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ABSTRACT: One- and two-dimensional (1D and 2D) electron spin-echo envelope modulation (ESEEM) 
spectroscopy has been used to investigate the ligand environment of the [2Fe-2S] cluster from the terminal 
dioxygenase (ISPBED) of the Pseudomonas putida benzene dioxygenase complex. The modulation 
frequencies observed in the 0.5-8.5 MHz region of the Fourier transforms of 1D and 2D ESEEM spectra 
measured across the electron paramagnetic resonance (EPR) absorbance envelope (from g, through to gx) 
are consistent with their assignment to two I4N nuclei. Using hyperfine sublevel correlation spectroscopy 
(HYSCORE), two sets of correlated double quantum transitions sharing the same hyperfine coupling 
were observed and were identified as being due to the same two I4N nuclei. On the basis of the isotropic 
hyperfine and quadrupolar couplings estimated for these I4N nuclei [N(l), Aiso = 3.6 MHz and e2qQ = 
2.2-2.8 MHz; N(2), Aiso = 4.8 MHz and e2qQ = 2.2-2.4 MHz], the ESEEM pattern of ISPBED is assigned 
to two histidine nitrogens which are directly coordinated to the reduced iron-sulfur cluster. Bonding 
parameters of the two [I4N]histidine ligands were calculated from these hyperfine couplings. The primary 
covalent contributions to the hyperfine interaction arise from I4N-to-Fe2+ u bonds. For N( l ) ,  our analysis 
of the percentage of unpaired 2s and 2p electrons gavefZs 1.3% andfzp - 0.2%, while values offzs - 
1.7% andfzp - 1.4% were estimated for N(2). Comparison of these values with those determined from 
electron nuclear double resonance (ENDOR) data of the Rieske-type [2Fe-2S] center of Pseudomonas 
cepacia phthalate dioxygenase [Gurbiel, R. J., Batie, C. J., Sivaraja, M., True, A. E., Fee, J. A., Hoffman, 
B. M., & Ballou, D. P. (1989) Biochemistry 28, 4861-48711 indicates an apparent reduction in unpaired 
electron spin density residing on the two I4N ligands of ISPBED. Analysis of slices of the HYSCORE 
spectrum has provided evidence for another I4N nucleus (A - 1.1 MHz, e2qQ = 3.3 MHz), which we 
have attributed to a weakly coupled peptide nitrogen, similar to those observed for ferredoxin-type [2Fe- 
2S] clusters. This type of weak interaction has not been previously described by the detailed ENDOR 
and ESEEM studies of Rieske-type centers. The resolution of the spectra demonstrates the effectiveness 
of 2D ESEEM for the disentanglement of multiple hyperfine interactions to metalloprotein centers. 

Benzene dioxygenase (EC 1.14.12.3) from Pseudomonas 
putida ML2 catalyzes the introduction of two hydroxyl 

groups into the aromatic nucleus of benzene, resulting in 
the formation of cis-benzene dihydrodiol (Gibson & Sub- 
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ramanian, 1984; Mason & Cammack, 1992). For hydroxy- 
lation of the benzene ring to occur, benzene dioxygenase 
requires both oxygen and Fe" to be present. ISPBED,' the 
catalytic iron- sulfur protein component of the dioxygenase 
enzyme, is a large protein (Mr = 146.7 KDa) consisting of 
two dissimilar subunits arranged in an a& configuration 
and is often referred to as the terminal dioxygenase. In 
addition to an iron-binding site, it also contains one [2Fe- 
2S] cluster per ap dimer, located in the a subunit (Butler, 
1995). In the classification of Batie et al. (1991), benzene 
dioxygenase is classed as a three-component dioxygenase 
(Class IIB) comprising a flavoprotein (RedBED) and a separate 
iron-sulfur protein (FdBbD) for electron transfer to ISPBED. 

Several different classes of electron transfer proteins are 
known to bind [2Fe-2S] clusters [see Spiro (1982) and 
Cammack (1992)l. The most widespread arrangement of 
the clusters is typified by that found in plant and cyanobac- 
terial ferredoxins, with two atoms of iron coordinated by 
bridging sulfurs and four cysteinyl sulfur atoms, as predicted 
from spectroscopic studies and confirmed by X-ray crystal- 
lography of Spirulina platensis ferredoxin (Fukuyama et al., 
1980, 1995) and Anabaena ferredoxin (Rypniewski et al., 
1991). Another class of [2Fe-2S] clusters is characterized 
by significantly different spectroscopic properties and more 
positive midpoint reduction potentials. The first of this type 
to be purified was isolated and characterized from the bcl 
complex of mitochondria by Rieske and co-workers (1964). 
Proteins with similar properties, present for example in the 
respiratory chain of the bacterium Thermus thermophilus (Fee 
et al., 1984) and from the bdfcomplexes of the photosynthetic 
electron transfer chains (Malkin & Posner, 1978), are 
commonly referred to as "Rieske-type" proteins (Hatefi et 
al., 1962; Trumpower, 1981). This class of [2Fe-2S] clusters 
has E, values (between $50 and f 4 0 0  mV) which are 
considerably higher than those of plant-type ferredoxins ( E ,  - -400 mV), and their electron paramagnetic resonance 
(EPR) spectra are characterized by lower average g factors 
(gav x 1.91, as compared with gav x 1.96 for plant-type 
ferredoxins) and a more pronounced anisotropy (Bertrand 
et al., 1985). Another group of proteins, associated with 
certain types of oxygenases, has been proposed to belong to 
the Rieske class, on the basis of similarities in amino acid 
sequences and spectroscopic properties (Kuila et al., 1992; 
Mason & Cammack, 1992), despite having somewhat more 
negative midpoint potentials (E, - -150 to -100 mV). 

The amino acid sequence of ISPBED contains the consensus 
sequence [ C X H X I ~ - ~ ~ C X X H ] ,  which is proposed to be the 
motif involved in binding all Rieske-type [2Fe-2S] centers 
(Mason & Cammack, 1992; Tan et al., 1993). However, 
although the EPR spectrum of the ISPBED [2Fe-2S] cluster 
displays similarities to the spectra observed for Rieske-type 
proteins, some differences are nevertheless apparent. One 
such detail concerns the redox potential of ISPBED, which is 
not as positive (E, = -115 mV) (Geary et al., 1984) as the 
Rieske clusters of respiration and photosynthesis. Second, 
the EPR spectrum of ISPBED is characterized by an even 
lower g,, value of 1.896 (gx, g,, g, = 1.754, 1.917, and 2.018, 
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respectively) (Crutcher & Geary, 1979). The causes of such 
differences in properties, which presumably have a functional 
significance, may be realized using spectroscopic approaches. 

