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ABSTRACT. Adenylate kinase from the Gram-negative bacteriBaracoccus denitrificangAK qen) 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 Akat 4.2 K consists of features g@t= 9.23, 4.34, 4.21, and 3.68. These
features are absent in the ascorbate-reduced protein and are characteriSie=d¥.aspin system in a
rhombic environment witle/D = 0.24 and are assigned to a non-hem& K8 = 5/,) center. The zero-

field splitting parameteb (D = 1.4+ 0.2 cnT?) was estimated from the temperature dependence of the
EPR spectra. These EPR characteristic as well as the difference absorption spectrum (oxidized minus
reduced) of Akenare similar to those reported for the non-heme iron protein rubredoxin. Nevertheless,
the redox potential of the F&Fe** couple in AKgen Wwas measured at230 4+ 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$= 5/,) to the low-spin §= %/,) spin state. The EPR spectrum of the non-heme
Fe™(S = 1) in the presence of cyanide hasvalues of 2.45, 2.18, and 1.92 and spin-Hamiltonian
parameter®k/A = 7.4 andR/u = 0.56. The conversion of the non-heme iron to the low-sgir=(%,)

state allowed the study of its local environment by electron spin echo envelope modulation spectroscopy
(ESEEM). The ESEEM data revealed the existencé&dfor 15N nuclei coupled to the low-spin iron

after addition of KG*N or KC'N respectively. This demonstrated that iron in fAkhas 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 (AR, ATP:AMP phosphotransferase, AKgenhas a metal-binding site with a structural motif Cys-
EC 2.7.4.3), a member of the nucleoside monophosphateX,-Cys-X;6-Cys-X-Cys which is similar to that found iB.
(NMP) kinase family, is a small monomeric protein involved stearothermophilus (Perrier et al., manuscript in preparation;
in energy metabolismlj. Recently it was found that the see also Figure 6). Interestingly, Adis a dimer and the
structural motif Cys-%Cys-X;e-Cys-X-Cys/Asp forms a recombinant protein binds simultaneously zinc and iron. Iron
high-affinity site for zinc binding in AK fromBacillus confers an additional function to Ak, that is in vitro
stearothermophilugnd Bacillus subtillis(2, 3). The zinc ~ reduction of the oxidized cytochronee
atom is coordinated in these proteins by four cysteines or To understand the mode of binding and the putative
by three cysteines and an aspartic residue, respectively. Thdunctional role of iron in AKen the knowledge of its
existence of such a site with high affinity for metal binding coordination environment is important. Continuous-wave
appears to be a common property of the AKs from Gram- electron paramagnet_lc resonance (cw EPR) is a powerful t<_)ol
positive bacteria, in contrast with the enzymes from Gram- [© Study the coordination environment of paramagnetic

negative species, which are usually devoid of metal #&)n ( centers in b'°|09'ca| systems (for example, seeJeind .
references therein). Electron spin echo envelope modulation

Adenylate kinase fronfParacoccus denitrifican€AK gen), (ESEEM) spectroscopy is a pulsed EPR technique well suited
a Gram-negative bacterium, has structural features highly for the study of weak nucleaflectron hyperfine couplings
similar to those of AKs from Gram-positive organisms. Thus, (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.

* Corresponding author: Fax 33 1 69 08 87 17; phone 33 1 69 08

29 40. In the present work, we intend to present the basic
£ CEA Saclay. characterization of the iron binding site in Ad by both
§ |nstitut Pasteur. continuous-wave EPR and ESEEM spectroscopy. In addi-

+ Abstract published imdvance ACS Abstractduly 15, 1997. tion, we report redox titration and experiments that reveal
Abbreviations: EPR, electron paramagnetic resonance spectros-

copy; ESEEM, electron spin echo envelope modulation spectroscopy; the existence of a labile coordination position, which is easily
AK, adenylate kinase; Tris, tris(hydroxymethyl)aminomethane. accessible by small molecules like cyanide.
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MATERIALS AND METHODS paramagnetic center from axial symmetry; in the proper axis
system an axial symmetry correspond€Et® = 0 while a
maximally rhombic symmetry correspondsitd = /5 (11).
For gof 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 BfD, which in turn can be
determined directly from the experimenggbalues. FoE/D
= 0 the relative energies of the three doublets are®, 2
and @, while for E/D = Y5 they become equidistant, i.e.,
their relative energies ardX) 3.79D, and 7.0, respectively
(for a review see reb) and references therein).

