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ABSTRACT: Adenylate kinase from the Gram-negative bacteriumParacoccus denitrificans(AKden) has
structural features highly similar to those of the enzyme from Gram-positive organisms. Atomic absorption
spectroscopy of the recombinant protein, which is a dimer, revealed the presence of two metals, zinc and
iron, each binding most probably to one monomer. Under oxidizing conditions, the electron paramagnetic
resonance (EPR) spectrum of AKdenat 4.2 K consists of features atg) 9.23, 4.34, 4.21, and 3.68. These
features are absent in the ascorbate-reduced protein and are characteristic of aS) 5/2 spin system in a
rhombic environment withE/D ) 0.24 and are assigned to a non-heme Fe3+ (S) 5/2) center. The zero-
field splitting parameterD (D ) 1.4( 0.2 cm-1) was estimated from the temperature dependence of the
EPR spectra. These EPR characteristic as well as the difference absorption spectrum (oxidized minus
reduced) of AKden are similar to those reported for the non-heme iron protein rubredoxin. Nevertheless,
the redox potential of the Fe2+/Fe3+ couple in AKden was measured at+230( 30 mV, which is more
positive than the redox potential of the non-heme iron in rubredoxin. Binding of cyanide converts the
iron from the high-spin (S) 5/2) to the low-spin (S) 1/2) spin state. The EPR spectrum of the non-heme
Fe3+(S ) 1/2) in the presence of cyanide hasg values of 2.45, 2.18, and 1.92 and spin-Hamiltonian
parametersR/λ ) 7.4 andR/µ ) 0.56. The conversion of the non-heme iron to the low-spin (S) 1/2)
state allowed the study of its local environment by electron spin echo envelope modulation spectroscopy
(ESEEM). The ESEEM data revealed the existence of14N or 15N nuclei coupled to the low-spin iron
after addition of KC14N or KC15N respectively. This demonstrated that iron in AKden has at least one
labile coordination position that can be easily occupied by cyanide. Other possible magnetic interactions
with nitrogen(s) from the protein are discussed.

Adenylate kinase (AK,1 ATP:AMP phosphotransferase,
EC 2.7.4.3), a member of the nucleoside monophosphate
(NMP) kinase family, is a small monomeric protein involved
in energy metabolism (1). Recently it was found that the
structural motif Cys-X2-Cys-X16-Cys-X2-Cys/Asp forms a
high-affinity site for zinc binding in AK fromBacillus
stearothermophilusandBacillus subtillis(2, 3). The zinc
atom is coordinated in these proteins by four cysteines or
by three cysteines and an aspartic residue, respectively. The
existence of such a site with high affinity for metal binding
appears to be a common property of the AKs from Gram-
positive bacteria, in contrast with the enzymes from Gram-
negative species, which are usually devoid of metal ion (4).

Adenylate kinase fromParacoccus denitrificans(AKden),
a Gram-negative bacterium, has structural features highly
similar to those of AKs from Gram-positive organisms. Thus,

AKden has a metal-binding site with a structural motif Cys-
X2-Cys-X16-Cys-X2-Cys which is similar to that found inB.
stearothermophilus. (Perrier et al., manuscript in preparation;
see also Figure 6). Interestingly, AKden is a dimer and the
recombinant protein binds simultaneously zinc and iron. Iron
confers an additional function to AKden that is in Vitro
reduction of the oxidized cytochromec.
To understand the mode of binding and the putative

functional role of iron in AKden, the knowledge of its
coordination environment is important. Continuous-wave
electron paramagnetic resonance (cw EPR) is a powerful tool
to study the coordination environment of paramagnetic
centers in biological systems (for example, see ref5 and
references therein). Electron spin echo envelope modulation
(ESEEM) spectroscopy is a pulsed EPR technique well suited
for the study of weak nuclear-electron hyperfine couplings
(ref 6 and references therein). ESEEM spectroscopy gives
detailed information on the local environments of paramag-
netic centers that are not resolvable by cw EPR.
In the present work, we intend to present the basic

characterization of the iron binding site in AKden by both
continuous-wave EPR and ESEEM spectroscopy. In addi-
tion, we report redox titration and experiments that reveal
the existence of a labile coordination position, which is easily
accessible by small molecules like cyanide.
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MATERIALS AND METHODS