The EPR (Bertrand et al., 1985), electron nuclear double 
resonance (ENDOR) (Cline et al., 1985; Telser et al., 1987), 
Mossbauer (Fee et al., 1984), and resonance Raman (Kuila 
et al., 1987) spectra of the Rieske [2Fe-2S] centers in various 
proteins have been interpreted in terms of the presence of 
ligands more electronegative than sulfide at the Fe" site. 
More recently, Gurbiel et al. (1989) made Q-band ENDOR 
measurements of a Class IA dioxygenase, Pseudomonas 
cepacia phthalate dioxygenase (PDO), using wild-type cells 
and histidine auxotrophs grown on [lSN]histidine and a 14N 
background. In contrast to benzene dioxygenase (Class IIB), 
PDO comprises a flavin and iron-sulfur cluster combined 
in the same protein. These ENDOR studies established that 
two [15N]histidine ligands are coordinated to the Rieske-type 
[2Fe-2S] cluster of PDO. Subsequently, the problem of 
which nitrogen (Nd or N') of the imidazole ring coordinates 
to the iron was addressed (Hoffman et al., 1993). ENDOR 
spectra of PDO uniformly labeled with I5N and PDO labeled 
specifically with [I5Nd]histidine established that Nd of the 
imidazole ring is directly coordinated to the iron. In the 
absence of a crystal structure of a protein containing a Rieske 
center, these studies have led to a structural model for Rieske- 
type centers in which two cysteine residues coordinate one 
Fe atom and both histidines coordinate to the Fe2+ site of 
the reduced cluster (Gurbiel et al., 1989, 1991; Hoffman, 
199 1). Site-directed mutagenesis studies of Rieske proteins 
have also suggested the essential requirement for cysteine 
and histidine residues (Graham & Trumpower, 1991; David- 
son et al., 1992). 

The pulsed EPR technique, electron spin-echo envelope 
modulation (ESEEM), is a convenient and discriminating 
method for observation of weak interactions of electron spins 
with nitrogen nuclei (Mims & Peisach, 1981). Fourier- 
transformed ESEEM spectra can provide information about 
the hyperfine coupling, and hence the strength of interaction 
of the paramagnetic center with the nucleus, and the 
quadrupole coupling, which gives an indication of the 
chemical form of the nitrogen. ESEEM of ferredoxin-type 
[2Fe-2S] clusters has detected only weakly coupled amide 
nitrogens (Orme-Johnson et al., 1983; Ackrell et al., 1984; 
LoBrutto et al., 1987; Cammack et al., 1988; Shergill & 
Cammack, 1994a; Dikanov et al., 1995), which are assigned 
to distant peptide nitrogens that are not directly coordinated 
to the cluster, on the basis of X-ray crystallographic studies 
on the Spirulina and Anabaena [2Fe-2S] ferredoxins (Fuku- 
yama et al., 1980, 1995; Rypniewski et al., 1991). In 
contrast, the ESEEM spectra of the Rieske centers of spinach 
cytochrome bdf complex and various bcl complexes (Telser 
et al., 1987; Britt et al., 1991; Shergill & Cammack, 1994b) 
displayed modulation frequencies corresponding to more 
strongly coupled nitrogens, in support of the ligand structure 
proposed by Gurbiel et al. (1989, 1991) for these centers. 
Using reasonable assumptions about the assignment of the 
ESEEM frequencies to distinct nitrogens (Britt et al., 1991), 
quadrupole couplings consistent with the imidazole nitrogens 
of histidine ligands were estimated. 

ESEEM provides an additional means for comparison of 
the [2Fe-2S] clusters of oxygenases such as benzene dioxy- 
genase with the Rieske proteins of respiration and photo- 
synthesis. No major study of the ESEEM spectra of a 

I Abbreviations: ISPBED, benzene dioxygenase iron-sulfur protein; 
EPR, electron paramagnetic resonance; ENDOR, electron nuclear 
double resonance; ESEEM, electron spin-echo envelope modulation; 
IT, Fourier transform; HYSCORE, hyperfine sublevel correlation 
spectroscopy; NQI, nuclear quadrupole interaction; PDO, phthalate 
dioxygenase. 



2D ESEEM of Benzene Dioxygenase 

dioxygenase [2Fe-2S] cluster has been reported [see Shergill 
et al. (1994)l. Two-dimensional (2D) ESEEM spectra are 
an extension of the two- and three-pulse ESEEM methods, 
which allow the resolution of the complexity in spectra due 
to multiple hyperfine interactions (Hofer, 1991; Schweiger, 
199 1) but have had relatively few applications to metallo- 
proteins. In the present study, we describe results on the 
I4N coordination environment of the [2Fe-2S] cluster of P. 
putida ISPBED, using 1D and 2D ESEEM spectroscopy. 
Herein, we have successfully employed the 2D ESEEM 
technique of hyperfine sublevel correlation spectroscopy 
(HYSCORE) to unambiguously correlate, for the first time, 
pairs of ESEEM frequencies belonging to certain hyperfine 
couplings, and hence different nitrogen nuclei. We have 
identified the presence of a third nitrogen, weakly coupled 
to the [2Fe-2S] cluster of ISPBED. The results demonstrate 
the power of the 2D ESEEM techniques for resolving 
multiple hyperfine interactions. 

EXPERIMENTAL PROCEDURES 
P. putida strain ML2 was grown using benzene as the sole 

carbon source, as described by Geary et al. (1990). Cells 
were harvested in exponential growth phase, washed once 
with 25 mM potassium phosphate buffer (pH 7.2), and stored 
as a frozen paste at -20 "C. Cell extract was prepared 
essentially according to Geary et al. (1990) and treated with 
protamine sulfate in order to precipitate nucleic acids. The 
cell extract was then subjected to ammonium sulfate 
precipitation, (diethy1amino)ethyl (DEAE) cellulose chro- 
matography (Whatman DE52) and gel filtration (Sephacryl 
S-200). Further purification of ISPBED was achieved by gel 
filtration chromatography with Ultrogel AcA 34 (LKB, 
Pharmacia). The purified protein was stored at -70 "C in 
25 mM potassium phosphate (pH 7.2) containing 100 p M  
dithiothreitol. For ESEEM studies, protein samples of ISP,,, 
were concentrated by ultrafiltration through an Amicon PM 10 
membrane and reduced with a small excess of sodium 
dithionite under a stream of argon gas. 

