The ��HydE�FeS fractions were
pooled and the Se-reconstituted desalted protein (Se-sub) was concentrated to 12 
mg.ml-1. 

The HydE protein from �������������������������� (��HydE) used for �������� 
assays was purified according to the following procedure. ��� ���� cells BL21(DE3) 
cells transformed with the pStrep��HydE plasmid coding for the following protein 
sequence: 
MWSHPQFEKASNIIKLINKAEVTHDLTKDELVTLLKDDTHNEEIYKAADRVREKYVGEEVHL

RGLIEFSNICKRNCMYCGLRRDNKNIKRYRLEPDEIIHLAKSAKNYGYQTVVLQSGEDDYYT

VEKMKYIVSEIKKLNMAITLSIGEKTFEEYEEYRKSGADRYLIRIETTDKELYEKLDPKMSH

ENRINCLKNLRKLGYEVGSGCLVGLPNQTIESLADDILFFKEIDADMIGVGPFIPNEDTPLG

EEKGGEFFMSVKVTALIRLLLPDINIPATTAMESLYPNGRSIALTSGANVVMPNVTEGEYRK

LYALYPGKICVNDTPGHCRQCISLKINKINRKVSATKGFRKKSYKESIG, were grown at 
37°C in LB medium with kanamycine (50 µg.mL-1) until the culture reached an OD600 
of about 0.6. The temperature was then decreased to 21°C and the medium was 
complemented with ammonium ferric citrate (250 µM). Protein expression was 
induced at a OD600 0.8 by the addition of 1mM IPTG and cells were grown overnight 
at 21°C before harvesting. The cell pellets were re-suspended in 50 mM Tris, 300 
mM KCl pH 8.0 (Tris buffer) supplemented with EDTA-free protease inhibitor cocktail 
and disrupted by sonication on ice (5 s 65% amplitude, 30 s pause, 3 min total time). 
The crude extract was subsequently cleared by ultracentrifugation (150,000 × g, 
1h30) at 4°C. The supernatant was loaded onto a Strep-Tactin column (Iba®) 
equilibrated with Tris buffer. After an extensive wash step, the protein was eluted with 
the same buffer containing 3 mM desthiobiotin. The protein fractions were 
concentrated by ultrafiltration (30 kDa molecular weigh cut-off) to ~8 mg.mL-1 and 
frozen. ��HydE was anaerobically reconstituted by adding a 10-fold excess of 
Fe(NH4)2(SO4)2 and Na2S at 12°C. The enzyme preparation was further purified by 
size exclusion chromatography before enzymatic assays performed in Tris buffer pH 
8. 
 
����������������������������
MALDI-TOF mass spectrometry analysis of 5´-dA and SAC was performed on a 
Voyager DE PRO (Applera, France) in the reflector mode with �-cyano-4-
hydroxycinnamic acid as a matrix. 
 
����������������������������������������
Crystals that produced datasets �� to �� (Supplementary Table S1) were obtained 
as previously described4; minor modifications were applied to the protocol as follows: 

��As the ������� reconstituted protein used for crystals ��������������� purifies 
with its [Fe4S4] cluster and SAM, no cofactor was added to the crystallization solution. 
10 �l of ��HydE�FeS protein sample was incubated with 20 �l of 50 mM Tris pH 8.0; 
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30mM CHAPS. Hanging drops were prepared by mixing 3 �l of this solution with 1 �l 
of a solution containing 22-26% PEG 4000; 100 mM Tris pH 8.0; 200 mM Li2SO4. 
Crystals were soaked for 2 h in a cryoprotecting solution containing: 30% PEG 4000; 
20% glycerol, 80 mM CHAPS; 50 mM Tris pH 8.0; 100 mM Li2SO4; 20 mM (2�,4�)-
MeTDA (crystals �� and ��) or (2�,4�)-MeSeTDA (crystals �� and ��), 
respectively. Crystals were subsequently washed in a fresh cryoprotecting solution 
that did not contain the ligands, composed of 30% PEG 4000; 20% glycerol, 80 mM 
CHAPS; 50 mM Tris pH 8.0; 100 mM Li2SO4 during 30 min prior to anaerobic flash-
cooling (crystals �� and ��). For the enzymatic kinetic experiments, crystals used to 
collect datasets �� and �� were subsequently washed twice during 30 s in two 
successive 10 �L drops of cryoprotecting solution without (2�,4�)-MeTDA. The
transfers were performed using a cryo-loop to minimize the volume of solution 
brought along with the crystal. The crystals were finally soaked in a fresh 
cryoprotecting solution containing: 30% PEG 4000; 20% glycerol, 80 mM CHAPS; 50 
mM Tris pH 8.0; 100 mM Li2SO4; 12 mM Na2S2O4 and flash frozen at different times 
(2 hours for crystals �� and ��). 

���� was obtained by co-crystallization of Se-substituted ��HydE�FeS sample 
with 10 molar excess of 5´-dA and 10 mM L-Methionine, by the same procedure that 
led to the 3IIX dataset5. Crystallization conditions: 100 mM Tris, pH 8.0; 200 mM 
Li2SO4; 26-28% PEG 4000; 80 mM CHAPS. The crystals were soaked for 30 min in a 
cryoprotecting solution containing: 30% PEG 4000; 20% glycerol, 80 mM CHAPS; 50 
mM Tris pH 8.0; 100 mM Li2SO4; 20 mM 4�-MeSeTDA (mixture of the two epimers). 
Anaerobic flash cooling of the crystals was carried out inside the glove box as 
previously described6. 

��A similar procedure was used to obtain the �� crystal, except that 10 molar 
excess �-adenosyl-L-cysteine (SAC) replaced 5´-dA and the cryoprotecting solution 
contained no additional ligands. Crystallization conditions: 100 mM Tris, pH 8.0; 200 
mM Li2SO4; 24% PEG 4000; 80 mM CHAPS. Cryoprotecting solution: 30% PEG 
4000; 20% glycerol, 80 mM CHAPS; 50 mM Tris pH 8.0; 100 mM Li2SO4. 

���� and��� crystals were grown by co-crystallization of ��HydEWT sample with 
10 molar excess of �-adenosyl-L-homocysteine (SAH) and 20 mM of 4�-1,3-
thiazolidine-2,4-dicarboxylic acid, and 4�-1,3-thiazolidine-4-carboxylic acid, 
respectively. 10 �l of protein sample was incubated with 10 �l of 100 mM Tris pH 8.0 
buffer containing 40 molar excess of SAH and 60mM CHAPS prior to crystallization. 
Hanging drops were prepared by mixing 2 �l of this solution with 1 �l of a solution 
containing 23 % PEG 4000; 100 mM Tris pH 8.0; 200 mM Li2SO4 and 1 �l of solution 
containing 80 mM of ligand. The cryoprotecting solution contained 30% PEG 4000; 
20% glycerol, 80 mM CHAPS; 50 mM Tris pH 8.0; 100 mM Li2SO4; 20 mM of ligand 
(4�-1,3-thiazolidine-2,4-dicarboxylic acid, and 4�-1,3-thiazolidine-4-carboxylic acid, 
respectively). 

