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ABSTRACT 

This research has been directed at the study of both the enzyme 

sulfite oxidase and molybdenum model chemistry. A modification of a 

previously pub~ished procedure has been used to purify sulfite oxidase 

in high yield which is well-suited for experiments requiring 

prosthetically intact enzyme and which is not contaminated with 

extraneous heme or with other redox active proteins. Laser flash 

photolysis was used to study the reaction of photoproduced 

5-deazariboflavin, lumiflavin, and riboflavin semiquinone radicals with 

the redox centers of purified sulfite oxidase. Two distinctly 

different intramolecular electron transfer processes were observed 

between the molybdenum and heme sites of the enzyme, and these 

assignments were supported by flash photolysis studies of the cyanide

inactivated enzyme and the sulfite oxidase heme peptide. 

Microcoulometric experiments on sulfite oxidase have shown that the 

enzyme requires the addition of three electrons for complete subunit 

reduction. Midpoint potentials for the Mo(VI)/Mo(V), Mo(V)/Mo(IV), and 

Fe(III)/Fe(II) couples have been obtained under varied buffer 

conditions. The midpoint potentials obtained under High-pH and Low-pH 

conditions provided a means for reductively titrating the enzyme to the 

Mo(V) oxidation state for EXAFS studies. EXAFS of sulfite oxidase 

under High-pH and Low-pH conditions have provided the first example of 

a structural study of the three accessible oxidation states (Mo(VI) , 

Mo(V) , and Mo(IV». A biologically relevant synthetic model for the 

formation of the Mo(V) Low-pH form of sulfite oxidase has been 

developed. The Mo(V) model compound closely resembles the minimum 

coordination environment for the Mo(V) Low-pH form of sulfite oxidase 
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as determined by EXAFS. Using synchrotron radiation, molybdenum L-edge 

x-ray absorption spectra have been obtained for a variety of 

oxomolybdenum(V) compounds which serve as models for sulfite oxidase. 

An attempt has been made to correlate unique features of the molecules 

to the observed 2p ~ 4d electronic transitions. 



PART I: PDRIFICATION AND PHYSICAL STUDIES OF SULFITE OXIDASE 

CHAPTER. 1: INTRODUCTION TO THE ENZYME SULFITE OXIDASE 

17 

Molybdenum is the only second row transition metal that is known to 

be essential for human life [1]. This requirement is based on its role 

as a prosthetic group in a variety of enzymes that catalyze oxidation

reduction reactions [2]. The pathology associated with the absence of 

molybdenum-containing enzymes was first established with sulfite 

oxidase defici~ncy [3,4] and was subsequently observed in patients 

exhibiting a combined deficiency of sulfite oxidase, xanthine 

dehydrogenase, and, probably, aldehyde oxidase [5]. Subsequent 

research supported these findings by showing that all of the 

molybdoenzymes, with the exception of nitrogenase, require a common 

pterin-like cofactor [6]. 

Sulfite oxidase (SO) contains two molybdenum atoms and two cytochrome 

OS-like hemes per molecule and catalyzes the oxidation of sulfite to 

sulfate [7,8]. The catalytic specificity of sulfite oxidase and the 

presence of the heme prosthetic group was first discovered in 1961 [9], 

and ten years later the enzyme was shown to contain molybdenum [8]. 

The enzyme is located in the intermembrane space of the mitochondria 

and is cataiytically reoxidized by the physiological electron acceptor 

cytochrome c [10]. A schematic representation of the catalytic 

properties of SO is given in Figure 1. The presence of sulfite in 

human tissue results from metabolic degradation of the sulfur amino 

acids cysteine and methionine (Fig.2) [II], and to a lesser extent from 

food additives and respired S02 [12]. A deficiency of SO is 

accompanied by elevated urinary levels of sulfite, thiosulfate, and S-
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Figure 1. Catalytic properties of sulfite oxidase. 
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Figure 2. The degradation of sulfur-containing amino acids and sulfur

containing amino acid derivatives. 
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su1focysteine, whereas the urinary levels of sulfate are very low or 

nonexistent [13]. Physiological consequences of sulfite oxidase 

deficiency include mental retardation, severe neurological 

distrubances, seizures, and sometimes death [14]. Meanwhile, the 

origin of molybdenum deficiency is unknown and the structure of sulfite 

oxidase, or any other mo1ybdoprotein, has yet to be determined. 