(1) Chemicals.Adenylate kinase gene fromP. denitrifi-
cans was cloned by complementing the thermosensitive
Escherichia coli adkstrain C. R.341T28 (7; Perrier et al.,
manuscript in preparation). The protein was overexpressed
and purified by two-step chromatography on blue Sepharose
and Ultrogel AcA54 (7). Protein iron and Zn contents were
determined by atomic absorption spectroscopy. The protein
was diluted in pure water (18 MΩ) with 0.1% HNO3. The
calibration of the concentration was done by using standard
zinc and iron solutions for atomic absorption purchased from
Aldrich. The graphite furnace used was a Perkin-Elmer 2280
spectrometer equipped with an HGA 300 programmer. KCl,
KCN, K3Fe(CN)6, and sodium ascorbate solutions were
prepared in Tris-HCl buffer (pH 7.5). The protein in 50 mM
Tris, pH 7.5, was concentrated by using a SpeedVac
concentrator (Savant) to about 5 mg/mL (≈200µM). Then
the sample was put in a quartz EPR tube and NaC14N or
NaC15N was added in the EPR tube. After incubation at 0
°C, ferricyanide (100µM, final concentration) was added
to oxidize the iron from Fe2+ into Fe3+.
(2) EPR. Continuous-wave EPR spectra were recorded

at liquid helium temperatures with a Bruker ER 200D or
ESR300E X-band spectrometer equipped with an Oxford
Instruments cryostat. The temperature was monitored with
an Oxford ITC-5 temperature controller equipped with a
calibrated AuFe (0.007 Cr) thermocouple positioned 5 mm
below the lower edge of the sample. As an independent
calibration for the temperature at the sample position we have
used a 1 mMCuEDTA sample; the Curie behavior was
supposed and the point at 4.2 K was considered as reference.
Pulsed EPR was done with a Bruker ESP 380 spectrometer
previously described (8). The ESEEM data result from a
three-pulse sequence (π/2-τ-π/2-T-π/2). The amplitude of
the stimulated echo as a function ofτ + T was measured at
3580 G. Theτ values used was chosen equal to 136 ns to
suppress most of the proton-free frequency at around 15 MHz
at 3600 G. The minimum interpulseT was 24 ns and was
incremented by steps of 8 ns. Theπ/2 pulse duration was
16 ns. To remove the unwanted echoes in the three-pulse
experiments, the phase cycling procedure described in ref9
was employed.
(3) Potentiometric Titration.The reduction state of the

protein was determined by potentiometric titration followed
spectrophotometrically. Potentiometric measurements were
performed in an optical cuvette (1 cm optical path), using a
platinum plate and a saturated calomel electrode. The cuvette
was continuously stirred and flushed with pure argon gas.
Adenylate kinase was titrated in 50 mM Tris/HCl, pH 7.5,
1 mM KCl, 1 µM methylene blue, and 1µM Nile Blue A.
The redox potential was adjusted by addition of small
volumes of buffered solutions of sodium dithionite, sodium
ascorbate, or potassium ferricyanide.
(4) Analysis of the EPR spectra: High-Spin Fe3+ (S )

5/2). The EPR spectrum of anS ) 5/2 system can be
described by the spin Hamiltonian:

whereD andE are the axial and rhombic zero-field splitting
parameters, respectively (10). The termE/D is a measure
of the departure of the electronic environment of the

paramagnetic center from axial symmetry; in the proper axis
system an axial symmetry corresponds toE/D ) 0 while a
maximally rhombic symmetry corresponds toE/D ) 1/3 (11).
For g0â H , |D| the magnetic energy levels in the absence
of a magnetic field comprise three Kramers doublets. In
second-order perturbation theory, the energy level separations
are determined from the value ofE/D, which in turn can be
determined directly from the experimentalg values. ForE/D
) 0 the relative energies of the three doublets are 0, 2D,
and 6D, while for E/D ) 1/3 they become equidistant, i.e.,
their relative energies are 0D, 3.75D, and 7.5D, respectively
(for a review see ref5) and references therein).
(B) Temperature Dependence.Under nonsaturating con-