Pulsed EPR measurements were recorded at X-band on a 
Bruker ESP380 spectrometer, with a dielectric variable Q 
resonator (cavity quality factor, Q - 100; corresponding to 
a minimum dead time of -100 ns) and an Oxford Instru- 
ments CF 935 liquid helium cryostat. ESEEM data were 
generally recorded at three magnetic field settings, corre- 
sponding to the principal g factors of the reduced ISPBED 
[2Fe-2S] cluster. 1D ESEEM data were acquired with a 
three-pulse or stimulated-echo sequence (n/2-t-n/2-T-n12), 
using a phase-cycling routine, as described elsewhere 
(Shergill et al., 1991). The stimulated-echo amplitude was 
recorded as a function of T, whilst t was kept constant. For 
the optimal detection of I4N nuclei, the z value (the time 
between microwave pulses I and 11) was matched as closely 
as possible to a multiple of the proton Larmor frequency 
(YH), in order to suppress modulations due to weakly coupled 
protons (Mims & Peisach, 1981). Two types of 2D ESEEM 
spectra were recorded. In the first, the three-pulse sequence 
was used, and both t and T were varied, giving a second 
dimension which was dependent upon the spin-spin relax- 
ation time (T2). Fourier transformation of the data in both 
dimensions (f1 and A) resulted in the final 2D ESEEM 
spectra. The ( f l ,  A) data array was collected with intervals 
of 8 and 16 ns between each point, respectively. The 2D 
ESEEM HYSCORE data were collected using a four-pulse 
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FIGURE 1: Three-pulse ESEEM spectra of P. putida ISPBED, 
recorded at gj  = 1.914: (a) echo decay envelope and (b) Fourier 
transform. Measurement conditions were as follows: temperature, 
3.8 K; z value, 112 ns; pulse width (for a 90" pulse), 16 ns; band 
width, 100 MHz; microwave frequency, 9.77 GHz; Bo, 365.1 mT; 
number of shots, 8; video amplifier gain, 42 dB; traveling wave 
tube attenuation, 8 dB; and shot repetition time, 10.24 ms. 

sequence (n/2-t-n/2-T1-n-T2-n/2-echo) (Hofer, 199 1). A 
spacing of 16 ns between each point was employed in both 
the fi and dimensions. The large number of unwanted 
two- and three-pulse echoes, which interfere with the echo 
from the four-pulse sequence, were removed by a four-step 
phase-cycling routine (Gemperle et al., 1990). The ESEEM 
data collected were Fourier transformed using the Bruker 
pulsed spectra manipulation routines (ESP 380 software for 
1D ESEEM; WinEPR software for 2D ESEEM data). 

RESULTS 

I D  ESEEM Spectroscopy of ISPBED. Figure 1 displays 
the three-pulse ESEEM spectrum of the P. putida ISPEED 
[2Fe-2S] cluster, recorded using a t value of 112 ns at g, = 
1.91. The frequency spectrum (Figure lb), obtained by 
Fourier transformation of the time domain data presented in 
Figure la, shows clearly resolved features at ca. 1.8, 2.6, 
3.5,4.5,6.1,7.5, and 15.5 MHz. The 15.5 MHz modulation 
corresponds to the incompletely suppressed IH nuclear 
Zeeman frequency and is assigned to the remote proton 
nuclei in the protein and/or water environment. The 
frequencies in the 1-10 MHz region are attributed to I4N 
couplings. They extend to higher values than those observed 
for 14N couplings to the ferredoxin class of [2Fe-2S] clusters. 
The crystal structure of S. platensis and Anabaena ferre- 
doxins shows that the [2Fe-2S] center is coordinated by four 
cysteinyl sulfur atoms and interacts with distant peptide 
nitrogens (Fukuyama et al., 1980, 1995; Rypniewski et al., 
199 1); the maximum frequency observed with S. platensis 
ferredoxin is cu. 4.5 MHz (Ackrell et al., 1984; Cammack 
et al., 1988; Shergill et al., 1991; Shergill & Cammack, 
1994a; Dikanov et al., 1995). Instead, the frequencies 
detected are consistent with a stronger superhyperfine 
interaction between the [2Fe-2S] cluster of ISPBED and I4N 
nuclei. 
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or one nucleus with an anisotropic hyperfine coupling, 
observed in two different orientations. Data collected at 
multiple magnetic fields are required to fully characterize 
nuclei coupled to paramagnetic centers with rhombic g 
tensors. 

Figure 3 displays the orientation selection spectra obtained 
at g, and g,. These spectra are less intense than those 
recorded at g,, but each represents a unique orientation of 
the ISPBED [2Fe-2S] cluster with respect to the field, giving 
a “single-crystal-like’’ pattern (Rist & Hyde, 1970). The FT 
spectrum obtained at g, = 2.02 displayed an intense feature 
centred at ca. 3.2 MHz and two less intense features at ca. 
4.5 and 7.2 MHz (Figure 3a). An increase of magnetic field 
to g = 2.00 resulted in the splitting of the 3.2 MHz feature 
into two intense peaks centered at ca. 3.2 and 3.5 MHz (data 
not shown). Only one feature (7.2 MHz) characteristic of a 
vdq+ transition resulting from an interaction between a 14N 
nucleus and a Rieske center (Britt et al., 1991) was observed 
at these g factors, despite varying t. By increasing the field 
further to g - 1.95, we observed features characteristic of 
two YQ+ transitions in the 5-8 MHz region (data not shown). 
This spectrum is essentially identical to that obtained at g, 
= 1.91 (see Figure lb), differing slightly in the relative 
position and amplitude of lines which are expected to vary 
as a function of geff, corresponding to the relative orientation 
of the hyperfine and quadrupolar coupling tensors with 
respect to the g matrix (Mims, 1972). The spectrum recorded 
at the single-crystal-like position g, = 1.76 (Figure 3b) also 
displayed two weak features at -6.2 and 7.7 MHz. This 
observation confirms that the two highest frequency I4N 
resonances are indeed due to two different nitrogen nuclei. 
Changes were also observed in the features in the 2-3.6 
MHz and the 5-8 MHz regions, which shifted toward high 
frequency with increasing field. 