(B) Temperature Dependencé&lnder nonsaturating con-
' ditions, changes in the intensity of the EPR signals reflect
changes in the Boltzmann population of the energy levels.
For aS = %, spin system the temperature dependence of
the intensity of the EPR signals can be described by

(1) Chemicals. Adenylate kinase gene fro. denitrifi-
canswas cloned by complementing the thermosensitive
Escherichia coli adkstrain C. R.341T287, 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 §) with 0.1% HNG. 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. KCI
KCN, Ks3Fe(CN)}, and sodium ascorbate solutions were
prepared in Tris-HCI 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/n200uM). Then
the sample was put in a quartz EPR tube and d@r 1 exp(E/KT)

NaC*N was added in the EPR tube. After incubation at O (M) == ' (2)
°C, ferricyanide (10Q:M, final concentration) was added T1+ exp(-E,J/KT) + exp(-EykT)
to oxidize the iron from F& into Fe*. . . .

(2) EPR. Continuous-wave EPR spectra were recorded WNeréi = 2 and 3 for the middle and higher Kramers
at liquid helium temperatures with a Bruker ER 200D or doublet_, resp_ectlvely. T_he_ L/dependence describes the
ESR300E X-band spectrometer equipped with an Oxford POPulation difference within each Kramers doublet; the
Instruments cryostat. The temperature was monitored with exponential fac.tor takes the Boltzmann distribution of the
an Oxford ITC-5 temperature controller equipped with a three doubletg mtogccour:t. .
calibrated AuFe (0.007 Cr) thermocouple positioned 5 mm (©) I__ovx_/—Spln F&'(S = /). In order to S|m_pl|fy the
below the lower edge of the sample. As an independent @"alysis, it is assumed that thg and theg, orbitals are
calibration for the temperature at the sample position we haveWeII separated in energy. Inthe present case th's. assumption
used a 1 MMCUEDTA sample; the Curie behavior was is supported by the Curie behavior of th.e |ntenS|t|eslof the
supposed and the point at 4.2 K was considered as reference"?‘dd.UCt signals Vversus temperature, indicating St />
Pulsed EPR was done with a Bruker ESP 380 spectrometerexc'ted. states involving the, orbitals are not thermally
previously describedg]. The ESEEM data result from a accessible (see Results). When ar_1a|yzed in the manner
three-pulse sequencea/R-t-/2-T-/2). The amplitude of sugge_sted by Boharlg), the Iow-s_pm .EPR spectra are
the stimulated echo as a functionoft T was measured at ~ described by the perturbation Hamiltonian
3580 G. Ther 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 interpulSewas 24 ns and was whereA is the spin-orbit coupling constant apdandR are
incremented by steps of 8 ns. The pulse duration was the tetragonal zgnd rhombice:r gtal field s Iiptltin constants
16 ns. To remove the unwanted echoes in the three-pulse 9 y PIting

experiments, the phase cycling procedure described i@ ref (ref 1.2)’ ?”d references thereiThe eigenfunctions of the
Was employéd Hamiltonian have the form

H=—is+ w9)[3°—I( + 1)] + (R12(. 2+ 13

(3) Potentiometric Titration. The reduction state of the +
protein was determined by potentiometric titration followed i B=D |dxy’ al+ E |dXY’ AU Fld ol

spectrophotometrically. Potentiometric measurements were _
|y, U= D |d,, B0+ E |d,y, o[H-F |d,,80