ditions, changes in the intensity of the EPR signals reflect
changes in the Boltzmann population of the energy levels.
For aS ) 5/2 spin system the temperature dependence of
the intensity of the EPR signals can be described by

where i ) 2 and 3 for the middle and higher Kramers
doublet, respectively. The 1/T dependence describes the
population difference within each Kramers doublet; the
exponential factor takes the Boltzmann distribution of the
three doublets into account.
(C) Low-Spin Fe3+(S ) 1/2). In order to simplify the

analysis, it is assumed that thet2g and theeg orbitals are
well separated in energy. In the present case this assumption
is supported by the Curie behavior of the intensities of the
adduct signals versus temperature, indicating thatS > 1/2
excited states involving theeg orbitals are not thermally
accessible (see Results). When analyzed in the manner
suggested by Bohan (12), the low-spin EPR spectra are
described by the perturbation Hamiltonian

whereλ is the spin-orbit coupling constant andµ andR are
the tetragonal and rhombic crystal field splitting constants
(ref 12), and references therein. The eigenfunctions of the
Hamiltonian have the form

The coefficientsD, E, andF can be determined directly from
the experimentalg values.
(5) Analysis of the ESEEM Data:14N (S) 1/2, I ) 1).

The spin Hamiltonian for anS ) 1/2, I ) 1 system is
characterized by

whereA consists of the isotropic contributionAiso and the
traceless tensorT describing the anisotropic hyperfine
coupling. Theg tensor has principal valuesgx, gy, andgz.
The nuclear quadrupole interaction,Q, is traceless by
definition. In its principal axis system the final term in eq
1 is expressed in the form

H ) g0â H S+ D[Sz
2 - 35/12 + (E/D)(Sx

2 - Sy
2)] (1)

Ii(T) ) 1
T

exp(-Ei/kT)
1+ exp(-E2/kT) + exp(-E3/kT)

(2)

H ) -λl s+ (µ/9) [3l2 - l(l + 1)] + (R/12)(l+
2 + l-

2)

|ψi
+ 〉 ) D |dxy, R〉 + E |dxy, â〉 + F |dxz,R〉

|ψi
- 〉 ) D |dxy, â〉 + E |dxy, R〉 +F |dxz,â〉

H ) g µB B0 S- gN µN B0 I + S‚A‚I + I ‚Q‚I

I ‚Q‚I ) K [3Iz
2 - I2 + η(Ix

2 - Iy
2)]
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whereK represents the quadrupole coupling constante2qQ/
4h andη is the asymmetry parameter of the electric field
gradient. The energies and eigenfunctions are calculated
numerically for each spin manifold and the three-pulse
modulations were calculated with the relations derived by
Mims (13).

RESULTS

(1) Potentiometric Titration of AKden. Figure 1 shows the
absorption spectra of the fully reduced and fully oxidized
protein at+190 and+340 mV (versus NHE) respectively.
The oxidized protein presents an absorption spectrum very
similar to that of the oxidized rubredoxin and is characteristic
of a non-heme iron in a high-spin state (14-17).
The midpoint potential of the iron was determined by a

potentiometric titration that was followed spectrophotometri-
cally by varying the potential between+190 and+340 mV
and by measuring the absorptionmaximaat 370 and 475
nm. The experimental points were fitted by the classical
Nernst equation and the apparent midpoint potential found
was 230 mV (versus NHE). This value is higher that what
is generally reported for iron-sulfur proteins like rubredoxin,
i.e., between-60 and +10 mV (refs 18 and 19, and
references therein).
(2) Continuous-WaVe EPR Study of the Metal Binding Site.