Interpretation of the 14N Modulation Frequencies of 
ISPBED. The ESEEM technique applied here allows the 
calculation of parameters related to the energies of nuclear 
spin states of any 14N nuclei. The interactions giving rise 
to the ESEEM effect include the electron-nuclear hyperfine 
interaction (A) ,  which provides information on the extent of 
unpaired electron spin density on the nucleus, and the nuclear 
quadrupolar interaction (NQI), which reflects the bonding 
interactions of that atom. The NQI is described by a 
coupling constant (e2qQ), which indicates the magnitude of 
the electric field gradient, and an asymmetry parameter (q), 
which describes charge asymmetry. If the hyperfine coupling 
results in “exact cancellation” (A  % ~ V N ,  ca. 2.25 MHz at 
365.1 mT) (Mims & Peisach, 1978; Flanagan & Singel, 
1987), the ESEEM spectrum comprises three sharp lines and 
a broader fourth line (Lucken, 1969; Mims & Peisach, 1989). 
This pattern is however not apparent in the ESEEM spectra 
of ISPBED (see Figures 1-3), indicating that the modulation 
is due to 14N hyperfine values of >2.25 MHz (i.e., A > 2 v ~ ) .  
In the latter case, four of the lines are broadened while two 
remain sharp. The latter arise from the double quantum (MI 
= 2) transitions, Vdq- and YQ+, one from each electron spin 
manifold (Flanagan & Singel, 1987; Britt et al., 1991; 
Dikanov & Tsvetkov, 1992). Consequently, in order to 
assign the ISPBED ESEEM frequencies, we have applied the 
theoretical analyses of Dikanov and Tsvetkov (1992) (eq 1): 

.I = 208 ns 

A T =  18411s 

A i = 1 6 0 n s  

r=112ns 

0 2 4 6 8 1 0 1 2 1 4  0 2 4 6 8 1 0 1 2 1 4  

FREQUENCY [MHz] FREQUENCY [MHz] 

FIGURE 2:  Fourier transforms of the three-pulse ESEEM spectra 
of P. putidu ISPBED, recorded at g, = 1.914. The values of r 
employed are indicated in the figure. Other measurement conditions 
were as described for Figure 1. 

As the amplitudes of electron spin-echo modulations are 
a periodic function of z (Mims, 1972a,b), certain frequencies 
of interest may be suppressed at any one t value. By 
comparing ESEEM spectra recorded at the same field 
position but with different t values, we have probed the 
anisotropic broadening of the features due to 14N nuclei. 
Figure 2 demonstrates that the position and, in particular, 
the intensity of these low-frequency components varied as a 
function o f t ,  with the highest frequency component at -7.5 
MHz detected most clearly at low values of z. The other 
high-frequency component at -6 MHz was more prominent 
at higher values of z. In all, as many as nine features were 
resolved in the 0- 10 MHz region of the spectra. There can 
be no more than six distinct modulations associated with a 
single I4N nucleus; of these, no more than four have been 
observed to give rise to resolved lines in frozen solution 
samples (Mims & Peisach, 1978). We therefore propose that 
the spectra presented in Figure 2 arise from an interaction 
of the ISPBED [2Fe-2S] cluster with more than one 14N 
nucleus. 

The ESEEM pattern of ISPBED may be provisionally 
assigned by comparison with the ESEEM spectra of Rieske 
[2Fe-2S] clusters. For example, similar modulation frequen- 
cies have been observed with the Rieske proteins of 
respiration and photosynthesis (Britt et al., 1991; Shergill & 
Cammack, 1994b). Partly on the basis of these Rieske 
proteins displaying two peaks characteristic of the so-called 
double quantum (Vdq’) transitions in the 5-8 MHz region, 
the 14N modulations observed were assigned by these authors 
as due to two nitrogen ligands. The spectra presented in 
Figures 1 and 2, as with all previously published ESEEM 
studies of Rieske centers, were acquired at a magnetic field 
near to g,, in order to obtain maximum spin-echo intensity. 
However, the ESEEM patterns obtained at this position do 
not arise from a single orientation but instead represent the 
sum of spectra arising from a range of orientatims of the 
molecule with respect to the static field (Hoffman et al., 
1984). There is thus a potential ambiguity of interpretation; 
the presence of two lines might, for example, represent either 
two different nuclei, giving different hyperfine couplings, 
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FIGURE 3: Three-pulse ESEEM Fourier transform spectra showing 
the "single-crystal-like" patterns obtained with P. putidu ISPBED at 
(a) gz and (b) g,. Measurement conditions were as described for 
Figure 1 ,  except as follows: t value, (a) 136 and (b) 120 ns; Bo, 
(a) 344.9 and (b) 396.0 mT; number of shots, (a) 10 and (b) 30; 
video amplifier gain, 57 dB; traveling wave tube attenuation, (a) 8 
and (b) 6 dB. 

where YN is the I4N nuclear Zeeman frequency. From this 
equation, the values of the 14N hyperfine and quadrupolar 
couplings may be estimated; the value of 1;1 gives rise to a 
relatively minor uncertainty. In the present case, 1;1 values 
in the range 0.25-0.69 resulted in differences of less than 
f 1 0 %  in our estimates of e2qQ. 

The similarities in the ESEEM spectra of ISPBED and 
Rieske protein [2Fe-2S] centers (Britt et al., 1991; Shergill 
& Cammack, 1994b) indicate that the dioxygenase data 
represent the superimposition of signals from two 14N nuclei. 
For these nuclei, two pairs of AMI = f 2  frequencies (i.e. 
two Ydq- and two vdq+ peaks) are expected, and these have 
to be assigned to each nitrogen in order to estimate the 
superhyperfine coupling parameters, on the basis of reason- 
able assumptions about the magnitudes of the expected 
quadrupole couplings. In the spectrum of ISPBED recorded 
at g,, six main lines were observed at ca. 1.8, 2.6, 3.5, 4.5, 
6.1, and 7.5 MHz (Figure lb). Following Britt et al. (1991), 
we assign the 2.6, 3.5, 6.1, and 7.5 MHz frequencies to AMI 
= f 2  transitions. Of the two possible pairing combinations, 
the (2.6, 7.5) and (3.5, 6.1) pairing arrangement gives e2qQ 
* 3.85 MHz for N( 1) and e2qQ M 0 MHz for N(2). A zero 
value for the electric field gradient is unlikely for a I4N 
nucleus in a protein environment (Edmonds & Speight, 1971; 
Ashby et al., 1978). The alternative pairing of (2.6, 6.1) 
and (3.5, 7.5) yields reasonable values for the 14N coupling 
parameters: A, = 3.33 MHz and e2qQ = 2.62 k 0.1 MHz 
for N( 1) and A, = 4.79 MHz and e2qQ = 2.69 k 0.1 MHz 
for N(2) (Table 1). 