���� was obtained by co-crystallization of a Se-substituted ��HydE�FeS sample 
with 10 molar excess of �-adenosyl-L-homocysteine (SAH) and 25 mM of 4�-2,5,5-
trimethyl-1,3-thiazolidine-2,4-dicarboxylic acid (4�-TMeTDA; 2� and 2� epimer 
mixture). 10 �l of protein sample were incubated with 10 �l of 100 mM Tris pH 8.0 
buffer containing 40 molar excess of SAH and 60 mM CHAPS prior to crystallization. 
Hanging drops were prepared by mixing 2 �l of this solution with 1 �l of a solution 
containing 24% PEG 4000; 100 mM Tris pH 8.0; 200 mM Li2SO4 and 1 �l of solution 
containing 100 mM of 4�-TMeTDA ligand. The cryoprotecting solution contained 
30% PEG 4000; 20% glycerol, 80 mM CHAPS; 50 mM Tris pH 8.0; 100 mM Li2SO4; 
25 mM 4�-TMeTDA. 
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������������������������������������������
The X-ray crystal structures were refined using REFMAC from the CCP4 Package7.  
Geometric restraints for [Fe4Se4] cluster were manually adjusted based on the their 
standard library description and on a 1.18 Å resolution dataset of a seleno-
substituted ��HydE crystal previously solved in our laboratory. The geometric 
restraints for ligands that lack a standard library description were generated with 
ProDRG8 from the CCP4 program suite. The initial three-dimensional 1,3-thiazolidine 
models were based on our high-resolution structures and a geometry optimization 
step was performed in ProDRG, prior to restraints generation. Although SAM has a 
standard library topology file, a new file was generated using ProDRG because some
of its atomic distances in the standard library are erroneous. As an example, it gives 
a 1.66 Å bond length for the C-S bond instead of the more canonical 1.82 Å bond 
length observed in the CSD9. In ��, the �-(5´-adenosyl)-L-selenocysteine ligand was 
modelled as a selenocysteine linked to 5´-deoxyadenosine. A modified 
selenocysteine topology file with lower restraints for atomic distances was used for 
the refinement of this structure. All data processing and refinements statistics are 
summarized in Supplementary Table S1. Anomalous scattering electron density 
peaks were used to track the thiazolidine-derived selenium atom in the structure, 
even at low occupancy. �
����������������������
All QM calculations were performed using the Schrödinger suite10. Our starting model 
for the 5´-dA• attack on (2�,4�)-MeSeTDA was the X-ray structure containing 5´-dA 
and (2�,4�)-MeSeTDA (�� in Table 1). We first constructed a quantum minimal 
model for the radical, namely CH3CH2•, using the coordinates of the C4´ and C5´ 
atoms in 5´-dA; hydrogen atoms were also constructed and optimized. Both (2�,4�)-
MeSeTDA carboxylate groups were protonated in order to mimic the local charge 
compensation arising from hydrogen bonding to the protein. The�(2�,4�)-MeSeTDA�
nitrogen atom N3 was singly protonated considering its pKa of 5.8611. The DFT 
method implemented in Jaguar10 was employed with the B3LYP hybrid functional and 
the lacvp** basis set. Results were compared to the BHandHLYP functional12 that, 
contrary to B3LYP, partially takes non-dynamical electron correlation into account. 
Note: in all reaction path calculations, the geometries of the reactant, transition state 
and product are very similar with both functionals; the main difference resides in the 
transition state energy relative to that of the reactant; besides with the BHandHLYP 
the activation energy is 2 to 4 times higher than the one obtained with B3LYP. 
However, the reaction remains possible. 
  The C5´-Se1-C2 radical attack angle observed in the protein (166° in the crystal 
structure) was kept to its initial value during the scan of the C5´-Se1 distance from 
3.29 to 1.89 Å, geometry-optimizing all atoms. We then optimized the reactants and 
product and a transition state for the C5´-Se1 bond formation and concomitant Se1-
C2 bond cleavage, (Fig. 4a, top). Vibrational frequency calculations were performed 
to verify that all the minima had positive frequencies and that the transition state had 
only one imaginary frequency. Using the intrinsic reaction coordinate method, we 
verified that the pre-reactive and post-reactive complexes corresponded to the C5´• 
radical attack and the C5´-Se1 bond formation, respectively. Single energy point 
calculations were done with the lacv3p** basis set for Se and the cc-pVTZ(-f) basis 
set for all other atoms. 



�

� 6

SUPPLEMENTARY INFORMATION

To see the effect of the attack directionality, we placed the CH3CH2• fragment so that 
the C5´-Se1-C5 angle was 166° (Supplementary Fig. S9); the protocol described 
above was used to scan the C5´-Se distance. 
To include the protein matrix influence, we performed calculations using the QSite 
program10. Thus, hybrid quantum mechanical/molecular mechanical (QM/MM) 
calculations allowed us to treat 5´dA• and (2�,4�)-MeSeTDA quantum mechanically 
while the rest of the system was treated with the molecular mechanical OPLS2005 
force field13. Both residue side chains missing in the crystal structure and hydrogen 
atoms were built and the MM part was optimized. The whole system was then 
geometry-optimized, constraining the atoms of residues lying over 10 Å away from 
the atoms belonging to the QM part. Starting from 5´dA• and (2�,4�)-MeSeTDA, we 
then scanned the C5´-Se1 distance with the protocol described above (Fig. 4a 
bottom). 
Finally, to evaluate the role of the iron sulfur cluster in the reaction (Figs. 4b, 4c and 
Supplementary Fig. S10), we geometry-optimized three models where the QM part 
consisted, on the one hand, of the 3 cysteine side chains coordinating the cluster, the 
glutamate side chain interacting with the ribose moiety, the arginine side chain 
interacting with the 1,3-thiazolidine carboxylate group bound to C2 and, on the other 
hand, either i) the reduced [Fe4S4]

+1, SAM and (2�,4�)-MeSeTDA, ii) the oxidized 
[Fe4S4]

+2, Met, 5´dA• and (2�,4�)-MeSeTDA or iii) the oxidized [Fe4S4]
+2, Met, C2-

centered radical intermediate. The rest of the protein was treated with molecular 
mechanics. Link atoms14 were placed at the QM (C�) / �� (C�) junction of Cys 63, 
Cys 67, Cys 70, Glu 161 and Arg 159.  
In [Fe4S4] clusters, the iron ions exhibit local 5/2 (ferric) and 2 (ferrous) high spin 
configurations. We used the broken symmetry (BS) method to model both an 
oxidized and a reduced [Fe4S4] cluster15. The oxidized cluster state consists of two 
mixed-valence high-spin (S=9/2) iron (formally FeII-FeIII) pairs antiferromagnetically 
coupled, yielding a cluster spin multiplicity Ms = 016. We tested the three possible 
oxidized states, namely, BS12 (initial spin counts: Fe1 = 5/2, Fe2 = 4/2, Fe3 = -5/2, 
Feu = -4/2), BS13 (Fe1 = 5/2, Fe2 = -5/2, Fe3 = 4/2, Feu = -4/2), and BS23 (Fe1 = 5/2, 
Fe2 = -4/2, Fe3 = -5/2, Feu = 4/2). Here, we present the results for BS12, which was 
the most stable state for the oxidized cluster. The reduced cluster state consists of 
one high-spin (S=9/2) mixed-valence iron (formally FeII-FeIII) pair and a high-spin 
(S=4) ferrous pair (FeII-FeII) antiferromagnetically coupled, yielding a total cluster spin 
of S =1/2. We tested the three possible reduced states, namely, BS12 (Fe1 = 5/2, Fe2 
= 4/2, Fe3 = -4/2, Feu = -4/2), BS13 (Fe1 = 5/2, Fe2 = -4/2, Fe3 = 4/2, Feu = -4/2), and 
BS23 (Fe1 = -4/2, Fe2 = 5/2, Fe3 = 4/2, Feu = -4/2). The three other states, where the 
unique iron is ferric, were not tested as they had been previously excluded5. Here, 
we present the results for BS13, which was the most stable state for the reduced 
cluster. Models presented in Figs. 4b, 4c and Supplementary Fig. S10 were 
geometry-optimized using a QM/MM potential with (i) the BLYP functional to slightly 
exaggerate covalency and ease orbital interpretation5 and (ii) the lacvp** basis set. 
Single energy point calculations were done with the lacv3p** basis set for the metals 
and the cc-pVTZ(-f) basis set for all other atoms. Orbital analyses for all the states 
were done by extracting the QM atoms for the sake of clarity; both carboxylate 
groups were protonated to take into account H-bonding with the protein matrix. This 
allowed us to characterize the radical and its transfer to (2�,4�)-MeSeTDA (see 
below). All these calculations were repeated with sulfur-containing (2�,4�)-MeTDA 
and the results are very similar to those obtained for (2�,4�)-MeSeTDA 
(Supplementary Fig. S7).�
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Orbital analysis: In a simplified ���������� open-shell Kohn-Sham (RO-KS) scheme 
where all electrons are paired but the highest occupied molecular orbital (HOMO) � 
(which is therefore also here the radical singly occupied � orbital: SOMO �), one can 
follow the radical electron either with the HOMO � or with its empty spin � lowest 
occupied molecular orbital (LUMO) because they are orbitally identical  
(Supplementary Scheme S1a, left). When performing ������������ Kohn-Sham (U-
KS) QM/MM calculations, as we did in this study, spin polarization breaks the � 
������ � orbital symmetry (Supplementary Scheme S1a, right). In our 
experience17,18, orbital mixing within the � spin orbital set may blur part of the orbital 
interaction within the radical SOMO � (which is no longer necessarily the HOMO �: 
see for example Fig. 4c or Supplementary Fig. S10a); in contrast, the LUMO � XholeY
is less affected (being empty) and reflects the evolution of the radical character as 
the reaction proceeds. We therefore used both HOMO � and LUMO � combined to 
visually follow the oppositely oriented radical ������ charge transfers (Supplementary 
Scheme S1b). We also chose to present in some cases the HOMO � (to show where 
the unpaired electron actually is) and/or the LUMO � (to anticipate where the radical 
character will appear).    
�

�
����������������������������������������������������������������������������  
�. Left: schematic restricted-open shell Kohn-Sham (RO-KS) orbital level diagram 
with all doubly and one singly occupied molecular orbitals. The HOMO � (highest 
occupied molecular orbital) and LUMO � (lowest unoccupied molecular orbital) are 
identical except for the spin. Right: unrestricted Kohn-Sham (U-KS) scheme where 
spin polarization (within each spin set) breaks the orbital symmetry between � and � 
spin sets. The HOMO � and LUMO � are no longer identical although they remain 

similar. �. The (� spin) electron transfer from donor B to (radical) acceptor A• (left) 

results in a parallel radical spin transfer from A• to B (now B•: right). Both charge and 
spin transfers can be followed either with the HOMO � or the LUMO �.�
 
���������������� ��������
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The NMR experiments were performed at 300 K on a Bruker Avance III 600 MHz 
spectrometer equipped with a cryoprobe. The 4�-2-methyl-1,3-thiazolidine-2,4-
dicarboxylic acid mixture (originating from a 1:1 mixture of L-cysteine and pyruvate) 
was characterized by 1D, 2D TOCSY and NOESY experiments performed using an 
excitation-sculpting scheme for water suppression and a gradient selected sensitivity 
enhanced 13C-HSQC experiment. 540 �l of 100 mM 4�-MeTDA mixture stock 
solution in water, pH 8.0 were mixed with 60 �l of D2O. For the enzymatic kinetic 
experiment, 615 �l of 200 �M anaerobically reconstituted ��HydE; 50 mM phosphate 
buffer; 300 mM KCl, pH 8.0 were mixed inside a glove box with 70 �l D2O and 7 �l 
100 �M 13C-methyl labelled (2�,4�)-MeTDA ligand stock solution. The reaction was 
followed using a 1D version of the methyl SOFAST pulse sequence to optimize the
experiment sensitivity. In order to prevent any deleterious oxygen access, the 
reaction mixture was anaerobically introduced into a gas-tight J. Young NMR tube 
and rapidly taken out the glove box for immediate NMR analysis. The reaction was 
triggered by addition of 7 �l fresh 100 �M Na2S2O4 just before the NMR 
measurements. 
 



�

� 9

SUPPLEMENTARY INFORMATION

������������

 
�������������� ������� ��� � ����������������� ��� �������������� ���� ��������
���������������������������������������������������� �� Putative mechanism for 
the epimerization of 4�-2-methyl-1,3-thiazolidine-2,4-dicarboxylic acid at C219. The 
minimal distances for methyl proton-H� for each epimer are indicated in red. �� 1D 
1H-NMR spectrum from a 1:1 mixture of L-cysteine and pyruvate (see Fig. 1d). 
Panels ��� �� and� �� 13C-edited HSQC, 2D-NOESY and 2D-TOCSY spectra of the 
same mixture as in �. The 1D 1H-NMR spectrum is added for clarity. The H�, H� and 
methyl protons were assigned from their bonded 13C chemical shift (�). The 
highlighted cross peak observed only in the NOESY spectrum for the main 
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conformation corresponds to a short methyl proton-H� contact and was thus 
assigned to the (2�,4�)-2-methyl-1,3-thiazolidine-2,4-dicarboxylic acid epimer (�). 
 
 

 
�������������� ������� ��� �� ������� ����� ��� ���� ������� ������������ ��������
������ The orientation is the same as in Fig. 1 in the main text. 
 

 
������������������������������������������������������������������������������
���������� �������� The orientation and representation are the same as in Fig. 1. 
The omit maps contoured at 3 � (cover radius 2.0 Å) are depicted as green meshes 
�� crystal �� corresponding to a complex of HydE with (2�,4�)-1,3-thiazolidine-2,4-
dicarboxylic acid (1:1 L-cysteine + glyoxylate mixture). �� crystal �� corresponding to 
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a complex of HydE with 4�-1,3-thiazolidine-4-carboxylic acid (1:1 L-cysteine + 
formaldehyde mixture) and �� crystal �� corresponding to a complex of HydE with 
(2�,4�)-2,5,5-trimethyl-1,3-thiazolidine-2,4-dicarboxylic acid (1:1 L-penicillamine + 
pyruvate mixture). 

 
�������������� ������� ��� �� �������� ������ ����� ���������� ��������� � and �. 
SAC production from (2�,4�)-MeTDA by ��HydE with or without its additional 
[Fe4S4] cluster (��HydEWT and ��HydE�FeS), respectively. The conditions are the 
same as in the ��� ����� analyses performed using ��HydE protein. Traces 
corresponding to t=0 and tfinal (70 min) are depicted. The non-substrate ligand 
(2�,4�)-TMeTDA was also tested, as a control,. As ��HydE, ��HydE produces 
SAC ��� ����� from 1,3-thiazolidines and the second cluster does not play any role 
during the reaction. 
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������������������������������������������������������������������������������
����� ���� ���������������������� ������ �������� ���������� The omit map 
contoured at 4 � (cover radius 3.5 Å) is depicted as a green mesh. It corresponds to 
crystal �� flash cooled after a 2 h reaction started with (2�,4�)-MeTDA 
(Supplementary Table S1). The stick model corresponds to the ��HydE S SAC 
complex (crystal ��) superimposed to crystal ��.�The excellent fit between the model 
and the electron density map strongly supports SAC as the final product of the 
reaction in HydE crystals. This also corresponds to what we observed in solution.�
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�������������� ������� ��� �� ������� ����� ��� ���� ��� ������������������ ���������
�������� ����� ���������� ���� ����������� ��� ���������������� ��� ����� The 
orientation is the same as in Fig. 3 of the main text. The ������� difference maps 
depict the differences between two datasets (� and � and not between a dataset and 
a model as in ����� omit maps). The ������� difference map is very well suited to 
follow even small structural changes resulting from a reaction taking place in 
isomorphous crystals, like in our case (Supplementary Table S1). Using these maps 
we can follow both the gradual conversion of (2�,4�)-MeTDA into SeAC and the 
atomic motions associated with this reaction. All datasets were first scaled to each 
other using SCALEIT from the CCP4 suite7. Phases for Fourier transform 
calculations were calculated using the initial model (crystal ��); phases calculated 
from any of the other models from the kinetic series produced very similar maps. � 
corresponds to the t=45 min - t0 �� double-difference map and � to the t=2 h - t0 
double-difference map. Green and red meshes represent positive and negative 
electron density peaks, respectively. 
�
�
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�
����������������������������������������������������������������������������
������� ����� ��� ������������� ���� ������������ �. Small QM model of the reaction 

where the 5´dA• is modeled as CH3CH2• and �. QM/MM model of the same reaction 
(only the QM part is shown here). The HOMO � and LUMO � are represented for the 
reactant and the HOMO � for the product (see Supplementary Scheme S1 for the 
combined use of HOMO � and LUMO � to follow the reaction). [+] and [-] molecular 
orbital surfaces are depicted in red and blue, respectively (isosurface value = 0.05). 
Standard atom color code is used.�
 

