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Abstract YtfE was recently shown to be a newly
discovered protein required for the recovery of the activity
of iron—sulfur-containing enzymes damaged by oxidative
and nitrosative stress conditions. The Escherichia coli Yt{E
purified protein is a dimer with two iron atoms per
monomer and the type and properties of the iron center
were investigated by using a combination of resonance
Raman and extended X-ray absorption fine structure
spectroscopies. The results demonstrate that YtfE contains
a non-heme dinuclear iron center having p-oxo and
u-carboxylate bridging ligands and six histidine residues
coordinating the iron ions. This is the first example of a
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protein from this important class of di-iron proteins to be
shown to be involved in the repair of iron—sulfur centers.
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Introduction

Proteins that contain iron—sulfur clusters are the most
ubiquitous metalloproteins in nature, performing a wide
range of biological processes that are essential to the
metabolism of the cell [1-3]. However, these clusters are
rapidly damaged under oxidative and nitrosative stress
conditions, generating inactive proteins. Nature has
developed systems that specifically promote repair, and the
YtfE of Escherichia coli is the most recently discovered
system involved in the repair of degraded iron—sulfur
clusters [4]. Deletion of y#fE significantly alters the phe-
notype of E. coli, generating a strain with enhanced
susceptibility to nitrosative stress and defective in the
activity of several iron—sulfur-containing proteins [5, 6].
Furthermore, in the absence of y#fE the damage to enzymes
containing iron—sulfur clusters caused by exposure to
hydrogen peroxide or nitric oxide stress occurs at higher
rates, and recovery of the activity is only attained upon
addition of purified holo-YtfE [4].

Homologues of YtfE can be found in a large number of
organisms, including bacteria, parasites and higher
eukaryotes. Analysis of the amino acid sequence of these
proteins reveals the presence of conserved carboxylate
(aspartate and glutamate) and histidine residues that could
constitute the ligands for a dinuclear non-heme iron center
[6]. In fact, studies on E. coli YtfE by electron paramagnetic
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resonance spectroscopy suggested that it contains a di-iron
site [5]. However, E. coli YtfE does not share a significant
degree of sequence similarity with the known di-iron pro-
teins, neither is the proposed function related to the di-iron
enzymes described so far [7]. In this work we present the
detailed structural characterization of E. coli YtfE’s active
site, carried out using resonance Raman and extended X-ray
absorption fine structure (EXAFS) spectroscopies, which
allowed the design of a structural model for the di-iron
center of YtfE.

Materials and methods
Production of the E. coli recombinant YtfE protein

The recombinant YtfE protein was produced in E. coli
BI21Gold(DES3) cells (Stratagene) freshly transformed with
the plasmid pET-YtfE [5], grown aerobically at 30 °C in
M9 minimal medium [8] with 20 mM glucose, 100 uM
FeSO,4 and 30 pg mL™' kanamycin, in a 10-L fermentor.
When the cultures reached an optical density at 600 nm of
0.3, 400 uM isopropyl-1-thio-f-p-galactopyranoside was
added and after 6 h the cells were harvested by centrifu-
gation. The cells were disrupted in a French press and the
protein was purified as previously described [5]. The pro-
tein concentration was assayed by the bicinchoninic acid
method [9], and the iron content was determined by the
2,4,6-tripyridyl-1,2,3-triazine method [10]. The purified
protein contained two iron atoms per monomer.

Resonance Raman analysis

About 2 pL. of 1.5 mM oxidized E. coli YtfE [20 mM
Tris-HCI, pH 7.5, 150 mM NaCl] was introduced into a
liquid-nitrogen-cooled cryostat (Linkam) mounted on a
microscope stage and cooled down to 77 K. Spectra from
the frozen sample were collected in backscattering geom-
etry by using a confocal Raman microscope (Jobin Yvon,
XY), with the 413-nm excitation line from a krypton ion
laser (Coherent Innova 302). For isotopic labeling, oxi-
dized protein was lyophilized and then brought up in
HQISO, and D216O, and then measured as described above.

Typically, spectra were accumulated for 60 s with a
laser power at sample of 8 mW. After polynomial back-
ground subtraction, the positions of the Raman bands were
determined for each sample.