Representative EPR spectra of the AKden recorded atT )
4.2 and 8 K are shown in Figure 2. With no oxidant added,
only a fraction of the EPR signal was detected (Figure 2,
spectrum A). Addition of 200µM ferricyanide resulted in
significant increase of the intensity of the signals (Figure 2,
spectrum B), while addition of sodium ascorbate totally
eliminates the signals (not shown). This trend can be
explained if we suppose that the signals are due to a
paramagnetic center undergoing redox changes due to
ferricyanide (oxidation) or ascorbate (reduction) treatment.
In all cases, the EPR-detectable spectra show rather well-
defined features with no evidence for inhomogeneity. In
spectrum B of Figure 2, prominent features are observed at
the low-field region atg≈ 4.3 and≈ 9. All the signals are
only detectable at cryogenic temperatures (<30 K) and are
saturated at high microwave powers. The weak signals in
the g ) 2 region varied from sample to sample and are
assigned to nonspecific impurities, mostly copper.
This type of EPR spectrum is characteristic of high-spin

iron in rhombic environment, as in non-heme iron metallo-
proteins and non-heme iron compounds (ref 5 and references
therein), and corroborates the atomic absorption analysis,
which shows the binding of iron in AKden. Further analysis
of the spectra shows that the observedg values are predicted
from the spin Hamiltonian (1) for E/D ) 0.24. ForD > 0

the pertinent energy level diagram is shown in Figure 3A.
The predicted effectiveg-values are given for each Kramer’s
doublet according to the spin Hamiltonian (1). The observed
resonances atgx ) 4.8, gy ) 4.1, andgz ) 3.8 arise from
transitions in the middle Kramers doublet, while the peak at

FIGURE1: Absorption spectra of AKdenrecorded at+340 and+190
mV (versus NHE).

FIGURE 2: X-band EPR spectra of AKdenwith no addition (A) and
after addition of 200µM ferricyanide at 8 K (C) and at 4 K (B).
EPR conditions: modulation amplitude 10 G; modulation frequency
100 KHz; microwave power 8 mW.

FIGURE 3: (A) Schematic representation of the energy levels of a
S ) 5/2 system forE/D ) 0.24 and the corresponding effective
g-values as they are predicted from the spin Hamiltonian (1). (B)
Temperature dependence of the EPR signals atg ) 9.32. (C)
Temperature dependence of the EPR signals atg) 4.84. The solid
lines are the best fit to the data obtained by eq 2 for a single value
of D ) 1.4( 0.2 cm-1
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g ) 9.3 corresponds to transitions in the ground Kramers
doublet. In accordance to this assignment, forD > 0, as
the temperature is decreased from 20 to 4 K the intensity of
the signal atg) 9.3 is increased, becoming maximal at 4 K
(spectra B and C in Figure 2), while the signals atg ) 4.3
attain maximum intensity at 6.5 K. For known values of
E/D a detailed analysis of the temperature dependence of
the EPR signals allows an estimation of the zero-field
splitting, and it is presented in the following section.
(A) Determination of the Zero-Field Splitting.The tem-

perature dependence of the intensity of the EPR signals,
recorded at nonsaturating microwave power, are shown in
Figure 3, panels B (g) 9.3) and C (g) 4.3). No broadening
of the lines is observed in the temperature range from 4 to
20 K. From the analysis according to the spin Hamiltonian
(1) for E/D ) 0.24, one obtainsE3 ) 6.6D and (forD > 0)
E2 ) 2.9D as it is shown schematically in Figure 3A. Using
these values, the temperature dependence of the signals can
be predicted according to eq 2 having the value ofD as
adjustable parameter; for signals arising from different
Kramers doublets of thesameparamagnetic center, a single
value ofD should correspond. According to this, the solid
lines in Figure 2B are the best fit to the data obtained by eq
2 for a single value ofD ) 1.4( 0.2 cm-1; this value ofD
means that relative energies of the three Kramers doublets
at zero magnetic field are 0,≈ 4.1 cm-1, and≈ 9.2 cm-1.
The g values and the zero-field splitting parameters are
summarized in Table 1.
The EPR characteristics together with the optical absorp-

