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portions of the tolbutamide and chlorpropamide ligands in I and 
I11 and the relatively short HN-C distances at  1.35 (2) A (Table 
VII). In addition the R-NH-C angles in both complexes are 
nearly 120' (Table VII) suggesting sp2 hybridization around the 
N H R  nitrogen. The contribuiton of resonance form 3 is remi- 
niscent of the 

2- 
'S 

RNH=C 

form in dithiocarbamate complexes, which is responsible for the 

ability of the latter to stabilize high oxidation states in certain 
metals. By analogy the sulfonylurea ligands might possess similar 
coordination properties and be capable of supporting certain high 
oxidation states. This aspect of the coordination chemistry of 
sulfonylurea drugs is also being pursued in our laboratories. 
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Mossbauer and EPR studies of catechol 1,2-dioxygenase from Pseudomonaspurida and several of its complexes show that the 
iron center is high-spin ferric in character in all these complexes, including the enzyme-catechol complex and the steady-state 
intermediate obtained from the reaction of the enzyme, pyrogallol, and O2 The Mhbauer spectrum of the native enzyme consists 
of two major components whose relative amounts vary with pH and buffer. One component exhibits a spectrum virtually identical 
with those of protocatechuate 3,4-dioxygenases from Pseudomonas aeruginosa and Brevibacrerium fuscum with a common 
magnetic hyperfine constant, A/g$,,  of -21.0 T. This A value appears to be characteristic of this class of dioxygenases. It is 
closely matched by that of Fe(sa1en)benzoate (-20.9 T), a synthetic complex that approximates the coordination environment of 
the metal site. The binding of substrate and inhibitors alters the observed magnetic hyperfine parameters and zero-field splittings. 
A / g &  changes for -20.8 T for the phenol complex to -20.0 T for the thiophenol complex, indicating the greater covalency of 
the Fe-S bond. More interestingly, A / g $ ,  for the catechol complex, -18.9 T, is the smallest in magnitude observed for a 
dioxygenase complex and indicates a greater delocalization of unpaired spin density away from the ferric center than in the phenol 
and thiophenol complexes. The unpaired spin density is presumably transferred onto the catechol, and this may enhance the 
reactivity of the substrate with dioxygen. 

Introduction 
Catechol 1 ,2-dioxygenase (catecho1:oxygen 1 ,2-oxidoreductase 

(decyclizing); EC 1.13.1 1.1; CTD) from Pseudomonas p u t i d a  is 
a non-heme iron enzyme that catalyzes the oxidative cleavage of 
catechols to cis&-muconic acids with the incorporation of the 
elements of dioxygen into the carboxylate functions of the 
The enzyme has a molecular mass of 63 000 and consists of two 
nonidentical subunits of mass 30 000 and 32 000 and one iron.3 
It exhibits a visible absorption spectrum with an absorbance 
maximum near 460 nm (e - 3500 M-' cm-'), which arises from 
tyrosinate-to-Fe(II1) charge-transfer  transition^.^,^ CTD belongs 
to an emerging class of proteins exhibiting metal phenolate co- 
ordination, which also includes the transferrins, the purple acid 
phosphatases, and protocatechuate 3,4-dioxygenase (PCD).6 
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PCD catalyzes a reaction similar to that of CTD. Massbauer 
studies of PCD (from Pseudomonas aeruginosa and Brevibac- 
terium fuscum) ,  its enzymesubstrate complex, and a steady-state 
intermediate generated upon oxygenation have shown that the 
active site iron remains high-spin ferric in these three forms.'** 
These observations plus the persistence of the phenolate-to-Fe(II1) 
charge-transfer band in transient intermediates9J0 suggest that 
the charge and spin state of the iron are unchanged throughout 
the catalytic cycle. Thus a novel oxygenase mechanism in which 
the iron serves to activate substrate rather than O2 has been 
proposed for these dioxygenases." We report here a Mossbauer 
and EPR study of catechol 1,Zdioxygenase and several of its 
complexes, which shows that the iron center is high-spin ferric 
in these complexes, corroborating the earlier PCD studies.'** 

Data are also presented for the synthetic complex, Fe(sa1en)- 
Bz0,12 which exhibits Mijssbauer parameters quite similar to those 
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of the dioxygenases in the native state. 

Experimental Section 

57Feenriched CTD was purified from P. putida (Pseudomonas arvilla 
C-1, ATCC 23974) cells that had been grown on s7Fe (1 mg/L of culture 
medium) according to a modification of the procedure of Fujiwara et 
al.I3J4 The enzyme thus obtained had a specific activity of 25-30 
units/mg and an iron content of 0.9 mol of Fe/mol of enzyme. Changes 
of buffer were effected by passage through a Pharmacia PD-10 column; 
the effluent was then concentrated with a Minicon concentrator. The 
various complexes were generated by the addition of the appropriate 
amount of ligand to the concentrated enzyme solution. The steady-state 
intermediate from the reaction of CTD with pyrogallol and O2Is was 
prepared by adding pyrogallol to a 0.5 mM solution of CTD that had 
been previously saturated with O2 at  2 OC. Within 30 s the enzyme 
solution turned gold in color, indicating the formation of the intermediate, 
and the solution was transferred to the Mossbauer cell and frozen at 77 
K within 60 s of mixing. 