 
�������������� ������� ��� �� ��������� ������� ���������� ����������� ���� ����
���������� R1 and R2 represent the attacking and leaving groups, respectively. In 
the backside mechanism (left), the direction of the forming bond between R1 and S 
lines up with that of the disrupting bond between S and R2. This mechanism is 
reminiscent of the nucleophilic substitution SN2 and leads to an inversion of the 
stereochemistry. Conversely, in a frontside mechanism (right), the bond that is being 
formed between R1 and S is on the same side as the bond being broken between S 
and R2 and the stereochemistry is kept20. 
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�����������������������������������������������������������������������������
������ ���� ������ ����������� The HOMO � and LUMO � are represented for the 
reactant (�) and the HOMO � for the product (�) (see Supplementary Scheme S1 for 
the combined use of HOMO � and LUMO � to follow the reaction). [+] and [-] 
molecular orbital surfaces are depicted in red and blue, respectively (isosurface value 
= 0.05). Standard atom color code is used. 
 

 
������������������������� �� ������������� ���� ���������������� ��� ��������������. 
The combination of SOMO � (which is here the HOMO-5 �) and �. LUMO � show 
that the radical character is located on C2.  Moreover, the LUMO � (�) and HOMO � 
(�) are nearly degenerate (4 kJ.mol-1), causing the partial delocalization of both 
orbitals between the [Fe4S4] cluster and C2. This is reminiscent of what was 
observed before SAM cleavage (Fig. 4b). Notice the presence of the unique Feu iron 
in the LUMO �, which reflects the fact that C2 and Feu orbitally communicate, 
suggesting one electron transfer from C2 back to the [Fe4S4]� cluster. This is also 
supported by the LUMO � (�), located on the [Fe4S4]�cluster, which will be the final 
electron acceptor (see Supplementary Scheme S1 for the combined use of SOMO � 
and LUMO � to follow the reaction). [+] and [-] molecular orbital surfaces are depicted 
in red and blue, respectively (isosurface value = 0.03). Standard atom color code is 
used. 
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������������� �������� ��������������������� ������������������� ��� ��������������� ������������
Dataset ��� ��� ��� ��� ��� ���

PDB code       

Crystal content 
t0 (kinetics); SAM & 

(2�,4�)-MeTDA 
t0 (kinetics); SAM 

& (2�,4�)-
MeSeTDA 

5LdA + L-Met & 
(2�,4�)-MeSeTDA 

tfinal (kinetics); 
L-Met & Se-SAC 

tfinal (kinetics); 
L-Met & SAC SAC & L-Met 

��������������� 
Cell parameters (Å) 51.17   80.02    86.36 51.07   79.10   86.26 50.80   78.87   86.25 51.12   79.46   86.57 50.99   78.97   86.27 50.89   79.34   86.20 

Space group �212121 �212121 �212121 �212121 �212121 �212121 

Wavelength (Å) 0.979844 0.980250 0.979129 0.979677 0.979247 0.979107   

Resolution (Å) 1.45 (1.54-1.45) 1.27 (1.35-1.27) 1.35 (1.43-1.35) 1.32 (1.40-1.32) 1.17 (1.24-1.17) 1.49 (1.58-1.49) 

Rsym, % 4.7 (81.0) 4.9 (62.7) 7.2 (93.9) 5.5 (66.3) 9.7 (174.4) 6.0 (51.1) 

I/� 14.86 (1.69) 13.97 (2.01) 15.27 (1.98) 12.61 (1.80) 19.08 (2.21) 13.73 (2.03) 

CC(1/2) 99.9 (67.0) 99.9 (68.0) 99.9 (74.5) 99.9 (70.1) 99.9 (80.9) 99.8 (74.3) 

Completeness (%) 99.5 (98.6) 99.1 (98.8) 99.8 (99.4) 98.8 (97.6) 99.6 (98.4) 98.9 (93.9) 

Multiplicity 3.4 (3.3) 2.9 (2.8) 5.9 (5.8) 3.2 (3.1) 20.0 (18.9) 3.8 (2.7)

��������������������� 
Rcryst/Rfree

21 16.16/18.80 10.77/13.53 11.90/13.52 11.29/14.67 10.97/13.23 15.03/16.85 

No. of reflections  

Work/Test set 60277/3183 87752/4519 72790/3833 78733/4132 112915/5529 54620/2898 

��������������������������������� 
Bonds 0.0231 0.0264 0.0243 0.0252 0.0269 0.0239 

Angles 2.3962 2.5138 2.2769 2.4474 2.4886 2.3266 

# refined atoms 3729 3577 3638 3593 3631 3703 

Protein 3003 2868 2892 2887 2930 2956 

Water molecules 486 469 506 469 427 503 

Iron atoms 4 4 4 4 4 4 

others 236 236 236 233 270 240 

������������������ 
Preferred/allowed/outliers 95.2% 4.8% 0% 96.1% 3.6% 0.3% 95.6% 4.4% 0% 95.7% 4.3% 0% 95.8% 4.2% 0% 96.4% 3% 0.7% 

�-factor values (Å2) 
Protein 20.57 16.36 15.58 16.68 16.20 18.85 

Ligand 23.58 23.75 20.31 15.76 16.71 17.77 

SAM or 5´-dA 20.64 (SAM) 15.46 (SAM) 11.60 (5´-dA) 16.00 (5´-dA) Not Applicable Not Applicable 

Fe4S4 cluster 18.22 13.32 13.23 13.48 11.94 18.31 
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������������� �������� ���������
Dataset ��� ��� ���

PDB code    
Crystal content SAH & (2�,4�)-TDA SAH & 4�-TCA  SAH & (2�,4�)-TMeTDA 

��������������� 
Cell parameters (Å) 51.07   79.10   86.26 51.00   79.18   86.24 51.11   79.38    86.16 

Space group �212121� �212121 �212121 

Wavelength (Å) 0.979688 0.979774 0.920423 

Resolution (Å) 1.47 (1.56-1.47) 1.18 (1.25-1.18) 1.35 (1.43-1.35) 

Rsym, % 8.5 (68.3) 6.7 (77.9) 4.8 (57.5) 

I/� 8.05 (1.78) 12.65 (1.79) 12.33 (1.58) 

CC(1/2) 99.5 (66.6) 99.9 (70.0) 99.9 (67.0) 

Completeness (%) 98.4 (98.2) 99.6 (98.9) 98.7 (96.3) 

Multiplicity 2.9 (2.8) 4.5 (4.3) 2.7 (2.3) 

��������������������� 
Rcryst/Rfree

21 16.50/18.65 11.78/14.22 11.57/15.28 

No. of reflections   

Work/Test set 56772/3009 109463/5384 73521/3868 

��������������������������������� 
Bonds 0.0216 0.025 00.0247 

Angles 2.2962 2.5914 2.3603 

# refined atoms 3559 3735 3705 

Protein 2874 3045 2951 

Water molecules 448 448 511 

Iron atoms 4 6 4 

others 233 236 239 

������������������ 
Preferred/allowed/outlier

s 
95.9% 3.8% 0.3% 95.9% 4.1% 0% 95.3% 4.3% 0.3% 

�-factor values (Å2) 
Protein 17.63 16.14 18.22 

Ligand 20.36 16.97 16.04 

SAM, SAH or 5´-dA 15.53 (SAH) 14.00 (SAH) 15.84 (SAH) 

Fe4S4 cluster 13.06 11.60 16.86 

The MWSHPQFEKN N-ter strep tag residues and the Cter residue V348 are missing in all the structures. 
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�������������������������For the models we used for calculations (QM/MM models 
in bold), the energies in kJ.mol-1 of the transition state (��) and the product (�), 
relative to the one of the reactant (�), are indicated for the B3LYP and, in 
parentheses, the BHandHLYP exchange correlation (XC) potentials. The evolution of 
the C5´-Se1 (d1) and the Se1-C2 (d2) distances is also given in Å.  