A desire to probe the Mo and heme sites of the enzyme prompted an 

investigation of the purifi~ation of sulfite oxidase. Procedures for 

purifying the enzyme were avai1iab1e [15,16,17], but the resulting 

enzyme properties and problems with reproducibility required the 

development of a modifiedprocecure which is described in Chapter 2. 

Sulfite oxidase purified according to this modified procedure has 

equivalent Mo:heme ratios (1:1), a property which has allowed for the 

characterization of the Mo and heme sites using a variety of 

techniques. Furthermore, the first elemental analysis of the Mo 

content of the cyanide-inactivated enzyme is reported. 

Results of intramolecular electron transfer studies between the 

molybdenum and heme sites of the enzyme by laser flash photolysis are 

reported in Chapter 3. Flash photolysis enables intramolecular 

electron transfer to be directly monitored between redox-active 

prosthetic groups of an enzyme. Prior to these investigations, rates 

of electron transfer between redox-active sites in mo1ybdenum

containing enzymes had been reported only for xanthine oxidase [18,19]. 

This technique provides a direct approach for investigating long

distance electron transfer processes, in contrast with techniques which 

involve attaching non-biological redox-active groups to specific amino 

acid sites of a protein [20]. 
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The characterization of flavin radical species was first reported by 

Michaelis et a1. in 1949 [21,22], and approximately ten years later the 

,technique of flash photolysis was introduced [23,24]. With flash 

photolysis, illumination of an oxidized flavin results in the formation 

of a flavin triplet state which is reduced by one-electron in the 

presence of an appropriate reducing agent (e.g. EDTA) [25-28]. 

Electron transfer rate constants can be obtained by generating this 

neutral flavin semiquinone in the presence of an oxidant (e.g. the 

oxidized form of sulfite oxidase). Furthermore, because changes in the 

light absorption properties of an enzyme are being monitored, 

intramolecular electron transfer processes can be observed in systems 

which have more than one redox center. 

Initially, illumination sources consisted of gas discharge lamps with 

pulse durations of a few microseconds [23,24] and thus limited the 

resolution of fast kinetic process. However, the introduction of 

pulsed lasers has provided the ability to monitor kinetic changes on 

the nanosecond and picosecond time scale [29,30]. In the flash 

photolysis studies reported in Chapter 3, sulfite oxidas~ electron 

transfer processes are investigated following interaction with the 

semiquinone forms of the flavin molecules lumiflavin and riboflavin, 

and the flavin-like molecule 5-deazariboflavin. The neutral and 

semiquinone forms of these flavin and flavin-like molecules are shown 

in Figure 3, and in Figure 4 the interaction of the flavin semiquinone 

reductants with sulfite oxidase is represented schematically. 

In Chapter 4 the results of oxidation-reduction and electron-uptake 

experiments on sulfite oxidase are reported. Although sulfite oxidase 

has fewer redox-active sites than xanthine oxidase and nitrate 
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Figure 3. Molecular structures for the oxidized (a) and reduced 

neutral semiquinone (b) forms of 1) 5-deazariboflavin 

(R - ribityl); 2) lumiflavin (R - methyl) and riboflavin 
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reductase, and therefore provides a conceptually easier system to 

study, only electron-uptake experiments of the later enzymes have been 

reported [31,32]. Oxidation-reduction potentials for the molybdenum 

and heme sites of sulfite oxidase have been reported, however, the 

experimentally obtained integration values for the Mo-site EPR 

titration were significantly lower than the expected theoretical values 

[33]. In addition, the buffer conditions used for the experiment were 

different than the conditions which were used for the microcoulometric 

experiments with sulfite oxidase purified by the modified procedure 

([34], Chapter 2, Part I). With microcoulometry, the oxidation-

reduction potentials of the molybdenum and heme sites of sulfite 

oxidase have been determined at room temperature under buffer 

conditions which generate a homogenous Mo(V) form of the enzyme [35]. 

The potentials obtained from these experiments have been used to 

reductively titrate the enzyme to a homogenous Mo(V) form for EXAFS 

experiments (Chapter 5, Part I). 