'7Fe(salen)Bz0 was obtained by adding a slight excess of benzoic acid 
to a CH2CI2 solution of [s7Fe(salen)]20, prepared according to published 
methods.I6 A 9: 1 toluene/CH2C12 solution<of the complex, which yielded 
a glass upon freezing in liquid N,, was used for the present study. 

The EPR data were recorded in J. D. Lipscomb's laboratory (Univ- 
ersity of Minnesota) on a Varian E-109 spectrometer equipped with an 
Oxford Instruments low-temperature cryostat. The Mossbauer spectra 
were recorded as described previously.17 The Mossbauer samples were 
enriched in s7Fe (New England Nuclear) and approximately 1 mM in 
protein concentration. 

A Data General NOVA 4s minicomputer was used to simulate the 
Mossbauer spectra. The paramagnetic properties of magnetically dilute 
high-spin ferric complexes may be approximated by a S = s /2  spin 
Hamiltonian 
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where is the Bohr magneton and aaPp is the applied field. The term 
in brackets approximates the splitting of the 6S ground multiplet into 
three Kramers doublets. The interpretation of EPR and Mbsbauer data 
in terms of D and E/D has been discussed in detail elsewhere.18-20 For 
high-spin ferric complexes the orbital moment is essentially zero and in 
weak applied fields (gBH,, << D) the g values are given by 

gg, = 4(S,j) i = 1-3 j = x ,  y ,  or z (2) 

where i refers to a particular doublet and j one of the axes defined by 
He Doublet 1 is the ground doublet, 2 is the middle doublet, and 3 is 
the uppermost doublet. (So)  is the expectation value of the spin for the 
ith dojblet when Ham is along the jth direction, x, y ,  or z. Given D, E/D, 
and Happ, (S,,) can be calculated from eq 1. 

The hyperfine interactions between the unpaired electrons and the 57Fe 
nucleus were calculated by using standard techniques.B For magnetically 
dilute high-spin ferric complexes at temperatures below -20 K the 
electronic relaxation rate is slow compared with the nuclear precession 
frequency. For small Happ the observed Mossbauer spectrum will have 
three components each corresponding to one Kramers doublet. The shape 
of each spectral component will be dominated by the internal field pro- 
duced by that doublet, namely 

(3) 

We assume A is a scalar. The relative intensities of the three component 
spectra are determined by the thermal populations of the doublets. Note 
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Figure 1. Mossbauer spectra of CTD + benzoate (100 mM) in 50 mM 
HEPES (pH 7.5) recorded with a 0.06-T field parallel to the y-beam: 
(A) spectrum at 1.3 K; (B) spectrum at 10 K; (C) difference spectrum 
as described in text. The simulations (solid curves) were calculated from 
eq 1 and 3. The curves through the data in parts A and B represent the 
contributions of all three Kramers doublets. The curve in part C and the 
curve above the data in part B represent the individual contributions of 
doublets 2 and 3, respectively. 

that when the induced moment of the electronic ground state is extremely 
anisotropic, an unusually large number of grid points must be used in the 
powder average. Otherwise, artifacts will cause systematic errors in 
zero-field splitting determinations. 

Results 

The majority of the samples we studied contained more than 
one chemical species. However, the CTD + benzoate sample was 
spectroscopically pure, and we discuss it first to illustrate our 
methodology. Then we present the results for the somewhat more 
complicated samples. 
CTD + Benzoate. Benzoate is a weak inhibitor of CTD with 

a kI of 10 mM at pH 7.5.5b Mossbauer spectra of CTD-benzoate 
recorded at  1.3 and 10 K are shown in Figure 1 .  Both spectra 
exhibit well-defined magnetic hyperfine interactions. The spectral 
components of all three Kramers doublets are a t  least partially 
resolved, a fact that allowed us to determine D and E / D  inde- 
pendent of the EPR data. The 1.3 K spectrum is dominated by 
the contribution 0f doublet 1. The six-line pattern is typical of 
a high-spin ferric complex with a ground doublet having one EPR 
g value very much larger than the other two. From the six-line 
positions we calculate Hint = -52.0 f 0.2 T, V,  = -0 .85  mm/s 
and 6 = 0.51 "1s. At 10 K the spectral components arising 
from doublets 2 and 3 are apparent. These two components are 
showm more clearly in the difference spectrum of Figure 1C. This 
spectrum was generated by subtracting the spectrum of Figure 
1A from that of Figure 1B so as to cancel the ground doublet 
signal. The spectral component associated with doublet 2 is 
indicated by the solid line in Figure 1C while that of doublet 3 
is indicated by the solid line above the data in Figure 1B. Hi,, 
for doublet 3 is 51.7 f 0.4 T. 

If the A tensor is isotropic, the ratio of the internal fields of 
doublets 1 and 3 must be equal to  the ratio of the largest g value 
of the two doublets. This ratio of the internal fields is 1.01 f 0.01 
and suggests that D < 0 and 0.30 < E / D  < 0.33. The Mijssbauer 
spectrum resulting from doublet 2 has a sharp right line and broad 
left line. Simulations show that a 5-10% anisotropy of the g tensor 
of doublet 2 would provide the proper shape. This condition is 
met by 0.30 I E / D  I 0.31, Fits to the data of Figure 1 and to 
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Table I. EPR and Mossbauer Data for CTD Complexes and Analogues 
g1z0 gzx g3x 

g1z g2r g3, mm/s mm/s mm/s doublet, T 

9.65 4.25 ... 
... 4.25 ... 

... 3.8 ... 

... 4.4 ... 

9.6 ... ... 