Models Figure  �� ��� ��
(2�,4�)-MeSeTDA 4a, top

E 0.0 (0.0) 9.7 (26.8) -112.8 (-93.9)
d1 / d2 3.50 / 2.15 2.67 / 2.27 2.01 / 4.25 

(2�,4�)-MeSeTDA* S9 
E 0.0 (0.0) 41.0 (61.5) 16.7 (18.0) 

d1 / d2´ 3.60 / 2.00 2.28 / 2.26 2.03 / 3.12 

(2�,4�)-MeTDA� S7a 
E 0.0 (0.0) 24.8 (46.9) -105.7 (-93.9)

d1 / d2 3.50 / 1.93 2.40 / 2.11 1.84 / 4.19 

���������������� 4a, 
bottom

E 0.0 (0.0) 8.2 (31.0) -41.2 (-43.5) 
d1 / d2 3.00 / 2.15 2.57 / 2.32 2.03 / 2.93 

������������� S7b 
E 0.0 (0.0) 27.3 (54.6) -50.8 / -48.7 

d1 / d2 2.88 / 1.94 2.38 / 2.22 1.85 / 2.96 

*This corresponds to the attack along the Se1-C5 bond (Supplementary Fig. S9); d2´ 
is the Se1-C5 distance (in Å).�
�
�������������� ������ ��� �� ����� ���������� ��������� ��� ���� ���������� ��������
����������� ����������� ���� �������� ����������� ��� ���� ����������� ��� ��������
��������������������� The colors in brackets refer to the ones used to represent 
the particular structure in Fig. 3e of the main text. * Indicates that these structures 
contain selenium from (2�,4�)-MeSeTDA rather than sulfur from (2�,4�)-MeTDA. 
These distances can be compared to the tabulated van der Waals radii for the 
corresponding atoms, which are C = 1.70 Å; S = 1.80 Å; Se = 1.90 Å; H = 1.2 Å. This 
comparison indicates that SAM and (2�,4�)-MeTDA are already in van der Waals 
contacts before the reaction. 

Bond ���
�������

���
���������

�����
�������

���
��������

�����
���������

���
���������

���
����������

���
������

Fe-Sδ 3.25 Å 3.23 Å 3.25 Å 2.63 Å 2.67 Å 2.88 Å 2.82 Å 2.78 Å 
Sδ-C5´ 1.86 Å 1.81 Å 1.83 Å 3.50 Å 3.80 Å 3.91 Å 3.91 Å 3.81 Å 
C5´-S1 3.85 Å 3.91 Å* - 3.31 Å* - 2.08 Å* 1.83 Å 1.94 Å 
S1-C2 1.80 Å 1.99 Å* - 1.93 Å* - - - - 

����������������
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Fe4S4 clusters are very common versatile prosthetic groups in pro-

teins. Their redox property of being sensitive to O2-induced oxi-

dative damage is, for instance, used by the cell to sense oxygen

levels and switch between aerobic and anaerobic metabolisms, as

exemplified by the fumarate, nitrate reduction regulator (FNR).

Using the hydrogenase maturase HydE from Thermotoga maritima

as a template, we obtained several unusual forms of FeS clusters,

some of which are associated with important structural changes.

These structures represent intermediate states relevant to both

FeS cluster assembly and degradation. We observe one Fe2S2 clus-

ter bound by two cysteine persulfide residues. This observation

lends structural support to a very recent Raman study, which

reported that Fe4S4-to-Fe2S2 cluster conversion upon oxygen ex-

posure in FNR resulted in concomitant production of cysteine per-

sulfide as cluster ligands. Similar persulfide ligands have been

observed in vitro for several other Fe4S4 cluster-containing pro-

teins. We have also monitored FeS cluster conversion directly in

our protein crystals. Our structures indicate that the Fe4S4-to-Fe2S2
change requires large structural modifications, which are most

likely responsible for the dimer–monomer transition in FNR.

FeFe-hydrogenase | X-ray crystallography

Iron–sulfur (FeS) clusters are among the most ubiquitous and
functionally versatile prosthetic groups in nature. They can be

involved in electron transfer, substrate binding and activation,
be used as stress sensors to regulate gene expression or simply
play a structural role (1). FeS clusters have variable compositions
such as the common Fe2S2, Fe3S4, and Fe4S4 centers or the more
unusual FeMo-cofactor Fe7S9Mo cluster of nitrogenase (2). When
Fe4S4 clusters are redox active, they are also usually sensitive to
oxidation and can be damaged (or disassembled) by oxygen.
Escherichia coli uses this property to switch between aerobic and
anaerobic metabolisms (3, 4). Indeed, at under about 0.5% oxygen
concentration, the fumarate nitrate reduction regulator (FNR)
can accommodate an Fe4S4 cluster and is a dimer that can bind
specific palindromic DNA sequences to either repress or acti-
vate the expression of hundreds of genes (5). When exposed to
higher oxygen levels, the Fe4S4 cluster is rapidly converted into
an Fe2S2 cluster, causing FNR to dissociate into monomers that
do not bind DNA. Finally, the Fe2S2 cluster slowly decomposes
into two Fe3+ and two S2− ions, leading to the apo protein form
of FNR (6). Thus, the cell response to oxygen and its ensuing
commitment to aerobic metabolism are modulated by structural
changes associated with the rapid conversion of the Fe4S4 cluster
into an Fe2S2 cluster in FNR. The tridimensional structure of an
FNR has not yet been determined. A very recent study combining
Raman and UV-visible absorption/circular dichroism (CD) spec-
troscopies and mass spectrometry (7) indicates that Fe4S4-to-Fe2S2
cluster degradation does not proceed with concomitant release of
one Fe2+, one Fe3+, and two S2− ions as was previously reported (8).
Instead, that study argues that cluster conversion leads to an Fe2S2
cluster with retention of two sulfides as cysteine persulfide ligands
according to the following reactions (7):

Fe4S4⌉
2+
+O2 →Fe3S4⌉

+
+Fe2+ +O•−

2 [1]

2Cys-S− +Fe3S4⌉
+
+O2 + 4 H+→ 2Cys-S-S−

+Fe2S2⌉
2+
+Fe3+ + 2 H2O [2]