performed in an optical cuvette (1 cm optical path), using a
platinum plate and a saturated calomel electrode. The cuvett
was continuously stirred and flushed with pure argon gas.
Adenylate kinase was titrated in 50 mM Tris/HCI, pH 7.5,
1 mM KCI, 1 uM methylene blue, and ZM Nile Blue A.
The redox potential was adjusted by addition of small
volumes of buffered solutions of sodium dithionite, sodium
ascorbate, or potassium ferricyanide. = _ A -O-
(4) Analysis of the EPR spectra: High-Spin®FgS = H=045B0S™ Gy Bol +SALH1-Qrd
°). The EPR spectrum of a8 = °, system can be \hereA consists of the isotropic contributiohs, and the
described by the spin Hamiltonian: traceless tensofl describing the anisotropic hyperfine
coupling. Theg tensor has principal values, gy, andg,.
H =gy HS+D[S?—*/,+ [ED)SZ - S (1) The nuclear quadrupole interactio, is traceless by
definition. In its principal axis system the final term in eq
whereD andE are the axial and rhombic zero-field splitting 1 is expressed in the form
parameters, respectivelyd. The termE/D is a measure 5 o 5 ’
of the departure of the electronic environment of the QeI = K[3I, = 1"+ n(l — Iy )]

eThe coefficientd, E, andF can be determined directly from
the experimentadj values.

(5) Analysis of the ESEEM DatdN (S= Y, | = 1).
The spin Hamiltonian for ar§ = Y,, | = 1 system is
characterized by
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FiIGURE 1: Absorption spectra of Alnrecorded at340 and+190 C
mV (versus NHE).

whereK represents the quadrupole coupling constanty
4h andy is the asymmetry parameter of the electric field A 4K

gradient. The energies and eigenfunctions are calculated W
numerically for each spin manifold and the three-pulse No Ferri
modulations were calculated with the relations derived by

Mims (13). 1000 2000 3000 4000 5000
RESULTS H (Gausy)
FIGURE 2:_ }(-band EPR spectra o_f A, with no addition (A) and
(1) Potentiometric Titration of Al Figure 1 shows the  after addition of 20QuM ferricyanide & 8 K (C) and at 4 K (B).
absorption spectra of the fully reduced and fully oxidized EPR conditions: modulation amplitude 10 G; modulation frequency
. . 100 KHz; microwave power 8 mW.
protein at+190 and+340 mV (versus NHE) respectively.

The oxidized protein presents an absorption spectrum very 7. 2 Z
similar to that of the oxidized rubredoxin and is characteristic ) 0.4 06 98
of a non-heme iron in a high-spin state4-17). ) 6.6D

The midpoint potential of the iron was determined by a — 41 38 48
potentiometric titration that was followed spectrophotometri- 29D
cally by varying the potential between190 and+340 mV 14 93 05
and by measuring the absorptiomaximaat 370 and 475 E/D=0.24
nm. The experimental points were fitted by the classical

Nernst equation and the apparent midpoint potential found B)
was 230 mV (versus NHE). This value is higher that what
is generally reported for irensulfur proteins like rubredoxin,
i.e., between—60 and +10 mV (refs 18 and 19, and
references therein).

(2) Continuous-Wee EPR Study of the Metal Binding Site.
Representative EPR spectra of the Akrecorded afl =
4.2 and 8 K are shown in Figure 2. With no oxidant added, i
only a fraction of the EPR signal was detected (Figure 2,
spectrum A). Addition of 20Q«M 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 T (K)
the low-field region ag ~ 4.3 and~ 9. All the signals are Ficure 3: (A) Schematic representation of the energy levels of a
only detectable at cryogenic temperature8Q K) and are S = 5 system forE/D = 0.24 and the corresponding effective
saturated at high microwave powers. The weak signals in g-values as they are predicted from the spin Hamiltonign ()

— ; ; Temperature dependence of the EPR signalg at 9.32. (C)
the g 2 region varied from sample to sample and are Temperature dependence of the EPR signajs=a#.84. The solid

assigned to nonspecific impurities, mostly copper. _lines are the best it to the data obtained by eq 2 for a single value
This type of EPR spectrum is characteristic of high-spin of D = 1.4+ 0.2 cnr?®

iron in rhombic environment, as in non-heme iron metallo-

proteins and non-heme iron compounds (ref 5 and referencegshe pertinent energy level diagram is shown in Figure 3A.
therein), and corroborates the atomic absorption analysis, The predicted effectivg-values are given for each Kramer's
which shows the binding of iron in Al¢, Further analysis  doublet according to the spin Hamiltonial).( The observed

of the spectra shows that the obsergedhlues are predicted resonances aj, = 4.8, g, = 4.1, andg, = 3.8 arise from
from the spin Hamiltonianl) for E/D = 0.24. ForD > 0 transitions in the middle Kramers doublet, while the peak at