CTD gIY g2Y g3Y 6, (eQ/2)vyy,b (eQl2)vzZ9 Hi,, of ground 
complex 

native I ... 4.25 ... 0.45 -0.2 -50.7 

native I1 ... 4.1 ... 0.50 -54.0 

catechol (sharp) ... ... ... 0.43 -0.45 -45.7 

... 
thiophenol ... 

benzoate ... 

... 
9.86 

9.64 
... 

o-chlorophenol ... 

uhenol 

... 
9.75 

pyrogallol + 0, ... 
9.25 
... 

Fe(sa1en) BzO ... 
analogue 9.59 

... 
3.5 
4.2 
5.0 
4.25 
4.15 
4.30 
4.25 
3.9 
4.8 

... 
4.8 
5 .3  
4.23 
4.19 
4.31 

... 

. I .  0.47 
9.12 

-0.82 -49.2 

... 

... 0.51 +0.4 -0.85 -51.8 

... 

... 

... 0.46 
9.28 
... 

0.46 
... 0.4 

-0.73 -50.6 

-0.7 -50.5 
-47.5 

... 

... 

... 0.53 -0.69 +0.66 -50.0 

... 

“EPR g values not observed are indicated by three dots. V,,, V,, and V,, are the principal component of the electric field gradient. Vxx + Vyy 
+ v,, = 0. 

Table 11. Spin-Hamiltonian Parameters for CTD Complexes and 
Analogues 

native I 
native I1 
catechol 
thiophenol 
benzoate 
o-chlorophenol 
phenol 
pyrogallol + O2 
Fe(sa1en)BzO 

+0.7 f 0.3 0.33 
-0.4 f 0.3 0.28 
+2.0 0.32 
-1.6 0.22 
-0.8 f 0.3 0.31 
-1.0 0.23 
-1  .o 0.23 
+1.9 0.21 
+1.2 0.31 

-21.0 
-21.6 
-18.9 

-0.92 -1.0 f 0.3’ -20.0 
-0.85 0 -21.5 

-20.8 
-20.8 
-20.9 

+0.78 +1.0 -20.9 

“AEQ = (eQV,,/2)(1 + q2/3)1/2 where q = (V,, - Vyy)/Vzz. 
bDetermined from the shape of Mhsbauer spectral component of 
doublet 2. 

a 4.2 K spectrum (data not shown) yield D = -0.8 f 0.3 cm-’ 
and A/g#, = -21.5 f 0.1 T. 

For D < 0 and E / D  = 0.31, eq 1 yields g,, = 9.73, gzx = 4.27, 
gzu = 4.15, gzr = 4.42, and g3y = 9.61. The EPR spectrum of a 
CTD + benzoate sample with 57Fe in natural abundance is shown 
in Figure 2A. The observed gvaldes are a t  9.64, 4.31, and 4.17. 
No other features were observed around 9.7 between 2.4 and 15 
K. Evidently, the resonance from doublet 3 overlaps the 9.64 peak 
of the groupd doublet. Considering our assumptions that go = 
2 and that A is isotropic, the agreement between the Mossbauer 
and EPR data is good. The EPR and Mossbauer results are listed 
in Tables I and 11. 

Native CTD. Quite unexpectedly the Mossbauer spectra of 
native CTD revealed two distinct species. Therefore, we inves- 
tigated native CTD under eight different conditions ( H 2 0 ,  pH 
6.5; 50 mM Tris OAc, pH 7.3, 7.8, and 8.3; 50 mM HEPES, pH 
6.7, 7.8, and 8.3; 20% (v/v) glycerol/50 mM HEPES, pH 7.5). 
In all cases, two major components were obtained and efforts to 
obtain only one major component in a native enzyme sample failed. 
Figure 3A shows the Mossbauer spectrum of native CTD in 
HEPES buffer, pH 8.3. Species I exhibits well-resolved EPR 
features a t  g = 9.65 and 4.25 as shown in Figure 2B. The cor- 
responding Mijssbauer spectral component (indicated by the solid 
line in Figure 3A) accounts for -60% of the total Fe and has 
parameters nearly identical with those of B .  fuscum proto- 

catechuate 3,4-dioxygenase (Hht = -50.7 T). Species 11, on the 
other hand, has Hh, = -54.0 T. EPR signals at g = 4.4, 4.1, and 
3.8 attributable to doublet 2 of species I1 are observed and suggest 
E / D  = 0.28. Its ground doublet EPR signal is not resolved. The 
large Hh, and the absence of a low-field EPR signal suggest that 
D < 0 and g,, L 9.8. Species I1 accounts for -25% of the total 
Fe in the sample. The values quoted in Table I1 for D for native 
species 1 and 2 have large relative uncertainties. These arise from 
the poor resolution of the two species in the Mossbauer spectra. 

Approximately 15% total Fe is unaccounted for by species I 
and 11. This third type of iron yields the broad adsorption beneath 
the simulation at -6 and +7 mm/s in Figure 3A. If the A of this 
iron type is typical, then the small hyperfine splitting indicates 
that the ground doublet g tensor is not severely anisotropic, i.e. 
E / D  is significantly less than 1 /3 .  (The 13 mm/s splitting cor- 
responds to H,, = -4.0 T and, assuming A/g#,, = -21 T, an EPR 
g value of g,, = 7.6.) The EPR signal of this material should be 
relatively strong. Indeed a very broad signal is observed on the 
high-field side of the g = 9.65 peak in Figure 2B. Such a broad 
EPR signal is observed a t  much lower intensities in all the com- 
plexes discussed below. 