The physical technique of extended x-ray absorption fine structure 

(EXAFS) has furnished the most detailed structural information 

regarding the molybdenum site of sulfite oxidase [36,37]. As a 

spectroscopic tool, EXAFS provides data which is complimentary to the 

data obtained by electron paramagnetic resonance (EPR). EXAFS can be 

used as a probe for any of the available oxidation states of the enzyme 

(Mo(VI) , Mo(V) , and Mo(IV» under ideal conditions, but EPR requires 

1 the Mo(V) oxidation state with a d configuration. A major drawback 

with EXAFS, which is not a problem with EPR, is the interpretation of 

data containing mixtures of the molybdenum oxidation states [38]. 

EXAFS data of the sulfite reduced enzyme has been reported in an 
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attempt to structurally identify the Mo(V) form of sulfite oxidase 

[36]. However, Cramer et al. [38] and Lamy [39] have concluded that 

the data cannot be interpreted to support either species conclusively, 

because the conditions of the experiment would have resulted in a 

mixture of Mo(VI), Mo(V) , and Mo(IV). Thus, EXAFS has been used to 

probe only the Mo(VI) and Mo(IV) oxidation states of the enzyme. In 

Chapter 5 the first results of structural data for the Mo(V) oxidation 

state of sulfite oxidase are reported. These measurements were 

possible because of the experimentally determined oxidation-reduction 

potentials of sulfite oxidase under conditions which were similar to 

those used for the EXAFS experiments (Chapter 3). In addition, a clear 

picture of the Mo coordination environment for the three available 

oxidation states of the enzyme under High-pH and Low-pH conditions has 

emerged. In particular, elucidation of the Mo(V) coordination 

environment ha~ provided data to support (and refute) various 

structural proposals for the High-pH and Low-pH enzyme forms made by 

inference from EPR data . 

.. ~ --~~-.~--~--.~---~-------.-----------------



CHAPTER. 2: PURIFICATION OF PROSTlIETICAIJ..Y INTACT SULFITE 

OXIDASE FROK CHICKEN LIVER. USING A HODIFIED PROCEDURE 

Introduction 
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Sulfite oxidase (formally called either sulfite:02 oxidoreductase EC 

1.8.3.1 or su1fite:ferricytochrome c oxidoreductase EC 8.1.2.1) is a 

dime ric enzyme that contains two molybdenum-pterin centers and two 

cytochrome bs-type hemes per molecule [7.8] and that catalyzes the 

oxidation of sulfite to sulfate [10]. The enzyme was first isolated by 

Cohen and Fridovich from bovine liver [15]. and subsequent reports have 

described purification procedures using sources such as rat liver [16]. 

human liver [16]. and chicken liver [17]. Many techniques used to 

probe the molybdenum site require considerable quantities of enzyme 

(eg. EXAFS [37]) and other experiments require enzyme which is free of 

any other redox active protein(s) (eg. electron transfer ([40]. Chapt. 

3. Part I) and coulometric experiments ([41]. Chapt. 4. Part I). 

Kessler and Rajagopalan [17] reported that a significant amount of the 

sulfite oxidase isolated from chicken liver was in the demolybdo form. 

which presents additional problems when studying the enzyme. Therefore 

we have developed a modified purification procedure for chicken liver 

sulfite oxidase that inclUdes a dialysis step with molybdate and an 

additional column chromatography step using phenyl sepharose. This 

modified procedure results in prosthetically intact enzyme (equivalent 

Mo:heme ratios) that is obtained in high yield. and that is not 

contaminated with other reduction-oxidation active species. 



Materials and Hethods 

Frozen chicken livers were obtained from a local supermarket. 

Horseheart cytochrome c (Type IV) was purchased from Sigma Chemical 

Co. (St. Louis, MO). Enzyme chromatography was carried out using DEAE 

cellulose (DE52, Whatman, Clifton, NJ), Phenyl Sepharose CL-4B, and 

Sephadex G-200' (Pharmacia Inc., Piscataway, NJ). Concentration cells 

and YM-30 diaflo ultrafilters (Amicon Corporation, Danvers, MA) were 
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used for enzyme concentration. Dialysis of the enzyme was performed 

using 12,000-14,000 molecular weight cellulose tubing (Spectrum Medical 

Industries, Inc., Los Angeles, CA). A Model J-21C centrifuge with JA-

10 and JA-20 rotors (Beckman Instruments, Palo Alto, CA) was used for 

centrifugation. Acrylamide (Sigma) was recrystallized from an 

ethylacetate-benzene mixture and then from chloroform [42], and N,N'-

methylene-bis-acrylamide (Sigma) was recrystallized from acetone [43]. 