tion spectrum of AKdenappear to be similar to what has been
reported for mononuclear non-heme iron in biological
systems. More specifically, in rubredoxin [Fe(Cys)4] and
in protocatechuate dioxygenase the iron centers are spectro-
scopically similar to the iron center in the present case;
however, the iron center in the latter is distinguishable by
the degree to which the electronic environment of the iron
is alterable by substrates, inhibitors, and other iron ligands.
(B) Effect of Small Molecules.To get more insight into

the local environment of the metal site of labile coordination
sites we have examined the accessibility of iron by small
molecules. After incubation for 30 min at 5°C in the
presence of 1 mM KCN, essentially no low-field signal is
detected (Figure 4A). At the same time, new spectral
features appear at higher magnetic fields (Figure 4A). Figure
4B shows the kinetics of the decrease of the low-field
features of the EPR spectrum (atg ) 9.32 and 4.8-3.8,b)
and the kinetics of the increase of the high-field features of
the EPR spectrum (atg ) 2.45, 2.18, and 1.92,O) during
incubation at 5°C in the presence of 1 mM KCN. In a
similar sample incubated in the presence of 1 mM KCl
instead of KCN, the EPR signals are not changed (data not

shown). At early stages (<5 min) the disappearance of the
high-spin Fe3+ is accompanied by only a small increase of
the high-field resonances (Figure 4B). After incubation for
30 min, essentially 100% of the low-field signals became
nondetectable; at the same time the high-field peaks attain
maximum intensity. Quantification of the signals by the
method in (ref20) shows that about 80% of the centers that
contribute to the low-field EPR signals are converted to the
high-field signals after 20 min of incubation of the AKden in
the presence of 1 mM KCN.2

The new EPR signals (atg ) 2.45, 2.18, and 1.92) are
better resolved at lower microwave powers and higher
temperatures (15 K) than those recorded in the low-field
region. The intensity of the signal when compensated for
the 1/T (Curie law) dependence is shown in Figure 4C. This
behavior is indicative that the signal results from an isolated
S) 1/2 doublet. Theg values of the CN-induced peaks are
summarized in Table 1. As it is discussed below, these
characteristics are reminiscent of low-spin Fe3+ systems and
are assigned to the low-spin form of the iron of AK; the
transition to the low-spin state is induced by the treatment
with CN. This molecule is a ligand with high affinity for
iron that converts the iron to low-spin state upon binding it
(16, 21, 22).
To test a possible effect of salt (i.e., of the ionic strength)

on the protein, AKdenwas incubated with concentrations of
KCl up to 40 mM. This did not alter the AKden EPR
spectrum. This contrasts with the effect of KCN, where
much lower concentrations (<2 mM) and incubation times
(<1 min) changed the AKden EPR spectrum. Taken alto-
gether, these experiments demonstrate that the effect of KCN
is specific.

2 After 60 min of incubation of the AKden in the presence of 5 mM
KCN, in addition to the spectrum shown in Figure 2 the EPR spectrum
contains a second set of high-field peaks with similar intensities. The
second set ofg values are identical to those obtained from FeCl2 solution
with 5 mM KCN and are assigned to nonspecific iron coordinated by
CN.

Table 1: Effectiveg-Values and Spin-Hamiltonian Parameters of
the Non-Heme Fe3+ in AK

high spin (S) 5/2) low spina (S) 1/2)

g-values E/D D (cm-1) g-values R/λ R/µ

4.85b 0.24 1.4( 0.2 2.42 7.4 0.56
4.06b, 3.85b 2.18
9.32c 1.92
a According to convention III of Bohan (12), we consider the proper

g-axis system that in whichR > 0 and|R/µ|e 2/3. bMiddle Kramers
doublet.c Lower Kramers doublet.