Samples prepared in other solvents and at  different pH values 
displayed the same spectral components although the relative 
amounts of the components varied. For example, in H20 at  pH 
6.5 about 25% of the iron was present as species I. The sample 
in 20% glycerol/l50 mM HEPES p H  7.5 was the most homo- 
geneous with -70% total Fe appearing as species I. 
(XD + Phenols. Phenols, being substrate analogues, are 

competitive inhibitors of CTD. Mossbauer spectra for both the 
CTD-phenol and the CTD-o-chlorophenol complexes have been 
obtained and they are virtually superimposable. Thus, only the 
o-chlorophenol complex will be discussed. 

An EPR spectrum of an 57Fe-enriched sample of the CTD- 
o-chlorophenol complex is shown in Figure 2C. The low-field 
resonance at g = 9.75 is clearly distinct from the g = 9.65 native 
signal. However, the broad tail to the high-field side of g = 9.75 
indicates that some native material is present. Together with the 
g = 4.25 and g = 4.1 signals, these data suggest that all three 
of the native species are present. 

Because of the noticeable line broadening due to magnetic 
hyperfine interactions, the EPR features of the CTD-o-chloro- 
phenol complex are better illustrated by the spectra of a sample 
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Figure 2. EPR spectra of (A) 57Fe CTD + benzoate (100 mM) at 4.8 
K, (B) 57Fe CTD at 4.3 K, (C) 57Fe CTD + o-chlorophenol (10 mM) 
at 3.6 K, and 56Fe CTD + o-chlorophenol (10 mM) at (D) 2.4, (E) 10, 
and (F) 20 K. The insert shows the low-field region of the %Fe CTD + 
o-chlorophenol spectra at the temperatures indicated. Experimental 
conditions: microwave frequency, 9.22 GHz; modulation amplitude, 1 
mT, modulation frequency, 100 kHz; 50 mM HEPES (pH 7.5); micro- 
wave power, 0.2 mW except where indicated. 

not enriched in 57Fe. The data in Figure 2D-F have significantly 
weaker native signals. The 10 and 20 K spectra show a nicely 
resolved excited state signal a t  g = 9.28. This signal was not 
observed for any native sample a t  similar temperatures. The g3,, 
= 9.28 signal plus the ground state gl, = 9.75 resonance suggest 
D < 0 and E / D  = 0.23. These parameters also correlate well with 
the g = 4.8, 4.25, and 3.9 resonances observed for doublet 2. 

The presence of some native material in the sample of Figure 
2C is confirmed by Mossbauer spectra (primarily by absorption 
at  +9 mm/s by native component 2). Roughly 10-20% total Fe 
appears to be in the native form. Figure 3B shows a difference 
spectrum obtained by subtracting from the raw data the 4.2 K 
spectrum of the native sample of Figure 3A scaled to 20% total 
Fe. This difference spectrum and others recorded a t  1.3, 10, and 
20 K were fitted well with the parameters listed in Table 11. 

C"D + Thiophenol. In the course of our investigation, we 
studied the interaction of thiophenol with CTD. Thiophenol is 
a good competitive inhibitor of CTD (Ki = 20 pM). The CTD- 
thiophenol complex exhibits a visible spectrum with absorbance 
maxima near 385 and 470 nm and an extinction coefficient nearly 
twice that of the benzoate complex. Titration experiments show 
that one thiophenol binds per CTD molecule and monance Raman 
experiments show that the tyrosine ligands remain coordinated 
upon thiophenol binding (data not shown). The data taken 
collectively suggest that thiophenol binds to the ferric center. 

FIELD (TESLA) 
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Figure 3. Miissbauer spectra of CTD complexes in 50 mM HEPES (pH 
7.5) buffer in a 0.06-T parallel field with simulations (solid lines) cal- 
culated from eq l and 3 and the parameters of Tables I and I1 plotted 
with areas quoted relative to the displayed data: (A) native CTD (pH 
8.3) 1.3 K spectrum for theory with D = 0.4 cm-I for component I only 
plotted at 60% (see text); (B) CTD + o-chlorophenol (10 mM) 4.2 K 
spectrum after subtraction of native CTD spectrum scaled to 20% total 
Fe with theory plotted at 80%; (C) CTD + thiophenol (5 mM) 4.2 K 
spectrum after subtraction of native CTD spectrum scaled to 15% total 
Fe with theory plotted at 87%; (D) CTD + thiophenol (5 mM) 10 K 
spectrum with data and theory prepared as in part C. 