All other chemicals used were of reagent grade and obtained from 

commercially available sources. 

Sulfite oxidase was assayed as described previously [15] by measuring 

the reduction of cytochrome c (0.2 M Tris, pH 8.5 with 0.2 roM EDTA, 0.2 

roM cytochrome c, 40 roM sodium sulfite), and one enzyme unit per ml was 

defined as one pmole of cytochrome c reduced per minute under the 

conditions described at 25°C. Cytochrome c solutions were quantitated 

-1 -1 using an extinction coefficient of 28.0 roM cm for the dithionite 

reduced form [44]. The enyzme activity was assayed, after incubation 

of the assay components for 5 min prior to the addition of sulfite, 

using a Uvikon 810 spectrophotometer (Kontron, Zurich, Switzerland). 

The concentration of sulfite oxidase active centers was determined 

-1 -1 spectrophotometrically using E4l3nm- 99.9 roM em for the oxidized 



form of the enzyme [7]. Protein was determined using the method 

described by Lowry et a1. [4S]. The purity of the final pool was 

determined by scanning (AS6S ) a Coomassie stained SDS polyacrylamide 

gel using a Kratos SD 3000 Spectrodensitometer (Schoeffe1 Instruments, 

Ramsey, NJ) interfaced with an IBM System 9000 (IBM Instruments, 

Danbury, CT) for data analysis. 
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Cyanide inactivation of sulfite oxidase was performed using a 

modification of the procedures used to inactivate the rat liver enzyme 

[46] and bovine enzyme [8]. The enzyme was placed in a small vial with 

a rubber septum and alternately evacuated and filled with moist argon 

gas (passed over heated BTS-Cata1yst, R3-11) three times. A 

deoxygenated solution of sulfite was added with a gas-tight syringe and 

a deoxygenated solution of sodium cyanide was added three min later 

using the same technique. The sample was incubated at 2S °C while 

a1iquots of the enzyme were removed every twenty min and assayed for 

sulfite oxidase activity. 

Molybdenum analyses were carried out on purified native enzyme and 

on cyanide-inactivated enzyme from a separate preparation using atomic 

absorption spectroscopy (AAS) and inductively coupled plasma (ICP), 

respectively. Analysis of the native enzyme was performed using a 

Perkin-Elmer Zeeman/SOOO (Perkin-Elmer, Norwalk, CT) and analysis of 

the cyanide-inactivated enzyme was performed using a Perkin-Elmer 

ICP/6500. Standards containing equivalent molybdenum and iron 

concentrations were used, and the possibility of protein matrix effects 

using AAS was tested by adding an equivalent concentration of a 

molybdenum standard to an iron standard made using horse heart 

cytochrome c. The resulting molybdenum standard curve was the same as 



that obtained using a non-protein iron standard, indicating that 

protein had no effect on the molybdenum analysis. 

Results 

Purification of the Enzyme 
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Chicken liver acetone powder was prepared using the same procedure 

described for preparation of the bovine liver acetone powder [15]. The 

initial steps in the purification of the chicken liver enzyme 

(extraction, 20% ammonium sulfate precipitation with 56°C heat step, 

and 50% ammonium sulfate precipitation) are essentially the same as 

previously reported [16]. The later ammonium sulfate precipitations 

(43-60% and 50%) and the acetone precipitation were omitted from this 

modified procedure, and the chromatographic techniques are different 

from those in the original procedure. The individual steps of the 

modified procedure are described below and a typical purification is 

summarized in Table 1. 

Extraction 

Acetone powder (200 g) was stirred at 4 °C in 10 roM potassium 

phosphate buffer (pH 7.8) containing 0.10 roM EDTA and 0.04% sodium 

deoxycholate for 45 min. The slurry was centrifuged for 45 min at 4 °C 

at 7,000 x g and this resulted in a deep red supernatant that contained 

the sulfite oxidase. 