Preparation of samples for EXAFS analysis
All samples contained the YtfE protein at 0.5 mM in

20 mM Tris-HCI pH 7.5. The sample of oxidized YtfE was
prepared by addition of a 50 mM solution of potassium
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persulfate, in a twofold molar excess. The sample was
introduced into the cuvette through a capillary, using argon
flux to push the transfer, and was immediately frozen in
liquid nitrogen. The reduced and NO-treated samples were
prepared anaerobically under a continuous argon flux. The
protein solutions were first made anaerobic by flushing
them with argon for 10 min, and were then treated and
transferred to appropriate cuvettes as described above. To
prepare the reduced sample, an anaerobic solution of
50 mM sodium dithionite was added in a twofold molar
excess. Treatment with nitric oxide was done in a 1:1 ratio
of nitric oxide to iron, by addition of 25 pL of nitric oxide
water-saturated solution (2 mM) [6] to 25 uL of anaerobic
YtfE protein (1 mM).

X-ray absorption spectroscopy measurements

The iron K-edge X-ray absorption spectra were recorded at
beamline D2 of the EMBL Outstation Hamburg at DESY,
Germany. The DORIS storage ring was operated at
4.5 GeV with the positron beam current ranging from 145
to 80 mA. A Si(111) double-crystal monochromator scan-
ned X-ray energies around the iron K-edge (6.9-7.7 keV).
Harmonic rejection was achieved by a focusing mirror
(cutoff energy at 20.5 keV) and a monochromator detuning
to 50% of its peak intensity. The sample cells were
mounted in a two-stage Displex cryostat and kept at about
20 K. The X-ray absorption spectra were recorded as
iron K, fluorescence spectra with a Canberra 13-element
Ge solid-state detector. The detector is frozen (dead time)
while a pulse is being processed. We ensured that no more
than 20% of the counts occurred in this period and cor-
rected each data point for this effect. For each sample a
different number of scans was performed and the results
were averaged to ensure comparable statistics. X-ray
energy calibration was achieved by recording Bragg
reflections from a static Si(220) crystal in back-reflection
geometry during each scan [11]. Data reduction, such as
background removal, normalization and extraction of the
fine structure, was performed with KEMP [12] assuming a
threshold energy Eo . of 7,120 eV.

X-ray absorption near-edge structure analysis

The intensities and energies of the 1s — 3d pre-edge fea-
tures of the normalized iron K-edge absorption spectra
were quantified using the program WinXAS [13]. The
spectra were fitted over 13 eV around the pre-edge features
and modeled by pseudo-Voigt peak shapes. The energy
position, the full width at half maximum and the peak
height were refined. The background underneath the pre-
edge features was modeled as well by a pseudo-Voigt
function. The total intensity of the ls — 3d pre-edge
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feature was assigned to the area of the pseudo-Voigt peak
at about 7,113 eV.

EXAFS analysis

The extracted iron K-edge (15-570 or 15-520 eV) EXAFS
data were converted to photoelectron wave vector k-space
and weighted by &>. The spectra were initially analyzed by
ABRA [14] and afterwards refined with EXCURV9S8 [15].
The program calculated the theoretical EXAFS for defined
structural models based on the curved-wave theory. In
addition to single scattering contributions multiple scat-
tering linear units were defined for Fe—His and Fe-N-O.
Parameters of each structural model, namely, the atomic
distances (R), the Debye—Waller factors (26%) and a
residual shift of the energy origin (Fermi energy) were
refined, minimizing the fit index (®) by applying restraints
for the predefined units [15]. An amplitude reduction factor
of 1.0 was used throughout the data analysis.

Results
Resonance Raman spectroscopy of E. coli YtfE

Resonance Raman spectroscopy is a powerful tool for
studying non-heme iron proteins. Upon excitation in reso-
nance with a ligand-to-metal charge transfer transition,
modes involving the metal-ligand stretching coordinates
are selectively enhanced, thus allowing one to draw
conclusions about the nature of the ligands and the coor-
dination geometry of the complex.

In the oxidized state of YtfE the ligand-to-iron charge
transfer transition gives rise to a weak absorption band at
350 nm. Thus, the 413-nm excitation line can be employed
to provide a resonance enhancement of the iron-ligand
stretching modes which are expected in the low-frequency
region below 600 cm ™. The resonance Raman spectrum of
YtfE in H,'°O displays one band at 490 cm™" (Fig. 1,
spectrum A), which lies in the range of symmetric Fe—O—
Fe stretching modes (v,) of u-oxo-bridged di-iron centers in
proteins and model complexes [16, 17]. On the basis of
empirical relationships previously derived for model
compounds [18], the vy frequency is characteristic of
dibridged complexes containing one p-oxo and one
u-carboxylate ligand; however, it also falls in the range
observed for protein-bound p-oxo-bridged di-iron centers
which involve two p-carboxylate ligands. Both assign-
ments are consistent with the results of isotopic labeling. In
these experiments, the protein was lyophilized and then
redissolved in H,'®0 to substitute the bridging oxygen by
80 [17-19]. The UV-vis absorption spectrum confirmed
that the di-iron core remained intact upon removal and