Analysis of the Massbauer and EPR data for the CTD-thio- 
phenol complex reveals that -75% total Fe is associated with the 
thiophenol complex, - 15% is in the native form, and - 10% is 
unidentified material. The 3.4 K EPR spectrum (Figure 4A) 
shows a g = 9.86 ground-state signal with a 2.5-mT line width. 
The broad absorption arises from native protein. At 10 K (Figure 
4B) an excited-state resonance at  g = 9.12 with a 3.0-mT line 
width is observed. Resonances also appear at g = 5.0 and 3.5 for 
the thiophenol complex with additional resonances at  -4.3 ob- 
served for the native component. The observed thiophenol-CTD 
g values are fitted nicely with E / D  = 0.22 and D < 0. The 
presence of a native component prevented the determination of 
ID1 from the intensities of 9.83 and 9.10 EPR signals. Mossbauer 
spectra of the thiophenol-CTD complex, shown in Figures 3C,D, 
are fitted well with D = -1.6 cm-', E / D  = 0.22 and A/g,,& = 

In this sample, approximately 6% of total Fe is associated with 
a quadrupole doublet with AEQ 0.9 mm/s and 6 = 0.5 mm/s 
(indicated by the bracket in Figure 3D). This material is most 
likely a high-spin ferric complex that is aggregated. The presence 
of magnetically dilute, fast-relaxing high-spin material could not 
explain this component since the doublet is not measurably 
broadened by an 0.06-T applied field a t  T = 1.3 K. Spectral 
simulations show that, under these conditions, a fast-relaxing S 
= ' I 2  paramagnet would exhibit substantial broadening 
(gSH,,lkT = 0.3). 

CTD + Catechol. The binding of catechol to CTD produced 
a sharp Mossbauer component with an unusually small Hi,, for 
a ferric complex with non-sulfur ligands. Figure SA shows the 
raw data of CTD + catechol superimposed with those of native 
CTD. The primary result of catechol binding is the disappearance 
of native component I and the appearance of a sharp component 
with Hht = -45.7 T. A spectrum recorded at  4.2 K with 0.06-T 
perpendicular field (data not shown) was significantly different 
from that recorded in parallel field. We also observed a t  10 K 
an additional Mossbauer component with H,,, = 53.0 T attrib- 
utable to an excited electronic doublet. 

-20.0 T. 
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Figure 4. EPR spectra of CTD complexes in 50 mM HEPES (pH 7.5) 
buffer; (A) CTD + thiophenol (5 mM), 3.4 K; (B) CTD + thiophenol 
(5 mM), 10 K; (C) CTD + catechol (10 mM), 2.4 K; (D) CTD + 
pyrogallol (10 mM), 2.7 K. Experimental conditions were as quoted in 
Figure 2. 

The EPR spectrum of the catechol complex is shown in Figure 
4C. There are broad peaks at  g = 8.6 and g = 7.8. However, 
integration of the spectrum shows that roughly half the total Fe 
is associated with the g = 9.6 resonance while the other half has 
signals distributed fairly evenly between g = 9.6 and g = 6. No 
significant fraction of the Fe resonates a t  g = 8.6 or 7.8. 

The spectrum of the catechol complex is best seen in Figure 
5B where we have attempted to remove the native components 
(see Discussion). The simulation shown in Figure 5B is sum of 
four spectral components. The major component is the sharp 
component with parameters as quoted in Tables I and 11. It 
accounts for 50% of the area of the plotted simulation (Le. 40% 
total Fe of the sample). The other three represent the material 
giving rise to the broad EPR signal. The three parameter sets 
wereAfg,,~,=-21.5T,D>0,andEfD=0.05,0.1,and0.18. 
These three components each account for one-sixth of the area 
of the plotted simulation. Both the significant field direction 
dependence of the Mbbauer data and the complex EPR spectrum 
are explained well with such composite simulations. The observed 
excited-state signal with Hint = -53.0 T arises from the same iron 
sites that yield the broad EPR ground-state signal. 
CTD + Pyrogallol + 02. Rapid kinetic studies of the reaction 

of the CTD-pyrogallol complex with O2 have shown the presence 
of two  intermediate^.'^ At 0 OC, the second intermediate can be 
generated under steady-state conditions to afford a substantial 
concentration of the desired complex. A Mossbauer sample of 
the steady-state intermediate was obtained with 0.5 mM CTD. 
Native material accounted for 25% f 5% of the total Fe of the 
sample. Subtraction of the native spectral component (using the 
4.2 K spectrum of the sample of Figure 5A) yields the difference 
spectrum in Figure 5C. This component is assigned to the 
steady-state intermediate. (The proportion of steady-state in- 
termediate in the sample depends on the relative concentrations 

FIELD (TESLA) 
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Figure 5. Mbsbauer spectra recorded with a 0.06-T parallel field and 
T = 4.2 K with simulations (solid lines) prepared as described in Figure 
3. (A) Spectrum of CTD + catechol (10 mM) (points) compared with 
spectrum of native CTD (hatchmarks). Spectra were plotted with equal 
areas. Both samples were in 50 mM HEPES (pH 7.5) buffer and con- 
tained 20% (v/v) glycerol. (B) Spectrum of CTD + catechol. Spectrum 
was prepared by subtracting the native CTD spectrum scaled to 20% total 
Fe. Multicomponent simulation was as described in text and plotted at  
100%. (C) Spectrum of CTD + pyrogallol + O2 after subtraction of 
native CTD spectrum scaled to 25% total Fe. Simulation was plotted at 
100%. (D) Spectrum of Fe(sa1en)BzO in 9:l toluene/CH2C12 solution. 
Simulation was plotted at 85%. 

of enzyme and O2 More concentrated enzyme solutions gave rise 
to a smaller proportion of intermediate trapped under the con- 
ditions used to prepare the samples. The 0.5 mM concentration 
used was a compromise between signal intensity and fraction of 
intermediate trapped.) 

The presence of native material in the sample is confirmed by 
the EPR spectrum of the Mossbauer sample (Figure 4D), which 
shows a sharp g = 4.3 signal and a downward peak at  g = 4.1. 
The intermediate exhibits a broad but well-defined (I? = 4 mT) 
signal a t  g = 9.25 as well as broad and partially resolved features 
a t  g = 5.3 And 4.8. The EPR data suggest a distribution of species 
with D > 0 and 0.17 I E/D I 0.25. The Mossbauer spectrum 
(after subtraction of the native components) of the intermediate 
also suggests a heterogeneous sample. 