IXT (a.u)

IXT (a.u)
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Table 1: Effectiveg-Values and Spin-Hamiltonian Parameters of &
the Non-Heme F& in AK £ (A)
high spin 6= 5/,) low spirt (S= %5) £
g-values ED D(m?) gvalues RA Rl z (B)
4.8% 0.24 1.4+ 0.2 2.42 7.4 0.56 S0 2 4}, 60
4.06), 3.85’ 2.18 Time (minutes)
9.3Z 1.92

a According to convention Il of Boharl@), we consider the proper
g-axis system that in whicR > 0 and|R/u|< %3. ® Middle Kramers
doublet.c Lower Kramers doublet.

2.42xT

Intof g

g = 9.3 corresponds to transitions in the ground Kramers |  E .. < . . .. ... ©

doublet. In accordance to this assignment, Bor 0, as 0 2 4 6 8 10121416 18 20

the temperature is decreased from @@K the intensity of ' LILS : ' :

the signal ag = 9.3 is increased, becoming maximal at 4 K 1000 2000 3000 4000
(spectra B and C in Figure 2), while the signalgat 4.3 H( Gauss)

attain maximum intensity at 6.5 K. For known values of Ficure4: (A) EPR spectrum of Aafter incubation for 30 min
E/D a detailed analysis of the temperature dependence ofat 5°C with 1.6 mM KCN. EPR conditions same as in Figure 2.

the EPR signals allows an estimation of the zero-field (B) Kinetics of the decrease of the low-field features of the EPR

i . ; ; ; spectrum (ag = 9.32 andg = 4.8—3.8,@®) and the kinetics of the
splitting, and it is presented in the following section. increase of the high-field features of the EPR spectrung(at

(A) Determination of the Zero-Field SplittingThe tem- 2.45, 2.18, and 1.92)) during incubation at 5C in the presence
perature dependence of the intensity of the EPR signals,of 1 mM KCN. (C) Temperature dependence of the intensity of

recorded at nonsaturating microwave power, are shown intheg = 2.42 signal after 30 min od incubation in the presence of
Figure 3, panels By=9.3) and C¢§ = 4.3). No broadening 1 mM KCN.

of the lines is observed in the temperature range from 4 to shown). At early stages<G min) the disappearance of the
20 K. From the analysis acc_:ording to the spin Hamiltonian high-spin F&" is accompanied by only a small increase of
(1) for E/D = 0.24, one obtains = 6.6D and (forD > 0) the high-field resonances (Figure 4B). After incubation for
E, = 2.9D as it is shown schematically in Figure 3AJsing 30 min, essentially 100% of the low-field signals became
these values, the temperature dependence of the signals cafondetectable; at the same time the high-field peaks attain
be predicted according to eq 2 having the valueDoés maximum intensity. Quantification of the signals by the
adjustable parameter; for signals arising from different method in (ref20) shows that about 80% of the centers that
Kramers doublets of theameparamagnetic center, a single  contribute to the low-field EPR signals are converted to the
value ofD should correspond. According to this, the solid high-field signals after 20 min of incubation of the Ain
lines in Figure 2B are the best fit to the data obtained by eq the presence of 1 mM KCKR.

2 for a single value oD = 1.4 4 0.2 cn1?; this value ofD The new EPR signals (at = 2.45, 2.18, and 1.92) are
means that relative energies of the three Kramers doubletspetter resolved at lower microwave powers and higher
at zero magnetic field are 6y 4.1 cm?, and~ 9.2 cm™. temperatures (15 K) than those recorded in the low-field
The g values and the zero-field splitting parameters are region. The intensity of the signal when compensated for
summarized in Table 1. the 17T (Curie law) dependence is shown in Figure 4C. This

The EPR characteristics together with the optical absorp- behavior is indicative that the signal results from an isolated
tion spectrum of Algenappear to be similar to what has been S= 1/, doublet. Theg values of the CN-induced peaks are
reported for mononuclear non-heme iron in biological summarized in Table 1. As it is discussed below, these
systems. More specifically, in rubredoxin [Fe(Cysand characteristics are reminiscent of low-spirf Fgsystems and
in protocatechuate dioxygenase the iron centers are spectroare assigned to the low-spin form of the iron of AK; the
scopically similar to the iron center in the present case; transition to the low-spin state is induced by the treatment
however, the iron center in the latter is distinguishable by with CN. This molecule is a ligand with high affinity for
the degree to which the electronic environment of the iron iron that converts the iron to low-spin state upon binding it
is alterable by substrates, inhibitors, and other iron ligands. (16, 21, 22).