O2-induced Fe4S4 cluster degradation leading to Fe2S2 cluster
with cysteine persulfide ligands does not seem to be restricted
to FNR and is likely to be a general process, as it is also reported
for other Fe4S4 cluster-containing proteins such as biotin synthase
and aconitase (7, 9). Spectroscopic inference of species contain-
ing Fe2S2 cluster forms with only one or two cysteine persulfide
ligands suggests successive oxidations but the mechanism in-
volved is not fully understood. Here, we have used X-ray struc-
tures of HydE from Thermotoga maritima (Tm) as templates to
shed light on the process of O2-induced Fe4S4 cluster disassembly
in proteins. Our structural results provide direct evidence that the
O2-induced oxidation of an Fe4S4 cluster can proceed via cysteine
persulfide production and thus establishes a sulfur-centered mech-
anism for cluster degradation as a plausible biological process.
TmHydE is one of the three essential FeFe-hydrogenase active
site maturases (10, 11) which belongs to the radical S-adenosyl-
L-methionine (SAM) protein superfamily (12, 13). Besides the
conserved Fe4S4 cluster of radical SAM proteins, TmHydE has
an additional, more exposed cluster-binding site defined by semi-
conserved Cys311, Cys319, and Cys322, in a Cx7Cx2C motif.
Cys311 is located in a loop connecting β-strand 8 to α-helix 8 of
the (βα)8 triose phosphate isomerase barrel of the enzyme, and
Cys319 and Cys322 are located on the same side of α-helix 8 (11)
(Fig. 1). HydEs are divided into two groups depending on
whether the Cys ligands of the additional FeS cluster are present,
but it is known that this cluster is not important for function (11).
In the first TmHydE X-ray structure we solved, the additional
cluster, located at the protein surface, was an Fe2S2 rhomb (11).
Conversely, solution studies showed that after in vitro reconsti-
tution TmHydE binds an Fe4S4 cluster at the additional site (14).
Here, we report eight different structures of TmHydE that con-
tain dissimilar species at their additional cluster site. These spe-
cies are in agreement with several intermediate states, either
postulated or previously described, in the Fe4S4 cluster degradation
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pathway occurring, for instance, in FNR. These observed inter-
mediate states in our structures suggest a mechanism for
Fe4S4 cluster degradation upon low-level oxygen exposure not
restricted to FNR, but more general than previously thought.

Results

As mentioned above, in vitro anaerobically reconstituted TmHydE
has been reported to contain an Fe4S4 center at its additional
cluster-binding site in solution (14). However, when crystallized
without DTT, the additional site coordinates an Fe2S2 cluster
boundby the semiconservedArg279, Cys311, and persulfided forms
of Cys319 and Cys322 (species 3 in Fig. 2 and Fig. S1). The Nη2
atom of Arg279 interacts directly with one of the iron ions (d =
2.3 Å), whereas Nη1makes a hydrogen bond with one of the sulfide
ions (d = 3.2 Å). Freshly reconstituted samples normally produce
crystals of this form after 1 wk in the glove box. Persulfide formation
must result from either traces of O2 present in the glove box or
transient exposure to air during the transfer of the frozen protein
sample to it, because when intentionally oxygenated buffers are
used these crystals appear more rapidly. Although in these experi-
ments it is not possible to quantify the amount of O2 that reached
our crystals, it must be extremely low as indicated by the high sta-
bility of the SAM-dependent Fe4S4 cluster under the same con-
ditions. Indeed, when SAM is substituted by 5′-deoxyadenosine,
this cluster is slowly converted to an Fe3S4 center in weeks with-
out any further decay (Fig. S2). In the meantime, the additional
cluster is rapidly converted into species 3. The latter is very stable
and only decays after several months, leading to 7 (Fig. 2).
When crystals containing 3 are treated with DTT before flash

cooling, a different Fe2S2 cluster, coordinated by Cys311 Cys319,
and Cys322, is observed (4 in Fig. 2). There are no major struc-
tural changes at the protein level between 3 and 4 and the DTT
treatment only causes the cluster to slightly move as a rigid body
in its binding site. Conversely, the electron density indicates that
the Fe fourth ligand may be OH−, as Arg279 is clearly too far
to be a ligand. We cannot exclude a mixture of OH− and SH− at
that position because our structures unambiguously show that
sulfide ions are released from the cysteine persulfide ligands upon
DTT treatment. X-ray structures indicate that this cluster form

decays within weeks in the glove box. This process, which starts
with the loss of one iron atom, is followed by the dissociation of
the sulfide ions and finally results in the vacant-site species 1

(Fig. 2). Species 5 represents an intermediate form in the deg-
radation of 4 (Fig. 2 and Fig. S1). X-ray structures from crystals
flash-cooled at different times after DTT addition show that the
slow disassembly of the additional cluster starts with the most
solvent-exposed iron ion followed by the sulfide ions and, finally,
by the second iron ion (5 to 1 in Fig. 2). The slow decomposition
of the Fe2S2 form is likely to be a nonredox process and may
result from slow ligand exchange with solvent.
When crystals containing 7 are treated with ferrous ions and

sulfide, no iron bound to the protein is observed but Cys311 and
Cys22 of the additional cluster site are modified as persulfides
and Cys319 as polysulfide (8 in Fig. 2 and Fig. S1). Treating similar
crystals with ferrous ions, sulfide, and DTT leads to another un-
usual species (6 in Fig. 2 and Fig. S1) that can be described as an
Fe2S2 cluster onto which an Fe–S unit is attached. This cluster
resembles a standard Fe3S4 center except that Cys311 bridges two
iron ions. Modeling indicates that the structural changes required
to allow Cys311 to become a classic terminal Fe4S4 cluster ligand
are prevented by crystal packing contacts (not shown). This prob-
lem was circumvented by the growth of a different crystal form of
anaerobically purified TmHydE, treated with DTT, sulfide, and
ferrous or ferric ions (Materials and Methods, Table S1). This
form that was obtained by increasing the NaCl concentration in
the crystallization solution contains a regular additional Fe4S4
cluster, as previously described in solution (14), with Tyr306 as
its fourth ligand (2 in Fig. 2 and Fig. S1). Fig. 3 shows that shifts of
over 6.0 Å for the Cα of Cys311 and 12.4 Å for the Cα of Tyr-306 are
involved in the transition between the Fe2S2-containing and the
Fe4S4-containing forms. This change requires a complete rear-
rangement of the loop that connects strand β8 to helix α8 and
contains Cys311 (Fig. 3). Thus, the Fe4S4-to-Fe2S2 cluster con-
version (2 to 3) is a conformationally drastic one. In the reverse
direction, addition of DTT and Fe2+ (but not of S2-) converts 3
into 6 (Fig. 2 and Fig. S1). The peculiar Fe3S3 cluster in 6 probably
results from the aborted assembly of an Fe4S4 cluster hindered,
as mentioned above, by crystal packing interactions. A major
conclusion from this observation is that there is no need to add
sulfide ions to obtain the observed Fe3S3 cluster because they are
already present as part of persulfide ligands in 3.

Discussion

Many of our X-ray crystal structures are in full agreement with
the very recent Raman resonance (RR) spectroscopic study of
Zhang et al. and consequently may be relevant to FeS cluster
interconversion in FNR (7). As opposed to the additional clus-
ter, the SAM-related Fe4S4 cluster of TmHydE was stable for a
long time inside the glove box. This is most likely explained by the
protection afforded to the latter by the Cx3Cx2C motif-containing
loop. Conversely, the additional cluster is fully exposed to solvent
and hence to traces of O2 either in the glove box or during sample
transfer to it. This unanticipated situation is actually advantageous
because it mimics what should happen for example to E. coli in the
rectal segment of the intestinal tract when oxygen levels begin to
rise and FNR is inactivated, switching off anaerobic metabolism.
The very slow reaction of the additional FeS cluster with traces of
O2 allowed us to trap intermediate species in our protein template
that would have been difficult to obtain otherwise. Thus, the Fe2S2
cluster with two cysteine persulfide ligands proposed from RR
spectroscopic data in FNR is equivalent to 3 (Fig. 2 and Fig. S1).
In addition, when treated with ferrous ions and DTT, this FNR
Fe2S2 species is readily converted to a regular Fe4S4 cluster (7),
in a process similar to the 3 to 6 transition in Fig. 2. According to
reaction 1, the first step of O2-induced Fe4S4 cluster degradation
corresponds to iron oxidation, leading to an intermediate Fe3S4⌉