FIGURE 4: (A) EPR spectrum of AKdenafter incubation for 30 min
at 5 °C with 1.6 mM KCN. EPR conditions same as in Figure 2.
(B) Kinetics of the decrease of the low-field features of the EPR
spectrum (atg ) 9.32 andg ) 4.8-3.8,b) and the kinetics of the
increase of the high-field features of the EPR spectrum (atg )
2.45, 2.18, and 1.92,O) during incubation at 5°C in the presence
of 1 mM KCN. (C) Temperature dependence of the intensity of
theg ) 2.42 signal after 30 min od incubation in the presence of
1 mM KCN.
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(3) Electron Spin Echo EnVelope Modulation Spectros-
copy. Electron spin echo envelope modulation spectroscopy
is a powerful method to detect any atom that possesses a
nuclear spin [e.g., H (I ) 1/2), 14N (I ) 1), 15N(I ) 1/2), P (I
) 1/2) etc.] in the environment of the electronic spin (see,
for example, ref23). Due to the fast relaxation of Fe3+ in
the high-spin state (S ) 5/2), the detection of an electron
spin echo requires temperatures below 4 K (see, for example,
ref 24). At 4 K the iron should be converted into the low-
spin state (S ) 1/2), which relaxes more slowly, to be
detected. As we have shown, this conversion can be done
by the addition of cyanide.
The ESEEM measurements were done at 3580 G (g )

1.92), i.e., on the low-field peak. As indicated above, the
low-spin Fe2+ was oxidized with ferricyanide. As it was
used in stoichiometric amount with the protein and since it
was fully converted into the non-EPR-active ferrocyanide
after the oxidation of the protein, no modulation from this
species was expected to contaminate the ESEEM data.
Figure 5A shows the ESEEM in the time domain of the
C14N-treated sample (spectrum a). To discriminate frequen-
cies arising from the nitrogen of cyanide to those of the
protein, the measurements were also done with C15N-treated
sample (Figure 5A, spectrum b). Figure 5B shows the
frequency domain of the ESEEM shown in Figure 5A. The
main peaks in spectrum a are 1.22, 2.32, 2.93, 4.03, and 6.23
MHz, and in spectrum b, 1.22, 1.96, and 2.44 MHz.
The observed changes demonstrate that at least a part of

the observed modulation originates from coupling of the low-
spin iron with one or more nitrogens of CN. This is direct
evidence that CN binds in the close vicinity of the iron in
AKden.

DISCUSSION

The EPR characteristics, the zero-field splittingD ) +1.4
cm-1, and the rhombicity parameterE/D ) 0.24 found in
the present case are similar to those observed for the non-
heme Fe3+(S ) 5/2) in the rubredoxin (D ) +1.92 cm-1,
E/D ) 0.28) isolated fromClostridium pasteurianum(see

refs 25 and 26 for a review). We consider that the
stereochemical constrains imposed by the protein environ-
ment determine the ligand field parametersE andD. In the
rubredoxin, the structural motif Cys-X2-Cys-X16-Cys-X2-Cys
forms the binding pocket of the non-heme ferric center. In
AKden the structural motif Cys-X2-Cys-X16-Cys-X2-Cys that
has been postulated to form the iron binding site bears
striking similarities with that in the rubredoxin and are is
line with the similar ligand field parameters in the two cases.
Furthermore these similarities are in line with the similar
optical absorption spectra in the two cases.
According to the present EPR study, the iron site of native

AKden, which is a dimer, is apparently homogeneous. In the
case of binding of two iron atoms in AKden (one per
monomer) then the ligand field parameters, i.e., the coordina-
tion environments, of the iron atoms are identical and the
iron-iron distance should be large since no magnetic
interaction is evident. In fact, there are examples of other
dimeric non-heme iron proteins that bind one iron atom per
monomer. For example in the transferrins and in the
desulfodoxin fromDesulfoVibrio gigas the two iron atoms
give similar EPR spectra. No magnetic interaction between
two metal sites has been detected by EPR and this has been
interpreted as being due to the large distance (calculated as
equal to 41.6( 2.8 Å) between the two metal-binding sites
(27). This has been confirmed by the 3D structure of
transferrin, from which the iron-iron distance has been
measured equal to 42 Å (28).
On the basis of the homology between the amino acid

sequence of AKden, deduced from the nucleotide sequence
of the gene, and the AK fromB. stearothermophilusandB.
subtilis (2, 3) (see also Figure 6), we expect for the metal
binding site to be located into the INSERT domain of the
protein and to be exposed to the solvent. This is in
qualitative agreement with the facile accessibility of the iron
in AKden by exogenous molecules like CN.
An important finding of this work is that the metal site