20\\ AmmoniUIJI Sulfate Precipitation with 56 ·C Heat Step 

Solid ammonium sulfate (114 gIl) was added slowly to the extraction 
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Table 1. Purification of Chicken Liver Sulfite Oxidase. 

spacific fold 

step volUllle activity protein activity purification yield 

(Ill) (EO) (mg) (EO/mg) (t) 

extract 1790 3026 67,662 0.045 1.0 100 

(NH4)2S04 222 3661 14,119 0.260 5.8 121 

pptns. 

DEAE 166 2126 837 2.54 56 70 

Phenyl 83 1610 60 26.8 596 53 

Sepharose 

G-200 52 1096 31 35.4 787 36 



addition was complete, the 20% ammonium sulfate solution was heated 

with stirring to 56°C by immersion in a 65 °e water bath. The 

temperature of the slurry was maintained at 56 °e for one min and 

subsequently cooled in an ice bath with stirring, followed by 

centrifugation for 45 min at 4 °e at 7,000 x g. The red-brown 

supernatant was pooled. 

50% Ammonium Sulfate Precipitation 
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Solid ammonium sulfate (188 gil) was added slowly, with stirring, to 

the supernatant from the 20% ammonium sulfate step (1,750 ml) in an ice 

bath. After the addition was complete, the slurry was stirred on ice 

for an additional 30 min. The precipitate, collected by centrifugation 

as described above, was dissolved in 100 ml of 25 roM Tris-Hel (pH 8.0) 

with 0.10 roM EDTA (Tris buffer). This slurry was centrifuged at 17,000 

x g for 20 min at 4 °C to remove denatured material. The brown-red 

supernatant from the 50% ammonium sulfate step was dialyzed against 10 

liters of the Tris buffer containing 2.5 roM sodium molybdate at 4 °e 

for 6 hours, with one buffer change after 3 hours. This dialysis with 

molybdate typically resulted in an increase in total activity (Table I) 

above that initially assayed in the extract. A portion of the observed 

increase in recovered enzyme activity may have been caused by the 

presence of "cryptic" sulfite oxidase in the acetone powder [15] or by 

removal of an inhibitor during dialysis. In trials where the 50% 

ammonium sulfate pellet was dialyzed with molybdate as compared to 

without molybdate, a further increase in activity (approximately 10%) 

was observed, ~ndicating that inactive sulfite oxidase had been 

-~~-------------------------------



converted to active enzyme when molybdate was included in the dialysis 

buffer. 

Ion Exchange Chromatography using DEAR-cellulose 
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The dialyzed supernatant from the 50% ammonium sulfate precipitate 

was applied to a column (38 cm x 2.6 cm) of DEAE-cellulose equilibrated 

at 4 °C with the Tris buffer. The column was washed with 906 ml of 

this buffer and then the enzyme, visible as a red-orange band near the 

top of the column, was eluted with a 2 liter linear salt gradient (0 to 

0.4 M NaCl) of the Tris buffer (flow rate of 1.3 ml/min). A typical 

elution profile is shown in Fig. 5. 

Hydrophobic Chromatography using Phenyl Sepbarose 

The golden-brown solution obtained by pooling the sulfite oxidase

containing fractions from DEAE chromatography was applied to a column 

(30 cm x 2.6 cm) of phenyl sepharose equilibrated at 4 °C with the Tris 

buffer containing 0.18 M NaC1. The enzyme was eluted without washing 

with a 2 liter linear reverse salt gradient (0.18 to 0 M NaCl) in the 

Tris buffer. {flow rate of 1.3 ml/min) and was visible as a pink band on 

the column. A typical elution profile is shown in Fig. 6. 

The column length used for phenyl sepharose chromatography was 

important. The extent of purification depended upon both the amount of 

the yellow contaminant protein(s) that eluted from the column in the 

initial fractions and the amount of sulfite oxidase (Fig. 6). With a 

shorter column, the enzyme and the contaminant protein{s) were 

insufficiently separated. With the 30 cm column and smaller amounts of 
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Figure 5. Elution profile of sulfite oxidase from DEAE-cellulose. 

Sulfite oxidase activity (EU/ml) (8), A4l3 (0), and A280 (a) 
are plotted as a function of fraction number. Fractions 

48-58 were pooled for subsequent chromatography using phenyl 

sepharose. The conditions of elution are described in the 

text. 
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Figure 6. Elution profile of sulfite oxidase from phenyl sepharose. 