Pairings of these modulation frequencies with the promi- 
nent features at -1.8 and -4.5 MHz (see Figure lb) give 
rise to unlikely values of e2qQ, when compared with the 
values reported for 14N of either a peptide or imidazole group 

Table 1: Hyperfine and Quadrupolar Coupling Constants for the 
Nitrogens Coupled to the [2Fe-2S] Cluster of P. putida ISPBED' 

I S P B ~ ~  principal values (MHz) 

Hyperfine Coupling 
A ,  3.36 f 0.12 (6) 4.44 & 0.19 (6) 
A, 3.50&0.14(4) 4.99f0.16(4) 1.11 &0.04(2) 
AX 3.82 * 0.13 (3) 4.92 f 0.12 (3) 
Ais2 3.56 4.78 

Quadrupolar Coupling' 
e2qQ(,:, 2.17 f 0.07 2.17 f 0.07 
e2qQ(,,, 2.46 f 0.08 2.33 f 0.07 3.27 f 0.01 (2) 
e2qQ(,., 2.78 f 0.09 2.38 f 0.08 

The coupling constants represent the mean f standard deviation, 
with the number of data sets in parentheses. The subscripts x ,  y, and 
z refer to the principal axes of the g matrix. *Ai,, = ' / j (Ax + A, + Az).  
eZqQ was estimated from the ESEEM spectra recorded at g,, g,, and 
g,, respectively, using a value of 9 = 0.5 for N(3) and by varying 9 
between 0.25 and 0.69 for N(l) and N(2). 

(Edmonds & Speight, 1971; Ashby et al., 1978; Gurbiel et 
al., 1989, 1991; Britt et al., 1991; Shergill & Cammack, 
1994b). We have therefore looked for other explanations 
for these two features. They could be due to either the single 
quantum (AMI = 1) transitions of the two 14N nuclei, 
combination lines as a result of multiple I4N nuclei, or 
perhaps a third nitrogen. Their assignment will be discussed 
later. 

2 0  ESEEM Spectroscopy of I S P B E ~ .  Three-pulse 2D 
ESEEM experiments are expected to provide greater spectral 
resolution of nuclear modulation due to the second spectral 
dimension. Contributions from the two, or perhaps more, 
I4N nuclei coupled to the ISPBED [2Fe-2S] cluster may be 
unravelled by the 2D technique which correlates those 
modulation frequencies sharing the same hyperfine coupling 
(Hofer, 1991). Firstly, if the value of t is varied in one 
dimension, the possibility of blind spots is eliminated. 
Secondly, the ambiguities in the assumed pairing arrange- 
ments of the double quantum features can be resolved. The 
2D ESEEM data sets measured at the three g values of the 
[2Fe-2S] cluster (Figure 4) were obtained by performance 
of the stimulated-echo experiment over a range of t values, 
using n/2 microwave pulses. This gives a 2D spectrum with 
T as one variable and z as the other. The spectra shown in 
Figure 4a-c were Fourier transformed in thef2 dimension 
only and therefore represent t-swept frequency domain 
spectra at g,, g,, and near g,. 

The FT spectra from the 2D ESEEM pattern acquired at 
g, are shown in Figure 4a and clearly illustrate the presence 
of frequencies due to 14N nuclei in the 0-8 MHz region. 
Although a similar spectrum was obtained with the 1D 
technique at the same g-value we failed to resolve the two 
vdq+ features characteristic of two I4N nuclei expected in the 
5-8 MHz region (see Figure 3a). However, in the 2D 
pattern recorded at g,, the slices corresponding to high values 
of t (400-424 ns) display distinct peaks in the 0-5 MHz 
region and also two high-frequency peaks in the 5-8 MHz 
region (see Figure 4a inset). These high-frequency MI = 
2 features are intense and clearly resolved. Each slice along 
the A dimension of the g, = 1.9 1 2D ESEEM spectra gave 
essentially the same information as the individual 1D spectra 
acquired at various t values (cf. Figures 2 and 4b). Two 
udq+ features were also clearly observed in the 5-8 MHz 
region of the 2D ESEEM FT spectra acquired at the single- 
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FIGURE 4: 2D ESEEM FT spectra of f. putidu ISPRED, recorded 
at (a) g, = 2.02, (b) g, = 1.914, and (c) g - 1.80. The spectra 
presented were obtained by Fourier transformation of data in v2I  

only. The inset, showing a single slice of the g: 2D ESEEM pattern 
corresponding to a t value of 408 ns demonstrates the presence of 
two well-resolved double quantum features in the 5-8 MHz region 
(see text for details). Measurement conditions were as follows: 
microwave frequency, (a and c) 9.78 and (b) 9.77 GHz; Bo, (a) 
345.0, (b) 365.1, and (c) 387. I mT; spectral resolution of Ifi 1, 256; 
spectral resolution of Ifil, (a) 64 and (b and c) 128; stepsize V;I. 
(a) 8 and (b and c) 16 ns: stepsize Ifil, (a and c) 8 and (b) 16 ns; 
number of shots, (a) 8 and (b and c) 4; band width, 100 MHz; shot 
repetition time, 10.24 ms; sample temperature, 3.8 K. 

crystal-like field setting near gx, at ea. 6.6 and 7.6 MHz, in 
addition to the two udq- features, at ea. 2.6 and 3.4 MHz 
(Figure 4c). Observation of features assignable to two udq* 
transitions in the 2D ESEEM spectra, at both g m i n  and gmax,  

If11 FREQUENCY [Mllz] 

[-loA e] 
1 00 

140 

120 

0 0  1 0  7 0  3 0  4 0  5 0  6 0  7 0  R O  I l l 1  

If21 FREQUENCY [Mllr]  

FIGURE 5: HYSCORE FT spectra of P. pictido ISPB~:~ ,  recorded at 
g,,. = 1.914. Data were Fourier transformed in either the (a) I f i I  or 
(b) 1f.I dimensions only. Measurement conditions were as follows: 
microwave frequency, 9.8 I GHz; Bo, 365.9 mT; spectral resolution 
of I f1 ,  fil, 256; stepsize V;, f21, 16 ns; number of shots, 8; band 
width, 100 MHz; shot repetition time, 10.24 ms; high-power pulse 
attenuation, 8 dB; video amplifier gain, 45 dB; sample temperature. 
3.8 K. 

further verifies that the ESEEM spectra obtained with the 
[2Fe-2S] cluster of ISPRED result from an overlap of at least 
two nitrogens. 