(B) Effect of Small MoleculesTo get more insight into To test a possible effect of salt (i.e., of the ionic strength)
the local environment of the metal site of labile coordination on the protein, AKe,Was incubated with concentrations of
sites we have examined the accessibility of iron by small KCl up to 40 mM. This did not alter the Ak, EPR
molecules. After incubation for 30 min at & in the spectrum. This contrasts with the effect of KCN, where
presence of 1 mM KCN, essentially no low-field signal is much lower concentrations<¢ mM) and incubation times
detected (Figure 4A). At the same time, new spectral (<1 min) changed the Alg, EPR spectrum. Taken alto-
features appear at higher magnetic fields (Figure 4A). Figure gether, these experiments demonstrate that the effect of KCN
4B shows the kinetics of the decrease of the low-field is specific.
features of the EPR spectrum (pat= 9.32 and 4.8-3.8, @)
and the kinetics of the increase of the high-field features of 2 After 60 min of incubation of the Akenin the presence of 5 mM
the EPR spectrum (a = 2.45, 2.18, and 1.92)) during KCN, in addition to the spectrum shown in Figure 2 the EPR spectrum

; ; o contains a second set of high-field peaks with similar intensities. The
incubation at 5°C in the presence of 1 mM KCN. In a second set af values are identical to those obtained from ReBlution

_Sim”ar sample incubated ?n the presence of 1 mM KCI yjth 5 mm KCN and are assigned to nonspecific iron coordinated by
instead of KCN, the EPR signals are not changed (data notCN.
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refs 25 and 26 for a review). We consider that the
stereochemical constrains imposed by the protein environ-
ment determine the ligand field parametBrandD. In the
rubredoxin, the structural motif Cys»Cys-X;6-Cys-X-Cys
forms the binding pocket of the non-heme ferric center. In
AK genthe structural motif Cys-%Cys-X;6-Cys-X-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
AK g4en Which is a dimer, is apparently homogeneous. In the
case of binding of two iron atoms in Ak, (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
in panel B shows a calculated curve using the parameters describedlimeric non-heme iron proteins that bind one iron atom per
in Table 2. The amplitude of the echo resulted from the sequencemonomer. For example in the transferrins and in the
(7w/2-t-7/2-T-7/2) with 77/2 = 8 ns,7 = 136 ns, andimin = 24 ns. desulfodoxin fromDesulfaibrio gigasthe two iron atoms
Other instrument settings: temperature, 4.2 K; microwave fre- give similar EPR spectra. No magnetic interaction between
quency, 9.6 GHz; shot repetition time, 16 ms. two metal sites has been detected by EPR and this has been
interpreted as being due to the large distance (calculated as

a) C'*N

|
|

echo amplitude (a. u.)
FT amplitude (a.u.)

M’:"NVM

P S S R R ST |

2 4 6
©+T(us)

b) C'°N

||||||||| Lo ea bl
5 10
Frequency (MHz)

FIGURE 5: (A) ESEEM in the time domain of the XN-treated
sample (spectrum a) and"®l-treated sample (spectrum b). (B)
Frequency domain of the ESEEM shown in panel A. Spectrum ¢

0 0

(3) Electron Spin Echo Emlope Modulation Spectros-

copy. Electron spin echo envelope modulation spectroscopy

is a powerful method to detect any atom that possesses
nuclear spin [e.g., HI(= Y%,), N (I = 1), 5N(I = ), P (

= 1/,) etc.] in the environment of the electronic spin (see,
for example, ref23). Due to the fast relaxation of Fein

the high-spin state§ = %), the detection of an electron
spin echo requires temperatures belbK (see, for example,
ref 24). At 4 K the iron should be converted into the low-
spin state $ = 1/,), which relaxes more slowly, to be
detected. As we have shown, this conversion can be don
by the addition of cyanide.