491

A

T T T T T T T T T T T T

420 440 460 480 500 520 540
-1

Av (Cm )

Fig. 1 Resonance Raman spectra of A 1.5 mM oxidized Escherichia
coli YHE in H,'°O/Tris-HCI, pH 7.5; isotopically labeled with B
H,'®0 and C D,'0. The spectra were obtained at 77 K with 413-nm
excitation, a laser power of 8 mW and 60-s accumulation time

subsequent addition of water (data not shown). As a con-
sequence of the isotopic substitution, the 490-cm™"' band
undergoes a downshift by approximately 12-478 cm™'
(Fig. 1, spectrum B). Also the 80/'%0 shift of the v, mode
is characteristic of u-oxo-bridged di-iron centers either
with one or with two additional carboxylate bridges
[17, 18, 20]. No spectral changes were observed when the
protein was dissolved in D,O, ruling out the involvement
of a bridging hydroxyl ligand (Fig. 1, spectrum C).

EXAFS analysis of the E. coli YtfE

Oxidized and reduced forms of YtfE and the as-prepared
enzyme incubated with NO were analyzed by iron K-edge
X-ray absorption spectroscopy. Two parts of the spectrum
were analyzed independently. The edge region (X-ray
absorption near-edge structure, XANES), in particular the
intensity of the ls — 3d transition (pre-edge peak), is
sensitive to the electronic and geometric structure of the
iron site and serves as an indicator for the coordination
number and/or ligand sphere homogeneity. Details on the
type of ligands and their metal distances were extracted
from the fine structure (EXAFS).

The XANES pattern of oxidized YtfE (Fig. 2) exhibits a
double-peak structure of the rising edge at approximately
7,130 eV accompanied by an intense pre-edge peak at
approximately 7,113 eV. The pre-edge peak intensity of
about 20 x 1072 eV indicates the absence of a perfect
octahedral coordination. The incubation of the enzyme
with NO resulted in a similar spectrum. The slightly lower
intensity and the 20% increase in the pre-edge peak
intensity can originate either from a lower coordination
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Fig. 2 X-ray absorption near-edge structure spectra for YtfE in the
oxidized (oxid. YtfE) and the reduced (red. YtfE) state and for the as-
prepared protein incubated with NO (Y#fE + NO). The distinct shift
in the edge position, defined as half of the normalized edge jump, by
more than 2 eV between reduced and oxidized enzyme visualizes the
change in the iron oxidation state from Fe(II) to Fe(IIl) for both metal
ions. Incubation of NO does not affect the metal oxidation state

number or from a more inhomogeneous ligand sphere. This
question is addressed in the EXAFS analysis. The XANES
of reduced YtfE shows no similarity with that for two other
spectra. The shift in the edge position by 2 eV towards
lower energies reflects the change from ferric to ferrous
iron. The higher white line intensity at 7,122 eV points
towards a more homogenous ligand sphere in this redox
state (Fig. 2).

The EXAFS spectra of YtfE provide further insight into
the metal coordination (Fig. 3). The spectra are dominated
by a single oscillation frequency, which indicates the
presence of only light ligands, such as oxygen and nitro-
gen. At the same time, the EXAFS amplitude for oxidized
YtfE and NO-treated YtfE is relatively small, which could
indicate the presence of ligands with considerably different
bond lengths. These considerations define the dinuclear
structural models that were compared with the data. In line
with the rather high pre-edge peak intensity, the EXAFS
analysis for oxidized YtfE models with small coordination
numbers as well as models with a single short p-oxo bridge
were compared with the data (Table S1). A total coordi-
nation number of 6 with one short oxo group at
1.82 + 0.01 A, three imidazole groups and two oxygens at
2.10 + 0.01 A gave by far the best fit to the data. The iron—
iron distance was refined to 3.54 & 0.03 A. In fact, the
majority of the first-shell distances are slightly longer than
in other non-heme iron enzymes with mixed histidine and
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Fig. 3 Extracted extended X-ray absorption fine structure (EXAFS)
spectra and corresponding Fourier transforms for YtfE in the oxidized
(oxid. YifE) and the reduced (red. YfE) state and for the as-prepared
protein incubated with NO (Y#fE + NO). All three EXAFS spectra
exhibit a camel-back feature at about 4.5 A~' indicative of the
presence of imidazole ligands. This is consistent with the contribution
at about 4 A in the Fourier transform, enhanced by the multiple
scattering within this unit

oxygen coordination [21]. This is in line with the presence
of a single ligand at shorter distances, as indicated by bond
valence sum analysis [22]. The bond lengths coincide with
reference values [23, 24] and no additional ligands, such as
sulfur, improve the fit.