HYSCORE Spectroscopy of ISPREI). The HYSCORE 
experiment, which utilizes a four-pulse sequence (Hofer, 
1991), is derived from the three-pulse 2D ESEEM experi- 
ment and includes a x pulse to exchange the populations of 
the electron energy m, levels, creating correlations between 
nuclear spin transitions associated with the two electron spin 
levels. One advantage of this method is that the decay of 
the modulations is a function of the spin-lattice relaxation 
rate only, as opposed to both spin-lattice and spin-spin 
relaxation rates, giving enhanced spectral resolution (Hofer, 
1991). 

The HYSCORE FT spectra of ISPRED, recorded at g,. = 
1.91, are presented in Figure 5. The data were Fourier 
transformed in either thefi or the fi dimension. The four 
features corresponding to the two udq* transitions of the two 
strongly coupled nitrogens are clearly observed in the 
HYSCORE spectrum, in both dimensions. The major peak 
previously observed at -4.5 MHz in the g,,. 1D and 2D 
ESEEM spectra is however not a dominating feature of the 
HYSCORE spectrum (cf. Figure 5 with Figures lb  and 4b). 
This is probably due to the suppression effect encountered 
in the HYSCORE experiment; the blind spots in the 
modulation pattern are induced as a result of the fixed waiting 
time z, upon which the 2D FT pattern is dependent (Hcfer, 
1991; Shane et al., 1992). 

The same HYSCORE data are presented as a contour plot 
in Figure 6, after Fourier transformation of bothfi and f? 

dimensions. Features which are hyperfine-coupled. for 
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FIGURE 6: Contour plot representation of the g, = 1.914 HYSCORE 
spectrum recorded for P. putida ISP~ED. 

Table 2: 
Quadrant of the HYSCORE Contour Plot Recorded at g, = 1.914 
for P. putida ISPBED 

Cross-Peaks ( P  and P') Observed in the [-A, +j5] 

1 -2.5, +l.l - 1 .O, +2.6 
2 -3.6, +1.0 -1.0, f3 .8  
3 -6.3, +1.8 - 1.8, +6.3 
4 -6.4, +2.7 -2.6, +6.5 
5 -6.9, + 1.1 - 1 .O, +6.9 
6 -7.3, +3.3 -3.2, +7.2 

example the peaks corresponding to the (3.5, 7.5; A, - 4.99 
MHz) pair observed in the 1D ESEEM spectra (Figure lb), 
are labeled by off-diagonal peaks (cross-peaks) in the 2D 
spectrum; these are prominent in the negativefi region ([+f2, 
-fi]quadrant) of the plot. At least six pairs of cross-peaks 
are observed in the contour plot, positions of which are 
summarized in Table 2. The two pairs of cross-peaks in 
the [+, -1 quadrant at ca. [(2.7, -6.4), (6.5, -2.6)] and 

frequencies of the two 14N nuclei proposed to coordinate the 
[2Fe-2S] cluster of ISPBED. As these cross-peaks correlate 
the pairs of ESEEM lines belonging to certain hyperfine 
couplings (Le. A,,, - 3.56 and 4.78 MHz, respectively), the 
contour plot confirms the assignment of lines in the 1D 
spectra to the AM1 = 2 transitions of two distinct nitrogens, 
and thus the estimates of hyperfine and quadrupolar coupling 
constants for the 14N nuclei. 

It is interesting to note that the diagonal, which is due to 
an incomplete inversion by the x pulse (Gemperle et al., 
1990; Hofer, 1991), is confined to the positive f1 region ([+, 
+] quadrant) (Figure 6). As the I+f/ and the I - f l  regions 
are defined by A < 2 v ~  and A > 2 v ~  (where 2 v ~  - 2.25 
MHz for I4N nuclei at Bo = 365.1 mT), respectively, the 
confinement of the cross-peaks to the [+, -1 quadrant also 
verifies the A,,, values determined for the two nitrogens, 3.56 
and 4.78 MHz for N(l) and N(2), respectively. Furthermore, 

[(3.3, -7.3), (7.2, -3.3)] MHz, correspond to the Ydq* 

+ 

0 2 4 6 8  

h 

0 2 4 6 8  
FREQUENCY [MHz] 

FIGURE 7: FT spectra of individual HYSCORE If11 slices, obtained 
at frequencies corresponding to the AMI = 2 transitions of N( 1) at 
ca. (a) 2.6 and (b) 6.2 MHz and N(2) at ca. (c) 3.5 and (d) 7.5 
MHz. Measurement conditions were as for Figure 5 .  

it is evident from Figure 6 that the cross-peaks are narrow 
and parallel to the diagonal. This can be explained by a 
relatively small anisotropic hyperfine interaction, which is 
also responsible for the line shape of the double quantum 
transitions in the 1D spectra. Also, when two transitions 
have a similar orientation dependence, a correlation ridge 
along the diagonal is expected, as opposed to perpendicular 
to the diagonal when the two transitions have an opposite 
orientation dependence (Shane et al., 1992). Consequently, 
we can infer a one-to-one relationship between the vdq- and 
Ydq+ line shapes at any given orientation of the magnetic 
field. 

Correlation of Transitions Using Individual fi Slices from 
the HYSCORE Spectrum. When the HYSCORE spectrum 
of ISPBED in thef2 dimension only was Fourier transformed, 
a t-swept 1D ESEEM spectrum consisting of 256 slices was 
obtained. The time domain data in thefi dimension comprise 
256 slices, each of which correlates with a particular nuclear 
frequency. Fourier transformation of the fi slice correspond- 
ing to a nuclear frequency of 2.6 MHz gave a spectrum 
comprising one dominating peak at -6.4 MHz (Figure 7a), 
while the FT subspectrum corresponding to 6.2 MHz 
comprised a peak at -2.5 MHz (Figure 7b). Similarly, the 
FT subspectrum corresponding to -3.5 MHz contained two 
peaks at ca. 3.15 and 7.45 MHz, with minor peaks in the 
1-7 MHz region (Figure 7c), while the FT subspectrum 
corresponding to -7.5 MHz consisted of two major peaks 
at -3.4 and -7.5 MHz (Figure 7d). Since cross-correlations 
are expected for transition pairs (Ydq- and Ydq+), this 
procedure eliminates any remaining uncertainty over the 
assignment of the pairs of transitions at ca. (2.6, 6.1) and 
(3.5, 7.5) MHz to individual 14N hyperfine couplings. N( 1) 
and N(2) are identified as the ligands to the [2Fe-2S] cluster 
of ISPBED, as seen in the ENDOR spectra of PDO. 