The ESEEM measurements were done at 358Q¢ G (
1.92), i.e., on the low-field peak. As indicated above, the
low-spin Fét 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
C“N-treated sample (spectrum a). To discriminate frequen-
cies arising from the nitrogen of cyanide to those of the
protein, the measurements were also done withi@reated
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 6.2
MHz, and in spectrum b, 1.22, 1.96, and 2.44 MHz.

The observed changes demonstrate that at least a part o

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 splittbg= +1.4
cmt, and the rhombicity paramet&D = 0.24 found in
the present case are similar to those observed for the non
heme Fé&"(S = %) in the rubredoxin® = +1.92 cn1?,
E/D = 0.28) isolated fronClostridium pasteurianunfsee

€

equal to 41.6+ 2.8 A) between the two metal-binding sites
(27). This has been confirmed by the 3D structure of

Qransferrin, from which the ironiron distance has been

measured equal to 42 29).

On the basis of the homology between the amino acid
sequence of Ak, deduced from the nucleotide sequence
of the gene, and the AK frorB. stearothermophiluandB.
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
gualitative agreement with the facile accessibility of the iron
in AK gen 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 |l
(22), and a 4-Fe ferredoxin iRyrococcus furiosug9). The
conversion of the non-heme ¢S = %/,) to the low-spin &
= 1/,) 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

PR spectra are quite similar to those reported for proto-

atechuate dioxygenaselj. In all these cases the binding

f more than one molecule of CN is required for the
ormation of the low-spin state. In photosystem Il 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 gOHmolecule. In
the latter case a single CN molecule, when bound on the
iron, induces a moadification 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 spinZl).

In this context we consider that the conversion of the iron
from the high-spin $ = %) to the low-spin § = %,) state
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1 10 20 30 40 50
P. denitrificans MAINIILLGPPGAGKGTQARRLIDERGLVQLSTGDMLREARSSGTEMGKRVAEVMDR
B. stearothermophilus MNLVLMGLPGAGKGTQAEKIVAAYGI PHISTGDMFRAAMKEGTPLGLQAKQYMDR
B, subtilis MNLVLMGLPGAGKGTQGERIVEDYGIPHISTGDMFRAAMKEETPLGLEAKSYIDK
60 70 80 90 100 110
P, denitrificans GELVTDEIVIGLIREKLGQ--GGKGFIFDGFPRTLAQADALQOATMAEMDORIDAV
B. stearothermophilus GDLVPDEVTIGIVRERLSKDDCONGFLLDGFPRTVAQAEALETMIADIGRKLDYV
B. subtilis GELVPDEVTIGIVKERLGKDDCERGFLLDGFPRTVAQAEALEEILEEYGKPIDYV
120 130 140 150 160
P. denitrificans IEMRVDDAALVSRISGRFTCGNCGEVYHDVTKPTKEPGKCDVCGSTDLRRRADDN
B. stearothermophilus IHIDVRQDVLMERLTGRRICRNCGATYHLIFHPPAKPGVCDKCG-GELYQRADDN
B. sgubtilis INIEVDKDVLMERLTGRRICSVCGTTYHLVFNPPKTPGICDKDG-GELYQRADDN
170 180 190 200 210.
P. denitrificans EESLKTRLMEYYRKTSPLIGYYYVRGNLNPVDGLAEIDEVAAQVAKVMDKIPA
B. stearothermophilus EATVANRLEVNMKOMKPLVDFYEQKGYLRNINGEQDMEKVFADIRELLGGLAR
B. subtilis EETVSKRLEVNMKQTQPLLDFYSERGYLANVNGQODIQDVYADVKDLLGGLKK

Ficure 6: Alignment of amino acid sequences of adenylate kinase Raracoccus denitrificanBacillus stearothermophilysindBacillus
subtilis as deduced from the nucleotide sequences of the corresponding genes. The conserved residues are shown in boldface type.