+

cluster with concomitant release of one ferrous ion and a superoxide

Fig. 1. Structure of the HydE from T. maritima (PDB code 3CIW). The SAM-

dependent Fe4S4 cluster is located at the top of the (βα)8 barrel (color codes
are S in yellow, iron in brown, β-strands in red, and α-helices in blue). The

SAM-independent additional Fe2S2 cluster is located on a side of the barrel

at the surface of the protein. The loop containing the cysteine ligand Cys311

is depicted in purple. The N-terminal three helices and the C-terminal stretch

are depicted in pink and green, respectively.
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radical species (15). Conversely, species 3 with cysteine per-
sulfide ligands demonstrates that subsequent oxidative damage
proceeds preferentially via sulfur rather than iron oxidation.
Furthermore, the intermediate species with only one persulfide
ligand observed in FNR indicates that successive oxidation steps
are possible (7). At variance with what is proposed by Zhang
et al. for FNR (reaction 2), instead of the addition of a new
oxygen molecule, we advance that the next step corresponds to
the reaction of the superoxide anion resulting from reaction 1

with one of the cysteine ligands forming a cysteine persulfenate.
Such species that would be transient in our case has been ob-
served in the crystal structure of cysteine dioxygenase (16). The
expected conversion of the cysteine persulfenate to sulfinate does
not occur, maybe due to the sulfide-rich environment of the ad-
jacent iron ion. Instead, this species is converted to cysteine per-
sulfide with production of one hydrogen peroxide molecule and
release of a second ferrous ion, as previously observed in FNR (17,
18). Reaction of a superoxide ion, instead of molecular oxygen,

with the Fe3S4⌉
+ intermediate would be consistent with the ob-

servation that in FNR only 0.37 superoxide ions per damaged
Fe4S4 cluster were detected from reaction 1 (15). Substantial
amounts of hydrogen peroxide were also produced (15), which
could subsequently oxidize a second cysteine ligand to cysteine
sulfenate. Reaction of this species with the last available hydrogen
sulfide ion would generate a second persulfide, thus leading to
a form equivalent to 3. Such mechanism would explain why only
substoichiometric amounts of H2O2 are produced by FNR and is
consistent with the recent proposition that some FNR molecules
have only one cysteine persulfide ligand (7, 15, 17). Furthermore,
our mechanism is supported by the observation that both O2 and
H2O2 can provoke an Fe4S4-to-Fe2S2 cluster transition in FNR.
However, the resulting Fe2S2 cluster has a different circular
dichroism spectrum depending on the oxidant used (17). This
difference is probably due to the expected number of cysteine
persulfide ligands produced: two when using O2 and one when
using H2O2. The observation that in FNR one ferric iron is

Fig. 2. Postulated degradation and assembly of an FeS cluster based on our crystal structures. Unless specified, all reactions were performed in our crystals. W
in species 1 and 7 indicates solvent molecules. X-ray structures of TmHydE containing species 1 to 8 were determined at 1.35, 2.9, 1.45, 1.6, 1.71, 1.7, 1.45, and
1.25 Å resolution, respectively (Table S2).

7190 | www.pnas.org/cgi/doi/10.1073/pnas.1302388110 Nicolet et al.



released during the Fe3S4 
+ to Fe2S2 

2+ cluster conversion may
be explained by the oxygen-independent reaction 3 (8):

Fe3S4⌉+→Fe2S2⌉2+ +Fe3+ + 2 S2− [3]

This nonredox reaction may compete with sulfide oxidation and
could be favored in vitro by the presence of strong ferrous or ferric
ion chelators (8), suggesting an alternative nonbiological pathway
for oxygen-induced FeS cluster degradation.
Addition of a reductant and extra ferrous ions converts species

3 back to 2 (or 6 in our crystals). Both our structural results and
those reported by Zhang et al. (7) using RR spectroscopy raise
the possibility of a persulfide-mediated Fe4S4 cluster reparation
mechanism that, avoiding de novo sulfide synthesis by the iron–
sulfur cluster (ISC) system, would be less costly to the cell. Cysteine
persulfide ligands as an O2-induced degradation product of Fe4S4
clusters appear to be generally distributed, being also proposed
in biotin synthase and other radical SAM enzymes (7).
Our observation that species 4 slowly decomposes into 5 and

then 1, most probably via a nonredox process (Fig. 2 and Fig. S1),
agrees well with the previous observation that iron depletion itself
can mediate the holo to apo transition in cytoplasmic aconitase
(19). Our study also shows that the transition from the Fe4S4 cube
to the Fe2S2 rhomb would require a major reorganization of
the coordination site in TmHydE. The loop rearrangement re-
sulting from this reorganization implies that an Fe4S4-to-Fe2S2
cluster conversion will necessarily trigger significant protein struc-
tural changes. Equivalent changes may be responsible for O2-
induced dimer dissociation in FNR (20). Similarly, the transition
between holo and apo cytoplasmic aconitase has been structurally
characterized and shown to involve large structural rearrange-
ments (21, 22). Finally, an early study (9) showed that controlled
oxidation of apo-aconitase resulted in the formation of both per-
sulfides and polysulfides, a situation illustrated here by 7 and 8

(Fig. 2 and Fig. S1).
Our results may also shed light on the sequence of events during

in vivo ISC-dependent FeS cluster assembly in the complex formed
by the L-cysteine desulfurase IscS and the scaffold IscU. The order
of arrival of iron and sulfide to the IscU assembly site has not been
clearly established. This scaffold protein can bind iron, but only at
lower-than-physiological temperatures (23, 24). Conversely, several

groups have reported that S0, transferred from the cysteine de-
sulfurase, can form a Cys-S–S species in the scaffold protein, in the
absence of iron (25, 26). However, it has been reported that the
persulfided scaffold does not bind iron (24). The latter observation
applies also to the oxidized TmHydE 7 species where Cys311 and
persulfided Cys319 form a long S–S bond (Fig. S1). Addition of
sulfide and Fe2+ to 7 produces 8, a species that contains per-
sulfided and polysulfided cysteines but does not bind iron (Fig. 2
and Fig. S1). This observation implies that free Fe2+ is not able to
reduce the S–S bond of the modified Cys319 in 7. This result favors
in turn a concerted mechanism for Fe–S cluster assembly by ISC,
where two ferrous ions bind simultaneously the first persulfide S0

from the active Cys residue of IscS at the assembly site of IscU and
reduce it to S2−. We have already suggested such mechanism based
on the Archeoglobus fulgidus (IscS–IscU)2 complex structure (27).

Conclusion

The various FeS cluster structures found in our TmHydE crystals
can be ordered in a coherent sequence that provides a solid base
for understanding cluster degradation and assembly (1 through 5

in Fig. 2 and Fig. S1). The plasticity of the additional FeS cluster
coordination site has proved to be well suited for a systematic
characterization of different protein-bound FeS species using
X-ray crystallography. Taken together, our results and the RR
spectroscopic studies of Zhang et al. (7) provide a convincing
structural and functional interpretation of the Fe4S4-to-Fe2S2 clus-
ter conversion upon O2 exposure in FeS cluster-containing proteins.
The main proposition derived from our work is the existence of
FeS cluster direct repair mechanisms involving the reduction of
persulfide ligands in an Fe2S2 cluster similar to the 3 to 6 transition
we have observed in our crystals. Without the packing constraints
in the high-resolution crystal structure, 3 should have readily con-
verted to the Fe4S4 cluster-containing species 2 observed in the
high-salt crystal form (Figs. 2 and 3) following reaction 4:

2 Cys-S− S− +Fe2S2⌉2+
+ 2Fe2+ + 4 e− → 2Cys-S−

+Fe4S4⌉2+ [4]

The requirement of very significant conformational changes in
going from 3 to 2 clearly illustrates the extensive structural

Fig. 3. Structural differences between SAM-independent Fe4S4 and Fe2S2 cluster-containing TmHydE. (Left) Superposition of the additional cluster sites

containing species 2 and 4 (Fig. 2). Loop containing Cys311 is depicted in brown for the Fe4S4-cluster structure and in gold for the Fe2S2-cluster structure.