Sulfite oxidase activity (EU/ml) (0). A4l3 (A). and A280 (0) 

are plotted as a function of fraction number. Fractions 109-

127 with A4l3/A280 ratios equal to or greater than 0.4 were 

pooled for chromatography using Sephadex G-200. The 

conditions of elution are described in the text. 
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before the enzyme had eluted, and additional Tris buffer containing 

0.05 M NaCl was necessary to elute the enzyme in a manner similar to 

that shown in Fig. 6. 

Gel Exclusion Chromatography using Sephadex G-200 
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Fractions from the phenyl sepharose column with an A4l3/A280 ratio 

equal to or greater than 0.4 were pooled and concentrated to a final 

volume of less than 3 mI. This concentrate was then applied to a 

column (97 cm x 2.6 cm) of Sephadex G-200, which was equilibrated with 

10 mM Tris (pH 7.7) with 0.10 mM EOTA, and eluted using the same buffer 

(flow rate of 0.21 ml/min). Peak fractions with A4l3:A280 ratios of 

0.60 and above were pooled as previously described [16]. Molybdenum 

analysis of the native enzyme using AAS resulted in a Mo:heme ratio of 

1.03:1.00. Visible spectroscopy (Fig. 7) showed only the b5-like 

spectrum of sulfite oxidase [10], indicating that no other visible

absorbing species were present in the final pool. 

Purity of Sulfite Oxidase 

The purit~ of enzyme in the pooled fractions from the G-200 column 

was analyzed by SOS polyacrylamide gel electrophoresis using the 

procedures of Laemmli [47] for gel preparation and Guiard and Lederer 

[48] for sample preparation. The results of three preparations are 

shown in Fig. 8. In the presence of 2-mercaptoethanol and SOS, the 

major Coomassie-stained band had a molecular weight of 55,000 daltons, 

corresponding to the sulfite oxidase subunit as previously reported 

[16]. Scanning densitometry (A565 ) of the Coomassie-stained gel showed 
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analyzed, major contaminants of 63 and 41 kDa were routinely observed. 

The presence of contaminants in the final preparations did not alter 

the visible absorbance spectra (Fig. 7), and the EPR spectra of the 

purified enzyme (data shown in Chapter 5) are the same as previously 

published spectra [35]. Coulometric experiments showed that the 

contaminant pr~teins were redox inactive in the reduction-oxidation 

potential range that encompasses the Mo(VI)/Mo(V)/Mo(IV) and 

Fe(III)/Fe(II) couples (-500 mV to +200 mV vs NHE), and that the enzyme 

had an electron uptake of three electrons per subunit ([32], Chapter 

4). 

Cyanide-inactivation of the enzyme 

Inhibition of the reduced form of sulfite oxidase by cyanide has been 

reported for both the rat enzyme [46] and for the bovine enzyme [8]. 

Addition of 50 mM NaCN to the sulfite reduced chicken liver enzyme at 

25°C in 0.2 M Tris-HCl at pH 8.5 resulted in a gradual loss in 

activity with a half-life of 19.7 minutes (Fig. 9). After 70 minutes 

only 10% of the initial enzyme activity remained. A semilogarithmic 

replot of the data in Fig. 9 was linear (r-0.999) with a psuedo first-

order rate constant of 0.035 -1 min . Molybdenum analysis of the 

cyanide-inactivated enzyme using ICP gave a Mo:heme ratio of 1.02:1.00, 

providing the first direct evidence that molybdenum is not lost from 

the enzyme by cyanide inactivation. 

Discussion 

The modified purification of chicken liver sulfite oxidase resulted 
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Figure 7. Visible absorption spectroscopy of oxidized (-----) and 

reduced (------) sulfite oxidase (4.9 I'M). The buffer was 

20 mM potassium phosphate, pH 7.0. The enzyme was reduced by 

the addition of solid sodium dithionite. 
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Figure 8. A Coomassie Brilliant Blue R-stained SDS polyacrylamide gel 
of the final pool from three different purifications. The protein 
concentration of the G-200 pools (A413/A280 ratios of 0.60 and above) 
applied to the gels were as follows: (Lane 1) Prep T, 20 ~g; (Lane 2) 
Prep U, 100 ~g; (Lane 3) Prep V, 100 ~g. The sulfite oxidase subunit 
(SO), indicated with an arrow, corresponded to a molecular weight of 
55,000 Da. The molecular weight markers used (Lane 4) included the 
myofibril proteins a-actinin (100 kDa), actin (42 kDa), fi-tropomyosin 
(36 kDa), and a-tropomyosin (34 kDa). 
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Figure 9. Effect of cyanide on sulfite oxidase activity. The enzyme 