has a labile coordination position which can be occupied by
extrinsic molecules like CN. The conversion of a number
of non-heme iron centers from the high- to the low-spin state
due to CN binding has been reported in a number of non-
heme iron proteins, for example protocatechuate dioxygenase
(21), transferrins (16), the reaction center of photosystem II
(22), and a 4-Fe ferredoxin inPyrococcus furiosus(29). The
conversion of the non-heme Fe3+(S) 5/2) to the low-spin (S
) 1/2) after CN binding is in clear contrast with the case of
other spectroscopically similar non-heme iron centers in
rubredoxins. On the other hand, the high-spin and low-spin
EPR spectra are quite similar to those reported for proto-
catechuate dioxygenase (21). In all these cases the binding
of more than one molecule of CN is required for the
formation of the low-spin state. In photosystem II and in
transferrins the CN binds on the iron after the displacement
of a bicarbonate molecule, while in the protocatechuate
dioxygenase the CN has to displace a H2O molecule. In
the latter case a single CN molecule, when bound on the
iron, induces a modification of the ligand field while the
iron remains in the high-spin state. In the latter case a major
rearrangement was suggested to take place that would allow
the binding of a second CN molecule with a subsequent
conversion to low spin (21).
In this context we consider that the conversion of the iron

from the high-spin (S) 5/2) to the low-spin (S) 1/2) state

FIGURE 5: (A) ESEEM in the time domain of the C14N-treated
sample (spectrum a) and C15N-treated sample (spectrum b). (B)
Frequency domain of the ESEEM shown in panel A. Spectrum c
in panel B shows a calculated curve using the parameters described
in Table 2. The amplitude of the echo resulted from the sequence
(π/2-τ-π/2-T-π/2) with π/2 ) 8 ns,τ ) 136 ns, andTmin ) 24 ns.
Other instrument settings: temperature, 4.2 K; microwave fre-
quency, 9.6 GHz; shot repetition time, 16 ms.
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is induced by the binding of one or more CN molecules on
the non-heme iron. Binding of CN to the non-heme iron is
further demonstrated by simulation of spectrum a in Figure
5B. This simulation of the couplings between Fe3+ (S )
1/2) and the14N of CN included anisotropicg tensor and
orientation selection (spectrum c, Figure 5B). The best fit
to the peaks at 2.9/4.0/6.3 MHz was achieved by using
quadrupole couplings of CN. The results are described in
Table 2. TheQ andη values almost coincide with theQ
and η values reported for C14N in K3FeIII (CN)6 (30),
confirming the suggested binding of CN on the iron via the
carbon.
We may consider two possible mechanisms associated

with the binding of cyanide: (a) the CN binding site(s) is-
(are) originally nonoccupied by ligand(s) or (b) the CN
coordination position(s) is(are) occupied by another molecule.
In case b, the binding of CN would require the displacement
of at least one ligand. If this is the case for the iron in AKden

then the ligand under consideration is unknown. It is noticed
that in all three aforementioned cases of CN binding in non-
heme iron proteins it appears that mechanism b is encoun-
tered. In all cases CN replaces non-protein ligands (bicar-
bonate or H2O).
The disappearance of the high-spin iron EPR signals after

treatment with 1 mM KCN (250-fold excess) at short
incubation times (<1 min) without being accompanied by
the appearance of the low-spin adduct is not easily under-
standable. The low-spin signals appear significantly only

after prolonged incubation, typically 5 min. We may
consider the possibility that treatment with CN modifies the
properties of the high-spin iron in such a way that it initially
becomes an EPR-silent state. A change in the redox potential
to a more positive value with a subsequent reduction of the
iron to the Fe2+ (S) 2) state would be consistent with the
disappearance of the Fe3+ (S ) 5/2) EPR signals. If this
assumption is correct, then the newEm has to be higher than
theEm in the present case (i.e., higher than+230 mV). More
extended studies like enzymatic significance of CN binding
and details on the binding mechanism will be the subject of
future works.
Iron is frequently encountered in proteins and may play