Dashed line indicates the shift of the Cα atom of Cys311 and Tyr-306 between the two structures. (Center) View of the whole structure. Loop containing

Cys311 covers the barrel cavity when the protein contains an Fe2S2 cluster (gold) and moves away from it when the protein contains an Fe4S4 cluster (brown).

(Right) Superposition between species 2 and 3. Only minor differences are observed in the conformation of the Cys311-containing loop between species 3 and

4, indicating that conversion of species 2 into 3 or 4 should induce similar conformational changes.
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rearrangement expected in the dimer–monomer transition of FNR.
Finally, the resistance of the 7 species to reduction by free Fe2+

favors the concerted arrival of iron and sulfur to the scaffold
protein during ISC-dependent Fe2S2 cluster biogenesis.

Materials and Methods

Protein Purification and Crystallization. HydE was purified either aerobically,
as previously described (14), or the purification was carried out anaerobically
following the same protocol. Crystals were obtained as described pre-
viously (11). All of the crystallization experiments were carried out in glove
boxes with oxygen concentrations of about 2–5 ppm. Great care was taken
to remove oxygen from the various solutions by sparging them with the
glove box atmosphere, except when aerated solutions were intentionally
used. The sample leading to the Fe4S4 cluster-containing structure at the
additional site was obtained using a different protocol. In this case, a strep-
tavidin tag was added at the N terminus of the amino acid sequence between
Met1 and Thr2 (new N-terminus sequence: MWSHPQFEKAST-). The Strep-
tag-containing HydE construct was obtained following the QuikChange
site-directed mutagenesis kit strategy (Stratagene) using plasmid pTmHydE
(Rubach et al., ref.14), Phusion polymerase, and the following primers:
Forward: 5′-CACCCGCAGTTCGAAAAGGCAAGCACCGGTAGAGAAATTCTGG-
AAAAA-3′; Reverse: 5′-CTTTTCGAACTGCGGGTGGCTCCACATGGTATATCTC-
CTTCTTAAAGTTAAACAAAA-3′. This produced the pStrepTmHydE construct.
The correctness of the cloned DNA sequence was confirmed by sequencing
the entire gene. Protein expression was carried out following the protocol
previously described for the untagged protein (14). After cell disruption in
the glove box, the crude extract was treated directly with 1 mM FeCl3, 5 mM
DTT, and 1 mM Na2S during 60 min, with mild stirring, to reconstitute the
FeS clusters. The crude extract was subsequently cleared by ultracentrifugation
at 165,000 × g during 30 min at 4 °C. The clear supernatant was loaded onto
a streptavidin-agarose column buffered with 100 mM Tris pH 8.0; 150 mM
NaCl; and 5 mM DTT. After extensive washing of the column, the protein was
eluted by adding 2.5 mM desthiobiotin, which was subsequently removed using

a GE Healthcare HiPrep 26/10 desalting column equilibrated with 100 mM Tris
pH 8.0; 150 mM NaCl. HydE was then concentrated to 16 mg/mL, as de-
termined by the Rose Bengal method (28), using an Amicon concentrator
with a 10-kDa cutoff membrane. This HydE sample contained 8 iron atoms
per protein molecule as determined by the method of Fish (29). Crystalli-
zation was performed as previously described (11), except that the protein
sample contained 100 mM Tris pH 8.0 and 150 mM NaCl instead of 50 mM
Tris pH 8.0 solution without NaCl. Large hexagonal brownish crystals were
produced after 1 d. In the absence of NaCl, we obtained orthorhombic
crystals like those previously reported (11). This shows that salt, and not
the presence of the Strep-tag, is responsible for the change in space group.
Table S1 summarizes the crystallization and cryoprotecting conditions used for
each X-ray structure presented.

Data Collection and X-Ray Structure Refinement. Data were collected at the
European Synchrotron Radiation Facility and Swiss Light Source and processed
with the XDS package (30). Model refinements were carried out using
REFMAC5 (31) from the Collaborative Computational Project No. 4 package
(32). The set of flagged reflections for Rfree calculations was the same used
previously (11) although the initial set was extended to 1.25 Å resolution for
the datasets diffracting that far. All of the data processing and refinement
statistics are presented in Table S2. Manual model building was performed
using COOT (33). Identification of Fe versus S atoms was based on the observed
anomalous scattering electron density peaks for the corresponding atoms.
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Conserved Radical S-Adenosyl-L-Methionine FeS Cluster
Stability in the Glove Box

The structure presented in Fig. S2 was obtained using 5′-deoxy-
adenosine instead of S-adenosyl-L-homocysteine (SAM) after in
vitro FeS cluster reconstitution. No DTT was added either for
crystallization or for crystal flash cooling. When crystals are
frozen within days after crystallization, the conserved cluster
consists of a mixture of Fe4S4 and Fe3S4 species as indicated
by the progressive disappearance of the electron density cor-
responding to the unique iron atom (not shown). If crystals are

frozen within weeks only the Fe3S4 cluster species is present.
This indicates that in our crystals this cluster is relatively stable in
our anaerobic chamber, both under the Fe4S4 and Fe3S4 forms.
This result shows that the radical SAM cluster and the second
cluster of HydE have very different stabilities when exposed to
low-level oxygen. In this crystal, the second cluster site is occu-
pied by a mixture of states including species 3 (major) and 4

(minor). The relatively high stability of the Fe3S4 form of the
radical SAM cluster most likely results from the low level of
oxygen in the glove box.

Fig. S1. (Continued)
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Fig. S1. (Continued)
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Fig. S1. Stereoviews of the X-ray structures of species 1 to 8 represented by their atomic model and corresponding (2Fo-Fc) electron density maps shown as a

blue mesh and contoured at the 1 σ level. The anomalous difference (Δanom) electron density map (depicted as an orange mesh, contoured at the 3.5 σ level)

shows the position of the iron atom. Sulfur atoms corresponding to both sulfide ions and cysteine persulfide sulfane are depicted as yellow spheres, whereas

iron atoms are represented by brown spheres. On the right, a schematic view of each structure is presented.
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Fig. S2. Radical SAM cluster of HydE in its Fe3S4 form at 1.7 Å resolution. Stereoview of the atomic model and corresponding (2Fo-Fc) electron density maps
(shown as a blue mesh and contoured at the 1 σ level). The anomalous difference (Δanom) electron density map (depicted as an orange mesh, contoured at the
3.5 σ level) shows the positions of the iron atoms.

Table S1. Summary of the crystallization conditions and crystal treatment before flash cooling

Species

Sample preparation conditions 1 2 3 4 5 6 7 8

Crystallization condition
DTT 5 mM Yes — — — Yes Yes — —

NaCl — Yes — — — — — —

Cryo condition
DTT 5 mM Yes — — Yes Yes Yes — —

Na2S 1 mM — — — — — — — Yes
Fe(NH4)2(SO4)2 1 mM — — — — — Yes — Yes
Further soak — — — — NaBr 100 mM — — —

Approximate time between
crystallization and
crystal flash cooling

2 mo 2 wk 2 wk 6 mo 1 mo 1 mo 4 mo 4 mo

Nicolet et al. www.pnas.org/cgi/content/short/1302388110 4 of 5
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