A simulation with E/D = 0.21 and A = -20.9 T accounts for 
the essential features of the ground-state Mossbauer spectrum. 
However, the observed outer lines of the magnetic pattern require 
an intrinsic line width of I? = 0.4 mm/s. A simulation of similar 
quality can be obtained by summing three spectra calculated with 
E / D  = 0.17, 0.21 and 0.25 and I? = 0.3 mm/s. These were 
weighted 8:10:4, respectively, as suggested by the shape of the 
g = 9.25 feature of the EPR spectrum. T h e  single component 
simulation with r = 0.4 mm/s is plotted over the data a t  75% 
total area. The relative populations of the ground and middle 
doublets a t  4.2 K were determined to be 85/15, which yields D 
= -+1.9 cm-' for this intermediate. 

Fe(sa1en)BzO. In the course of our  investigations of models 
for the catechol dioxygenases, we studied the Mossbauer and EPR 
properties of Fe(sa1en)BzO. This complex is conveniently pro- 
duced by the addition of benzoic acid to [Fe(salen)120. Spec- 
trophotometric studies indicate that the mononuclear complex is 
formed in solution,*' although the complex is probably a weakly 

(21) Heistand, R. H., II; Lauffer, R. B.; Fikrig, E.; Que, L., Jr. J .  Am. Chem. 
SOC. 1984, 106, 1676-1681. 
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coupled dimer in the solid state.22 Fe(sa1en)BzO exhibits an EPR 
spectrum typical of high-spin Fe(II1) in a rhombic environment 
( E / D  - 0.31). Its MGssbauer spectra (Figure 5D) are also 
consistent with this interpretation and yield A/g,& = -20.9 T 
and D = +1.2 cm-l. Interestingly, the A value is characteristic 
of the B. fuscum component of native CTD and those of the 
PCD'S.~-* This suggests that the Fe(sa1en)BzO coordination re- 
sembles the active site of these enzymes. As indicated by the 
bracket in Figure 5D, a quadrupole doublet accounting for - 10% 
total Fe is also observed. The parameters AEQ = 1.1 mm/s and 
6 = 0.5 mm/s suggest that residual, diamagnetic [Fe(salen)],O 
dimer was present.23 

Discussion 

Table I1 summarizes the spin-Hamiltonian parameters derived 
from the simulations of the Mossbauer spectra of the complexes 
studied. For all complexes studied, the iron center retains its 
high-spin ferric oxidation state, but exhibits differing D and A 
values. 

The native enzyme consistently exhibited two major Miissbauer 
components, despite efforts to generate a homogeneous sample 
by altering pH and buffers. The relative amounts of the two 
components do vary with conditions employed, but the changes 
observed are not systematic enough to allow conclusions to be 
drawn. One of the components observed in the Mossbauer 
spectrum of the native enzyme exhibits magnetic hyperfine pa- 
rameters virtually identical with those of native protocatechuate 
3,4-dioxygenase (PCD) from P.  aeruginosa' and B. fuscum.8 
Though the D value for CTD is somewhat smaller, the E / D  and 
A values are nearly identical with those observed for the PCD's. 
When compared to other non-heme iron c o m p l e ~ e s , ~ ~ ~ ~ ~ ~ ~ ~  the 
A/g,,8, value of -21.0 T appears unique to the dioxygenases. The 
second component in the spectrum of the native enzyme has a 
A/g,$3, value of -21.6 T and has somewhat broader features than 
the PCD-like component. The two components are clearly dif- 
ferent and must reflect different coordination environments of the 
ferric center. 

The value of A is a measure of the hyperfine interaction of the 
iron electrons with the 57Fe nucleus and thus reflects the covalency 
of the metal-ligand bonds. Transferrin, enterobactin, and [ Fe- 
(EDTAH)H20] all exhibit A/g#, = -22 T, reflecting octahedral 
oxygen-nitrogen environments,20 while the tetrahedral sulfur- 
coordinated rubredoxin and desulforedoxin exhibit values near 
-16 T.24925 In the course of our studies, we examined the 
Mossbauer spectra of 57Fe(salen)Bz0, a complex with a coor- 
dination environment consisting of two phenolate oxygens, two 
imine nitrogens, and a carboxylate. The A value obtained for this 
complex, nearly matches those observed for native PCD from P. 
aeruginosa and B. fuscum and for the PCD-like component in 
native CTD. This suggests that the active site for the dioxygenases 
may resemble the coordination environment of Fe(sa1en)BzO. 
Indeed, the details of the dioxygenase active site derived from other 
spectroscopic methods approximate the environment in Fe(sa1- 
en)BzO. Resonance Raman spectroscopy has demonstrated the 
presence of two coordinated tyrosines (two  phenolate^),^^,^^ while 
EXAFS studies suggest the participation of histidine (imine N).27 
Though there is currently no evidence for carboxylate binding in 
the native enzymes, the effect of the coordinated water in the active 
site of these enzymes2s is perhaps mimicked by the benzoate ligand 
in the model complex. Similar A values are also found for the 
CTBphenol complexes and the steady-state intermediate derived 
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from the reaction of the CTD-pyrogallol complex with 02. 
The binding of ligands to the enzyme appears to transform the 

two components of the enzyme into one dominant form, as if the 
ligand locks the ferric center in a particular environment. A 
similar sharpening of spectral features has also been observed in 
the resonance Raman spectra of CTD-inhibitor complexes.5b The 
features associated with tyrosine C-O stretching in the spectrum 
of the native enzyme appear broad, suggestive of multiple com- 
ponents, while those for the benzoate and the phenol complexes 
are resolved into two components that have been assigned as the 
vco's of the two tyrosines coordinated to the ferric center. 