The incubation of YtfE with NO alters the iron coordi-
nation as visualized by the lower EXAFS amplitude and
the lower peak height of the first-shell contribution at about
2 A in the Fourier transform (Fig. 3). Concomitantly, the
width of this peak increases, indicating the presence of an
additional ligand at shorter distances causing destructive
interference between the individual backscattering con-
tributions. The correspondent EXAFS refinement is
consistent with the presence of three histidine and two
oxygen ligands at an average distance of 2.11 £ 0.01 A
and the presence of one NO or u-oxo bridge bound to each
of the iron ions at a distance of 1.82 + 0.02 A. The metal—
metal distance is identical to that of the oxidized YtfE
within the error margins (3.50 &+ 0.04 10\).

The iron coordination of the reduced YtfE differs con-
siderably. The EXAFS amplitude is higher and the
frequency lower (Fig. 3), reflecting more ligands or a higher
degree of order as well as a shorter average bond length.
This is revealed by the refinement results: an average bond
length of 2.08 + 0.01 A is determined for three histidine
and 2.5 oxygen ligands. The metal-metal distance refines to
3.71 + 0.06 A. The absence of a short u-oxo bridge is in
line with the longer metal-metal distance.

The EXAFS refinement parameters modeling best YtfE
in the oxidized and reduced states and incubated with NO
are shown in Table 1. Some less satisfactory alternative
models compared with the data are given in Table S1.
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Table 1 Extended X-ray absorption fine structure (EXAFS) refine-
ment parameters for oxidized, reduced and NO-incubated YtfE

N Fe-L R (A) 262 (A?) Fermi energy @
€V)

Oxidized YUE, Ky = 12.2 A™!

1 Fe-O 1.82(1) 0013 (2° —6.4(6) 0.4770
2 Fe-O 2.097 (6)* 0.013 (2)°

3 Fe-His(N) 2.097 (6)* 0.013 (1)°

3 Fe-His(C) 3.10(6)  0.005 (4)°

3 Fe-His(C) 3.15(3)  0.005 (4)°

3 Fe-His(C) 4.31(2) 0003 (2

3 Fe-His(N) 450 (4)  0.003 (2)°

1 Fe-Fe 3.54 (3) 0.018 (7)

Reduced YUE, ko = 12.2 A"

1 Fe-O 2.076 (8)° 0.014 (1> —2.7(8) 0.7136
3 Fe-His(N) 2.076 (8)* 0.014 (1)°

3 Fe-His(C) 294(3)  0.003(3)°

3 Fe-His(C) 3.18(3)  0.003 3)°

3 Fe-His(C) 4234  0.01 (1)

3 Fe-His(N) 4.42(5)  0.01 (1)?

1 Fe-Fe 371(6)  0.02 (1)

NO-incubated YE, ky = 12.2 A~

1 Fe-O 1.82(2)  0.021(2° —7.0(6) 0.5571
2 Fe-O 2.106 (9%  0.021 (2)°

3 Fe-His(N) 2.106 (9)* 0.021 (2)°

3 Fe-His(C) 3.18(4)  0.01 (1)

3 Fe-His(C) 3.30(4) 001 (1)

3 Fe-His(C) 432(2)  0.008 (7)°

3 Fe-His(N) 4.533)  0.008 (7)¢

1 Fe-Fe 350 (4)  0.023 (3)

The average numbers (N) of ligand atoms (L), their distance to the
iron ion (R), the respective Debye—Waller factor (20’2), the Fermi
energy for all shells, and the fit index (®), indicating the quality of the
fit are shown. For the NO group and the Fe—His units multiple scat-
tering has been included. Values in parentheses represent statistical
errors (2 times the standard deviation) of the least-squares refinement.
The total error is estimated to 0.02-0.03 A for first-shell distances and
0.05-0.1 A for the other more remote backscatterers. The coordina-
tion number in EXAFS data analysis has a typical error of about 20%.
In order to lower the number of parameters in the restrained refine-
ment, distances and Debye—Waller factors for ligands of the same
coordination sphere were refined jointly as indicated by superscripts