(38 ~, 2.0 mg, in 0.5 ml) was incubated at 25°C in 0.2 M 

Tris-HCl with 0.2 mM EDTA, pH 8.5 and was reduced with 5 mM 
sulfite, followed by inactivation by the addition of 50 mM 
sodium cyanide. Aliquots of enzyme were removed from the 

sealed vial at twenty min intervals and assayed for sulfite 

oxidase activity as described in the text. Sulfite oxidase 

activity is plotted as a percent of the initial activity. 

Details of the experiment are decribed in "Materials and 

Methods". 
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previously reported procedure [16]. In contrast to the reported 

presence of demolybdo enzyme in purified chicken liver [17] and rat 

liver [16] sulfite oxidase (Mo:heme ratio of 0.93:1.00 and 0.88:1.00, 

respectively), analysis of the final pool indicated that the enzyme 

isolated using this procedure contained equal amounts of Mo and heme. 

We also found a Mo:heme ratio of 1:1 in the cyanide-inactivated enzyme. 

These ratios demonstrate that the purified sufite oxidase was 

prosthetically intact. 

There was no evidence of exogenous heme or other colored proteins in 

the purified sulfite oxidase, as shown by comparison of the visible 

spectra (Fig. 7) with previously published spectra [10]. In flash 

photolysis studies using the purified enzyme ([40], Chapt. 3), the only 

flavin-reduced species generated are those that are consistent with the 

molybdenum and heme sites of the enzyme. Intramolecular electron 

transfer was observed between the molybdenum and heme sites of the 

native enzyme. When the flash photolYSis experiments were conducted 

with either the isolated heme domain or with the cyanide-inactivated 

enzyme ([40], Chapt. 3), the bimolecular flavin reductions were still 

observed bu~ the intramolecular processes were absent. Also, 

coulometric experiments demonstrated that the enzyme required the 

addition of three electrons for complete subunit reduction ([41], 

Chapt. 4). This further demonstrates that the molybdenum and heme 

sites were the only redox-active species present in the purified 

sulfite oxidase. 

Cyanide inactivation of the enzyme (50 mM NaCN, 0.2 M Tris-HCl, pH 

8.5) at 25°C resulted in an exponential loss in sulfite oxidase 
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was greater than that reported for both the rat liver enzyme and the 

bovine liver enzyme. Inactivation of the rat liver enzyme at 23.5 °C 

(50 mM NaCN, 50 mM phosphate buffer, pH 7.8) resulted in the loss of 

sulfite oxidase activity with a half-life of 30 minutes [46], while 

loss of sulfite oxidase activity with a half-life of approximately 25 

minutes was observed with the bovine enzyme [8] at 25°C (10 mM NaCN, 

100 mM Tris-HCl, pH 8.5). The increased rate of cyanide inactivation 

of the chicken enzyme in these experiments, relative to the rat and the 

bovine enzyme, would appear to be related to both the cyanide 

concentration and the pH; the higher pH would increase the amount of 

available cyanide anion in solution based on the pK value for HCN a 

(9.1). 

The semi-purified sulfite oxidase from this purification procedure, 

after dialysis typically exhibited an increase in sulfite oxidase 

activity relative to that initially assayed in the extract. This 

increase in enzyme activity varied from preparation to preparation, 

presumably according to the amount of inactive enzyme present in the 

starting material. The approximately 10% increase in sulfite oxidase 

activity when molybdate was included in the dialysis buffer corresponds 

to the percentage of demolybdo enzyme reported for sulfite oxidase 

purified without molybdate in the dialysis buffer [16,17]. Dialysis of 

the semi-purified enzyme under the same conditions using thiomolybdate, 

rather than molybdate, did not result in increased enzyme activity (53% 

vs 113% with molybdate). Addition of molybdate to the assay system did 

not increase the measured enzyme activity of partially purified 

samples. Tungsten-containing sulfite oxidase from rat liver has been 

.------~.--~--~- ---~ 



sulfite oxidase from rat liver was reported not to be reconstituted by 

molybdate under similar conditions [49]. Demolybdo nitrate reductase 

from Neurospora nit-l has also been shown to be reconstituted by the 

incorporation of Mo from added molybdate [50]. Thus a portion of the 

increase in assayed sulfite oxidase activity after dialysis against 

molybdate is most likely due to reconstitution of demolybdo enzyme. 
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We have noticed a significant difference (6-fold) in the sulfite 