Assignment of the 1.8 and 4.5 MHz Features. Additional 
intense resonances at 1.8 and 4.5 MHz were observed in the 
1D and 2D FT ESEEM spectra of ISPBED recorded at g, 
(Figures lb, 2, and 4b). Similar resonances at 1-2 and 4-5 
MHz were also observed in the spectra recorded at g, and 
g, (Figures 3 and 4a,c). We note that similar features are 
present in the published ESEEM spectra of the Thermus 
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with those of the histidine ligands identified in P. cepacia 
PDO (2.6 and 2.3 MHz) by ENDOR and specific isotope 
substitution (Gurbiel et al., 1989, 1991). Similar e2qQ values 
were reported for spinach cytochrome b4f complex (2.5- 
2.9 MHz for both 14N nuclei) (Britt et al., 1991) and bovine 
heart cytochrome bc, complex (2.25 & 0.15 and 2.93 f 0.23 
MHz) (Shergill & Cammack, 1994b). The values for the 
third nitrogen, (N3), are within the range of values reported 
for peptide 14N in di- and tripeptide compounds (e2qQ = 
3.0-3.4 MHz, for q = 0.4-0.5) (Edmonds & Speight, 1971; 
Hunt & Mackay, 1976). 

The isotropic hyperfine coupling parameters (A,,, = 3.56 
and 4.78 MHz) for nitrogens N(l)  and N(2) are consistent 
with direct ligation to the iron of the [2Fe-2S] cluster of 
ISPBED. Since the couplings are similar in magnitude, they 
are assigned to the proximal nitrogens of two different 
imidazole ligands, as opposed to the bonding and nonbonding 
nitrogens of the same histidine residue. In the latter case, 
the couplings are expected to differ by a factor of 220, as 
demonstrated for Cu2+-imidazole complexes (van Camp et 
al., 1981). The A,,, values for N(l)  and N(2) are generally 
in good agreement with those obtained for the two [15N]- 
histidine ligands of the Rieske-type centers by simulation 
of the ENDOR spectra of P. cepacia PDO [Also(14N) = 4.3 
and 5.5 MHz] and R. capsulatus bcl complex = 
4.5 and 5.5 MHz] (Gurbiel et al., 1989, 1991). The 
differences in A,,, between the ESEEM-derived ISPBED data 
and the ENDOR-derived data may reflect the different 
spectroscopic techniques employed. A closer match is 
observed upon comparison of our results with the ESEEM 
studies of Rieske centers, for example, the work of Britt et 
al. (1991) on the b4fcomplex (A4 - 3.8 and 4.6 MHz) and 
Shergill and Cammack (1994b) on the bovine heart bcl 
complex (A4 - 3.6 and 5.2 MHz). 

The amino acid sequence of ISPBED contains the consensus 
sequence [C96~H98~1+~,C'16~~H119] which is proposed to 
bind Rieske-type centers. It seems clear that the two 14N 
ligands to the [2Fe-2S] cluster are derived from His9* and 
His1I9, as confirmed by site-directed mutagenesis studies 
(Butler, 1995). The unpaired electron is unequally delocal- 
ized on the two histidines, with greater electron density at 
N(2), making the coordination at this site more covalent. In 
the absence of a crystal structure, the answer to the question 
of whether N(2) represents His9* or His119 must await our 
current studies on the altered environment of the [2Fe-2S] 
cluster in site-directed mutants of P. putidu ISPBED. As a 
difference in A,,, between N( 1) and N(2) is observed for all 
Rieske-type centers investigated thus far (AA,,, = 0.8- 1.6 
MHz), it is unlikely that AA,,, accounts for the differences 
in the redox potentials of the Rieske-type proteins of aromatic 
dioxygenases and respiratory chains, with the former exhibit- 
ing less positive values of E,,, than the latter. The range in 
the magnitude of M,,, for the various Rieske-type centers 
may reflect a difference in geometry at the Fe2+ site, which 
could be due to either structural differences andor a 
rearrangement of orbital directions (Jiang et al., 1991). 

The hyperfine couplings for N(l)  and N(2) are fairly 
isotropic (see Table 1). It appears that the anisotropy in A 
estimated for N(2) gives an axial form (Ay = Ax), with the 
smallest value (IA,I) occurring for the hyperfine principal 
axis component aligned near g,. For example, the highest 
frequency component in the ESEEM spectra (1D and 2D) 
recorded at g, = 2.02 occurs at -7.2 MHz but occurs at 
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FIGURE 8: FT spectrum of an Ifi I slice from the ISPBED HYSCORE 
spectrum. The chosen slice correlated with a nuclear frequency of 
4.53 MHz (see text). Measurement conditions were as for Figure 
5. 

Rieske protein (Cline et al., 1985), and there is significant 
intensity in the same regions in the three-pulse ESEEM 
spectra of the Rieske centers of the spinach cytochrome b4f 
complex and Rhodospirullum rubrum, Rhodobacter sphueroi- 
des R-26, and bovine heart bcl complexes (Britt et al., 1991; 
Shergill & Cammack, 1994b). These additional resonances 
were not correlated with the transitions corresponding to the 
two strongly coupled nitrogens, N( 1) and N(2). 

In order to identify other frequencies with which the 1.8 
MHz feature may correlate, we have analyzedf, slices of 
the g) HYSCORE spectrum corresponding to this nuclear 
frequency. The FT subspectra o f 5  slices synonymous with 
1.71 and 1.83 MHz essentially showed only one major 
feature at - 1.8 MHz, preventing any cross-correlation with 
other features in the 0-10 MHz region (data not shown). 

The FT subspectra offi  slices corresponding to 4.41 and 
4.53 MHz each displayed three intense features at ca. 1.4, 
3.2, and 4.5 MHz (Figure 8), which we attribute to a 
hyperfine interaction with a third nitrogen. The coupling 
parameters for this nitrogen may be estimated using the 
theoretical analyses of Dikanov and Tsvetkov (1992), by 
assignment of the two highest frequencies to a 14N hM1 = 
2 transition (vdS*). Assuming a value of q = 0.5, couplings 
of A, = 1.11 & 0.04 MHz and e2qQ = 3.27 & 0.01 MHz 
are estimated. These coupling parameters are almost identi- 
cal to the values determined for other iron-sulfur proteins 
containing ferredoxin-type [2Fe-2S] clusters which interact 
weakly with peptide nitrogen (Cammack et al., 1988; Shergill 
& Cammack, 1994a; Dikanov et al., 1995). The possibility 
of an interaction between the [2Fe-2S] cluster of ISPBED and 
a third noncoordinating nitrogen of the polypeptide chain 
therefore exists. 