The values for A,  a, and E / D  vary from complex to complex.29 
Similar variations in A are observed for analogous complexes of 
B. fuscum PCD,8s30 with the exception of the catechol complexes. 
A comparison of the phenol and thiophenol complexes shows that 
substituting an oxygen with sulfur in the iron coordination sphere 
results in a decrease of 0.8 T in the value of A ,  indicating the 
greater covalency of the Fe-S bond. This relatively small decrease 
in A suggests that the large decreases in A noted for r ~ b r e d o x i n ~ ~  
and desul foredo~in~~ are associated not only with the presence 
of thiolate sulfur but also with other factors such as the tetrahedral 
coordination. 

Differences in the spin-Hamiltonian parameters for the phenol 
and catechol complexes are striking. The A value of the latter, 
in particular, is the smallest in magnitude of all the dioxygenase 
complexes studied thus far and indicates a greater delocalization 
of unpaired spin density away from the metal and presumably 
onto the catechol. 'H NMR studies have shown that the catechol 
is coordinated as a phenol in the CTDsubstrate complex, i.e. only 
one oxygen is coordinated to the ferric center.31 Thus the dif- 
ference in the A values of the phenol and the catechol complexes 
would suggest that the active site undergoes a significant change 
as it binds substrate. The greater delocalization of unpaired spin 
density onto the substrate could serve to enhance the reactivity 
of substrate to dioxygen. 

The parameters for the ES complex of CTD are also distinct 
from those for the catechol complex of B. fuscum PCD.30 The 
CTD complex has A/g,& of -18.9 T, while the PCD complex 
exhibits -20.2 T. This may reflect the differences in the coor- 
dination mode of catechol to the ferric center in the two enzymes, 
as shown by N M R  s t ~ d i e s . ~ '  

In summary, the Mossbauer data on CTD and its various 
complexes confirm the conclusion reached by studies on PCD,7,8 
namely that the iron center retains its high-spin ferric character 
in all the complexes studied thus far. These observations are in 
agreement with the persistence of the ~ tyrosinate-to-iron(II1) 
charge-transfer band observed in these complexes as well as in 
intermediates observed in transient kinetic exper iment~ .~J~  These 
observations lend further credence to the substrate activation 
mechanism, which has been proposed to accommodate these ob- 
servations." The significant difference of the Mossbauer pa- 

(22) Wollman, R. G.; Hendrickson, D. N .  Inorg. Chem. 1978,17,926-930. 
(23) Murray, K. S. Coord. Chem. Rev. 1974, 12, 1-35. 
(24) Debrunner, P. G.; MUnck, E.; Que, L., Jr.; Schulz, C. E. In Iron-Sulfur 

Proteins; Lovenberg, W. E., Ed., Academic: New York, 1977; Vol. 3,  

(25) Moura, I.; Huynh, B. H.; Hausinger, R. P.; LeGall, J.; Xavier, A. V.; 
Mlinck, E. J .  Eiol. Chem. 1980, 255, 2493-2498. 

(26) Que, L., Jr.; Epstein, R. M. Biochemistry 1981, 20, 2545-2549. 
(27) Felton, R. H.; Barrow, W. L.; May, S. W.; Sowell, A. L.; Goel, S.; 

Bunker, G.; Stern, E. A. J .  Am. Chem. Soc. 1982, 22, 6132-6134. 
(28) Whittaker, J. W.; Lipscomb, J. D. J.  Eiol. Chem. 1984,259,44874495. 

pp 381-417. 

As noted above, the relative amounts of the several native spectral 
components varied with pH and buffer. This situation complicates the 
interpretation of the spectra of the catechol, pyrogallol, thiophenol, and 
chlorophenol CTD complexes. Both the EPR and Mossbauer data 
indicated that nativelike components were present in the 57Fe-enriched, 
ligand-bound forms at the 10-20% level. In order to evaluate the major 
spectral component of each sample, we had to remove the nativelike 
signals. As a first-order correction, we subtracted the appropriate 
spectrum of the native CTD sample with HEPES at pH 8.3. The 
amount subtracted was adjusted to cancel the most prominent native 
feature, namely the broad peak at +9 mm/s. If the ratios of native 
componunts I and I1 were not the same in the ligand-bound sample and 
the native sample, then this subtraction is not correct. The magnitude 
of the artifacts introduced is best seen in the spectrum of the CTD- 
catechol complex. No evidence of native component I can be seen in 
the raw data (Figure SA). However, component I1 is clearly present. 
Subtraction of the native spectrum scaled to 20% total Fe cancels 
component 11. The small glitches at -6.8 and +8.5 mm/s in Figure 5B 
arise from subtracting too much of native component I .  These artifacts 
are just slightly larger than the noise and, thus, do not seriously affect 
our analysis. 
Kent, T. A.; Whittaker, J. W.; Lipscomb, J. D.; Miinck, E., unpublished 
observations. 
Lauffer, R. B.; Que, L., Jr. J .  Am. Chem. SOC. 1982,104, 7324-7325. 
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rameters of the CTD-catechol complex relative to the other 
complexes may signal such an activation, which affords a substrate 
molecule capable of reacting with dioxygen directly. That such 
a mechanism is chemically reasonable is supported by recent 
observations of iron(II1)-catalyzed cleavage of catechols in 
chemical  system^.^^.^^ en)BzO data. 