Discussion

Previous studies on the recombinant E. coli YtfE sug-
gested that YtfE is a di-iron-containing protein, having in
its primary sequence several histidines and carboxylates
that may serve as ligands to the iron atoms [6, 25]. The
resonance Raman spectroscopy results indicate a p-oxo-
bridged di-iron center. The frequency of the symmetric
Fe-O-Fe stretching and the '%0/'°O isotopic shift are

Fig. 4 Model of the E. coli YtfE di-iron center in the oxidized state.
The two upper oxygen ligands of both iron atoms can also be
provided by only one carboxylate group, thus leading to the formation
of a second p-carboxylate bridge

consistent with a complex that contains one p-oxo and one
or two p-carboxylate bridges, the latter being provided by
aspartate or glutamate residues. Further EXAFS analysis
reveals an average iron coordination in the oxidized state
by three imidazole groups, two oxygen ligands and a
bridging p-oxo group, which is consistent with the reso-
nance Raman data, suggesting a structure in which both
iron atoms, FeA and FeB, bind three histidine residues.
These residues are as well identified in the reduced state,
but the presence of the p-oxo bridge can no longer be
confirmed.

In line with the changes of the p-oxo bridge, the Fe-Fe
distance in YtfE appears to vary between the resting ferric
and fully reduced (diferrous) states. In the reduced state a
long metal-metal distance is determined, whereas in the
oxidized state the p-oxo group bridges the metal ions,
keeping them at shorter distance. The terminal coordina-
tion geometry and ligands of both irons do change upon
diferrous/diferric interconversion. For the diferrous state on
average half a ligand less per iron atom is found in the
refinement. Although this result is within the error margin
of 20% for coordination numbers determined by EXAFS
spectroscopy, this could indicate a break of the p-oxo
bridge. Taken together, the resulting small change in the
major first shell ligand distances indicates a remarkable
structural stability of this dinuclear site.

NO is known to form a stable complex with iron-con-
taining proteins and thus NO may bind to either of the iron
atoms. Recently it was reported that an orthologue of
E. coli YH{E, the NorA protein of Ralstonia eutropha, is
also capable of binding NO to its di-iron center [26].
Indeed, EXAFS spectra of YtfE incubated with NO differ
from those of the oxidized form of the protein although in
the refinement no significant formation of a single {FeNO}
species can be identified. Binding of NO did not induce
alterations either in metal-metal distance or in the type and
number of iron ligands, but the replacement of the p-oxo
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group by an NO group at either of the iron ions cannot be
excluded.

Figure 4 presents a structural model proposed for the
E. coli YtfE center on the diferric state based on the
spectroscopic data obtained in this work. Note that in this
model the two upper oxygen ligands of the iron atoms can
also be provided by only one carboxylate group, leading to
the formation of a second p-carboxylate bridge, resulting in
a structure similar to that of the di-iron center of hemery-
thrin [16].

It is generally observed that di-iron proteins have a
four-helix bundle protein fold surrounding two iron atoms
which are separated by 4 A or less. Furthermore, these
metal ions have terminal carboxylate and/or histidine
ligands, and a bridging oxo, hydroxo or aqua ligand at
least in the ferric state [7]. E. coli YtfE and its homo-
logues match all these criteria. A broad analysis of the
widespread YtfE-like proteins that includes over 100
sequences shows a strict conservation of five histidine
amino acid residues, and that six histidine residues are
conserved in a smaller set of proteins. There is also a
conservation of aspartate and glutamate residues [6, 25].
These residues are candidates for forming the binding
sphere of the di-iron center. Furthermore, all YtfE-like
proteins have a four-helix bundle predicted secondary
structure [6, 25]. On the other hand, the YtfE di-iron
center is involved in a function which has not been
described so far for any other known di-iron-containing
proteins, which may reflect the lack of significant overall
sequence similarity between YtfE and other di-iron pro-
teins. YtfE is an example of how subtle differences in the
structure of the di-iron active site together with the sur-
rounding polypeptide matrix modulate the chemical
properties of the core and generate distinct enzyme
functions. In conclusion, this work provides the structural
characterization of the first di-iron protein shown to be
involved in the repair of iron—sulfur proteins.
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