DISCUSSION 

The coupling parameters derived for the three nitrogens 
coupled to the ISPBED [2Fe-2S] cluster are summarized in 
Table 1. The quadmpolar coupling e2qQ depends on the 
electric field gradient at the nucleus and is characteristic of 
the type of nitrogen giving rise to the ESEEM effect. The 
estimates of e2qQ for N( 1) and N(2) fall within the range of 
values reported for the imino nitrogen of imidazole coordi- 
nated to metal ions (e2qQ = 1.93-2.82 MHz, for q = 0.69- 
0.25) (Ashby et al., 1978). These values are comparable 
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Table 3: Bonding Parameters Estimated for the Two I4N Nuclei Coordinating the 12Fe-2S1 Center of P. putida ISPBED 

N(1) 1.29 -1.5 -1.7 0.2 21 0.03 -0.2 -0.6 -0.75 
1.73 -2 -2 1.4 21 0.24 -0.2 -0.6 -0.75 

This work. Gurbiel et al. (1989). Gurbiel et al. (1991). 

-7.7 MHz in the spectra recorded at g,  = 1.76 (Figures 3 
and 4). The anisotropic component can have contributions 
from spin density in the 2p orbital on nitrogen as well as 
from direct dipolar interaction with the Fez+ ion of the cluster. 
The possibility of the coupling arising entirely from a 
through-space dipolar interaction without covalent Fe-N 
bonding can be eliminated, as this would give AZ = A, = 
-Ad2 (Atherton, 1973; Gurbiel et al., 1989). Therefore, the 
two nitrogens coupled to the [2Fe-2S] center of P. putida 
ISP,,, have a considerable isotropic component arising from 
electron spin density in the I4N 2s valence orbital, which 
strongly suggests that the cluster is covalently bonded by 
two I4N nuclei. 

The 
hyperfine couplings of N(l) and N(2) reported in Table 1 
are defined in terms of the nuclear spin interaction with the 
total electron spin of the spin-coupled [2Fe-2S] cluster of 
ISPBED. However, the I4N couplings arise from a nuclear 
hyperfine interaction with the isolated local spin on that site 
(Fe3+, S = 5 / 2 ;  Fe2+, S = 2) having a coupling constant a(i) ,  
i = 1 or 2. Using the spin-coupling model of Gibson et al. 
(1966) (a(()  = -3/4 A(!]), the fundamental hyperfine tensor 
a(i)  describing the 14N interaction with the spin of the Fe2+ 
site can be related to the measured hyperfine tensor A ( i )  
describing the electron-nuclear interaction with the [Fe2+: 
Fe3+] spin-coupled S = '/z pair (Gurbiel et al., 1989). The 
following interpretation of the hyperfine couplings to deter- 
mine the fraction of unpaired Fe2+ electron spin (f2J residing 
in the 2s orbital of N( 1) and N(2) is based upon the analyses 
employed by Gurbiel et al. (1989, 1991) for Rieske-type 
centers. 15N values of A,,, were obtained for ISPBED by 
multiplying the I4N values by 1.403 [15N(l) = 5.0 MHz and 
15N(2) = 6.7 MHz], in order to directly compare the electron 
spin density distribution with the analyses of Gurbiel et al. 
(1989) for 15N-enriched PDO. 

By relatingh, to also, we have estimated values offL(N1) 
= 1.29% andf*,(N2) = 1.73% for the Fez+ site of the ISPBED 
[2Fe-2S] cluster. Similarly, we have estimated the aniso- 
tropic component of the hyperfine coupling, which has a local 
contribution (aZp) arising from direct dipolar coupling to the 
Fe2+ ion (a3d) ,  and from unpaired density in the 2p orbital 
on nitrogen (f2p). These values are summarized in Table 3. 
For a simple sp2 orbital scheme, Scholes et al. (1982) have 
predicted a ratio of -1 for p to s electrons in the Fe-N u 
orbital, in contrast to the molecular orbital treatment which 
predicts a ratio of -10 (Mun et al., 1979). We observe f2d 
f2, ratios of -0.2 and -0.8 for N(l)  and N(2), respectively, 
values which are consistent for the sp" hybrid of an imidazole 
nitrogen (Scholes et al., 1982). These results are generally 
in good agreement with the values derived from the Q-band 
ENDOR data on the Rieske center of P. cepacia PDO wzd 
f2, - 1, for both N(l)  and N(2)] and R. capsulatus bcl 
complex (Gurbiel et al., 1989, 1991). 

In contrast to the values for N(l)  and N(2), the much 
smaller A,,, value for N(3) can be compared with A,,, % 1 

Estimation of 14N Ligand Bonding Parameters. 

MHz measured for the ferredoxin class of [2Fe-2S] centers 
which are anchored to the protein by four cysteines (Cam- 
mack et al., 1988; Shergill & Cammack, 1994a; Dikanov et 
al., 1995). The weak hyperfine coupling might represent 
an interaction of the ferredoxin-type cluster through NH-S 
hydrogen bonds, as indicated in the protein structure (Fuku- 
yama et al., 1980, 1995; Rypniewski et al., 1991). Alter- 
natively, a long-distance exchange coupling to the cysteine 
CL nitrogens cannot be excluded. It has been pointed out 
that NH-S hydrogen bonds are a possible factor for 
controlling the redox potential. However, it appears that the 
redox potential differences between dioxygenases and Rieske 
proteins cannot be ascribed to NH-S hydrogen bonds, as 
Rieske proteins also exhibit significant intensity in the 0-4.5 
MHz region of ESEEM spectra (Britt et al., 1991; Shergill 
& Cammack, 1994b), which could be attributed to NH-S 
hydrogen-bonding interactions. 

This work has demonstrated that 2D HYSCORE is a 
sensitive probe of electronic structure when applied to metal 
centers in proteins that show multiple couplings to nitrogen 
nuclei. P. putida ISPBED has been cloned and overproduced 
(Butler, 1995), and these studies pave the way for future 
work on the effects of site-directed mutagenesis on the [2Fe- 
2S] cluster. 
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