Znorg. Chem. 1987, 26, 1408-1410 
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The C12- radical produced by pulse radiolysis of aqueous sodium chloride solutions oxidizes U(V), Np(V), Pu(III), and Am(II1). 
The respective rates (M-I s-l) are (6.5 * 2) X lo*, (2.38 0.10) X lo6, (4.8 * 0.4) X lo7, and (3.2 0.4) X los. The mechanism 
for the oxidation of U(V) and Np(V) is discussed in terms of the Marcus theory. There is an unexpected linear free energy 
correlation with the measured rate parameters in the oxidation of U(III), Ti(III), Pu(III), and Am(II1). 

The pulse radiolysis studies of actinide ions in aqueous solutions' 
have been concerned, predominantly, with the  reactions of the  
primary radicals'e,, and OH. The salient exception is the study 
of the reduction of the carbonate radical ion2 by the  carbonato 
complexes of U(V), Np(V), and Pu(V). T h a t  study, as well as 
the present, was motivated in part to determine if a linear free 
energy relationship provides an adequate summary of the data 
over the ranges AGO and log k associated with such reactions. 
To that end, the  present study examines the rates of oxidation 
of trivalent and pentavalent actinide ions in sodium chloride so- 
lutions by the CI2- radical3 produced by pulse radiolysis techniques. 
An additional aspect of the present investigation is the attempt 
to delineate feasible mechanisms for the disappearance of Clz- 
since the mechanisms4 of such reactions have not been completely 
elucidated. 

Experimental 'Section 

A stock solution of NaCl (Suprapure, Merck Co., No. 6406) was 
prepared by the dissolution of weighed quantities of the salt in triple- 
distilled water. Stock solutions of HC1 and NaOH were prepared by 
dilution of concentrated reagent grade solutions and standardized by 
conventional techniques. The U(V1) stock solution was prepared by 
dissolution of a weighed quantity of NBS U30s. The 237Np(V) stock 
solutions were prepared by dissolution of freshly precipitated neptuni- 
um(V) hydroxide and assayed spectrophotometrically by using the peak 
at 980 nm (e = 404 M-I cm-l). The 242Pu(III) stock solution was pre- 
pared by electrolytic reduction of Pu(V1) at a Pt electrode and assayed 
at 560 nm (e  = 38 M-I cm-I). The 243Am(III) solutions were freshly 
prepared immediately prior to the pulse radiolysis studies (after precip- 
itation as the hydroxide and subsequent washes with triply distilled water) 
and standardized spectrophotometrically at 503 nm (e = 450 M-I cm-I). 

The U(V1) and Np(V) solutions were adjusted to the proper pH by 
the previously describedS syringe technique by adding appropriate 
quantities of HCI or NaOH. The pH of the Pu(II1) and Am(II1) solu- 
tions was adjusted by removing H+ electrochemically in a special device 
shown in Figure 1. For all pH measurements, a ROSS electrode (Orion 
Co.) with 3 N NaCl as filling solution was used. 

Pulse radiolysis was carried out with a beam of 15 MeV electrons at 
4-40-11s pulse length. Absorption spectra of the transient species, gen- 
erated by irradiation of the solutions with single pulses of high-energy 
electrons, were obtained by the streak camera-tv scanning method de- 

+ Work performed under the auspices of the Office of Basic Energy Sci- 
ences, Division of Chemical Science, US. DOE, under Contract No. W-31- 

* Technische Universitlt Miinchen. * Argonne National Laboratory. 

109-ENG-38. 

scribed previously.6 The irradiation procedure and dose measurements 
were essentially as described earlier.7 Some of the rate data were 
obtained by photomultiplier techniques, where the output was digitized 
in a Biomation 8 100 transient recorder and stored in a LSI 1 1 /23 com- 
puter. The digital data were then transferred over a local area network 
to a VAX 11/780 computer, where the data were analyzed.* In some 
cases, a kinetic model program9 was used to simulate the optical transient, 
and the simulated signal was compared with the experimental curve. 
Results 

A. U(V) + C12- - U(V1) + 2CI-. Since U(V) in solution is 
not stable, it was produced in situ by reduction of U(V1) by the  
hydrated electron. We irradiated a He-saturated solution of 
M U02(C104)2 containing 1 M NaCl ,  a t  pH 3, with a pulse of 
electrons. The following sequence of reactions then occurs: 

H20 -- eaq-, H, OH 

eaq- + U022+ - UOz+ 

eaq- + H+ - H 

ClOH- + H+ s C1 + H 2 0  

Cl2- + u02+ - uo22+ + 2c1- 
C12- + H - H+ + 2C1- 

C1, + Cly - C13- + C1- 

(0) 

(1) 

(2)  

(3) 
(4) 

c1+ c1- e c1, ( 5 )  

( 6 )  
(7) 

(8) 
H + H - H 2  (9) 

OH + C1- e ClOH- 

A t  its absorption peak at 340 nm, C12- is the  only strongly ab- 
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