either a functional role, a structural role, or both. The value
of the redox potential is an essential parameter for the
characterization of a metalloprotein and, in certain cases, for
the determination of its physiological function. Rubredoxins
constitute a group of non-heme iron proteins with a rather
narrow range of redox potentials between-60 and+ 10
mV(see ref19and references therein). The redox potential
of the ironEm, +230 mV in AKden, is higher than theEm for
a rubredoxin-type iron center; thus at ambient redox potential
the iron is predominantly in the ferrous Fe2+ (S) 2) state.
Although the correlation of redox potential with the type of
metal environment is not always straightforward, the exist-
ence of a non-sulfur ligand may explain the elevated redox
potential; the existence of non-sulfur ligands, i.e., N or O,
parallels the more positive redox potentials in other non-
heme iron centers. Histidine is a common ligand of non-
heme iron in proteins, i.e., one His in transferrins, three His
in soybean lipoxygenase (31), and four His in photosynthetic
reaction centers (32) and protocatechuate dioxygenase, for
examples.
The ESEEM data indicate the existence of nitrogen nuclei

that originate from cyanide but also probably from the
protein. Indeed, in Figure 5B peaks around 2.3 and 1.2 MHz
in spectrum a (in the presence of C14N) are still present in
the presence of C15N. From the protein sequence (Figure
6), H138 could be a candidate (3). Although this amino acid
has been shown to not participate in Zn2+ binding in AK

FIGURE6: Alignment of amino acid sequences of adenylate kinase fromParacoccus denitrificans, Bacillus stearothermophilus, andBacillus
subtilisas deduced from the nucleotide sequences of the corresponding genes. The conserved residues are shown in boldface type.

Table 2: Hyperfine and Quadrupole Coupling Parameters of C14N
Bound to the Non-Heme Iron of AKdena

hyperfine coupling quadrupole coupling

Axx ) 1.85 MHz (error 0.05) Q) 3.82 MHz
Ayy ) 1.55 MHz η ) 0.03 (error 0.01)
Azz) 1.35 MHz

a) 0,â ) 20,γ ) 0 u) 0, V ) 20,w) 0
a The values above correspond to the best fit of the peaks at 2.9/

4.0/6.3 MHz in spectrum c, Figure 5B. The two sets of angles are the
Euler angles of tensorsA (a, â, γ) andQ (u, V, w) relative to theg
tensor.
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from B. subtilis, nothing argues against the possibility that
His138 participates in the iron binding in AK fromP.
denitrificans. Moreover, the observed couplings probably
do not arise from nitrogen(s) directly coordinated to the iron.
This kind of directly coordinated nitrogen(s) has been
detected in model compounds (33, 34) and in proteins (34-
37). This is typically characterized by anAiso at around 4-5
MHz. Such a coupling is expected to result in an ESEEM
spectrum consisting of just two prominent features corre-
sponding to the double quantumδ mI ) 2 transitions in the
two spin manifolds (38). This has been experimentally
observed in ESEEM spectra recorded on iron centers where
one typically observes one peak at 2-4 MHz and a second
one at 5-7 MHz (refs34and36and references therein). In
AKden, the low-frequency domain does not contain such
features (see Figure 5). We cannot assign the observed peaks
to a certain type of nitrogen coupling due to the lack of
knowledge of the quadrupole coupling constants. Neverthe-
less, our simulations of the ESEEM data in the time and
frequency domain clearly indicate that the low-frequency
features, apart from those that originate from CN, arise from
weakly hyperfine couplings in the frequency range of 1 MHz
or less. This weak coupling does not necessarily imply the
presence of a direct nitrogen coordination to the metal ion.
For example, in various Fe-S proteins analogous weak
couplings have been detected by ESEEM and electron
nuclear double resonance spectroscopy (ENDOR) and as-
signed to noncoordinated nitrogens (refs35, 36, 39, and40
and references therein). Specific mutation of His138 in
AKden would certainly solve this question.
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