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 Fé" (S= 2) state would be consistent with the
disappearance of the ¥Fe(S = 5%,) EPR signals. If this
assumption is correct, then the n&w has to be higher than
the En, in the present case (i.e., higher tha@30 mV). More
extended studies like enzymatic significance of CN binding
and details on the binding mechanism will be the subject of
future works.
is induced by the binding of one or more CN molecules on Iron is frequently encountered in proteins and may play
the non-heme iron. Binding of CN to the non-heme iron is either a functional role, a structural role, or both. The value
further demonstrated by simulation of spectrum a in Figure of the redox potential is an essential parameter for the
5B. This simulation of the couplings between3F¢S = characterization of a metalloprotein and, in certain cases, for
/,) and the'N of CN included anisotropig tensor and  the determination of its physiological function. Rubredoxins
orientation selection (spectrum c, Figure 5B). The best fit constitute a group of non-heme iron proteins with a rather
to the peaks at 2.9/4.0/6.3 MHz was achieved by using narrow range of redox potentials betwee®0 and+ 10
guadrupole couplings of CN. The results are described in mV(see refl9 and references therein). The redox potential
Table 2. TheQ and# values almost coincide with th@ of the ironEy, +230 mV in AKqen is higher than th&, for
and » values reported for &N in KzFe"(CN)s (30), a rubredoxin-type iron center; thus at ambient redox potential
confirming the suggested binding of CN on the iron via the the iron is predominantly in the ferrous #¢S = 2) state.
carbon. Although the correlation of redox potential with the type of
We may consider two possible mechanisms associatedmetal environment is not always straightforward, the exist-
with the binding of cyanide: (a) the CN binding site(s) is- ence of a non-sulfur ligand may explain the elevated redox
(are) originally nonoccupied by ligand(s) or (b) the CN potential; the existence of non-sulfur ligands, i.e., N or O,
coordination position(s) is(are) occupied by another molecule. parallels the more positive redox potentials in other non-
In case b, the binding of CN would require the displacement heme iron centers. Histidine is a common ligand of non-
of at least one ligand. If this is the case for the iron inK  heme iron in proteins, i.e., one His in transferrins, three His
then the ligand under consideration is unknown. It is noticed in soybean lipoxygenas81), and four His in photosynthetic
that in all three aforementioned cases of CN binding in non- reaction centers3@) and protocatechuate dioxygenase, for
heme iron proteins it appears that mechanism b is encoun-examples.
tered. In all cases CN replaces non-protein ligands (bicar- The ESEEM data indicate the existence of nitrogen nuclei
bonate or HO). that originate from cyanide but also probably from the
The disappearance of the high-spin iron EPR signals afterprotein. Indeed, in Figure 5B peaks around 2.3 and 1.2 MHz
treatment with 1 mM KCN (250-fold excess) at short in spectrum a (in the presence ofN) are still present in
incubation times €1 min) without being accompanied by the presence of ®N. From the protein sequence (Figure
the appearance of the low-spin adduct is not easily under-6), H138 could be a candidatg)( Although this amino acid
standable. The low-spin signals appear significantly only has been shown to not participate in?Zrbinding in AK

Table 2: Hyperfine and Quadrupole Coupling Parameters'tifi C
Bound to the Non-Heme Iron of AK?

hyperfine coupling

wx = 1.85 MHz (error 0.05)
Ay = 1.55 MHz
A= 1.35 MHz

a=0,=20,y=0 u=0,0=20,w=0

2 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 tensora (a, 3, y) andQ (u, v, w) relative to theg
tensor.

quadrupole coupling

Q=3.82 MHz
7 =0.03 (error 0.01)
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from B. subtilis nothing argues against the possibility that
His138 participates in the iron binding in AK frorR.
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 compound33( 34) and in proteins34—

37). Thisis typically characterized by &, 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 quantudnm = 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 at2 MHz and a second
one at 5-7 MHz (refs34 and 36 and references therein). In
AKgen, the low-frequency domain does not contain such
features (see Figure 5). We cannot assign the observed peak
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 F€S proteins analogous weak
couplings have been detected by ESEEM and electron

nuclear double resonance spectroscopy (ENDOR) and as-

signed to noncoordinated nitrogens (r8& 36, 39, and40
and references therein). Specific mutation of His138 in
AK gen Would certainly solve this question.
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