oxidase activity of chicken livers depending upon the source. Extracts 

of acetone powder that resulted in a turbid yellow supernatant had 

extremely low sulfite oxidase activity and were discarded at this 

stage. Acceptable acetone powder resulted in a red-brown supernatant, 

and yet we still observe a three-fold difference (1,000-3,000 EU) in 

the activity of these red-brown supernatants. There was, however, no 

direct correlation between the measured initial enzyme units and the 

final enzyme u?its, perhaps because the extracts with lower initial 

enzyme activity contained more demolybdo enzyme which was reconstituted 

by dialysis against molybdate. 

Sulfite oxidase purified according to this procedure was 70-77% pure 

as determined by densitometry measurements of SDS gels. The purified 

enzyme contained molybdenum and heme in a ratio of 1:1 (1.03:1.00) and 

was free of exogenous heme and other redox active contaminants. Thus 

this procedure can be used to obtain chicken liver sulfite oxidase in 

high yield which can be used for the further characterization of the 

heme and molybdenum prosthetic groups in the enzyme. 



CHAPTER. 3: KINETICS OF REDUc:rrON OF SULFITE OXIDASE BY LASER.

PHOTOREDUCIID FlAVINS AND INTRAMOLECULAR ELECTRON TRANSFER. 

Introduction 

Sulfite oxidase is a dimeric molybdenum-containing protein that 

catalyzes the oxidation of sulfite to sulfate [10]. The enzyme 
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contains two molybdenum-pterin centers and two cytochrome bs-type hemes 

per mQlecule [8,7,51] and catalysis occurs at the molybdenum site 

[52,53]. Although sulfite oxidase has considerably fewer redox sites 

than the kinetically well-studied molybdenum-containing protein 

xanthine oxidase [54], the transient kinetics of the redox chemistry of 

the enzyme have yet to be reported. 

The proposed catalytic cycle of sulfite oxidase requires the fully-

reduced Mo site to undergo two, one-electron, intramolecular electron 

transfer processes between the molybdenum and the bs-type heme in order 

to regenerate a catalytically active form of the enzyme [10]. Cyanide 

inactivation of sulfite oxidase destroys the catalytic ability of the 

enzyme by modifying the molybdenum site, whereas EPR and absorption 

studies on the cyanide-inactivated enzyme show that the bS-like heme is 

fully oxidized and unmodified [46]. The oxidation-reduction potentials 

of sulfite oxidase have been measured [33] with the one-electron 

reduction potentials EMo(VI)/Mo(V)- +38 ~V and EFe(III)/Fe(II)- +84 mV, 

at pH 7.0. Molybdenum and heme potentials for the enzyme under 

different buffer conditions have also recently been obtained ([41], 

Chapter 4). 

In order to investigate intramolecular electron transfer in sulfite 

oxidase we have used laser flash photolysis to generate flavin 



semiquinones in situ which react with the oxidized redox sites of the 

enzyme [55,56,57,18]. In such flash photolysis experiments the 

concentration of flavin radical generated in a single flash is 

sufficiently smaller than that of oxidized sulfite oxidase so as to 

ensure that no single molecule of the enzyme is reduced by more than 
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one electron and that pseudo-first order conditions are obtained. This 

provides an excellent method to study the catalytically relevant rates 

of intramolecular electron transfer between the one-electron reduced 

molybdenum and heme redox sites, as well as to characterize the 

interaction of sulfite oxidase with exogenous reductants. In the 

studies reported here we have used the neutral semiquinone radical 

forms of lumiflavin (LFHo) and riboflavin (RFHo) (E 7- -217 mV, [58]) m, 

and the flavin-like molecule 5-deazariboflavin (dRFHo) (E 7- -650 mV, m, 

[59])" which provide low-potential reductants for interaction with the 

redox sites of sulfite oxidase. We des~ribe below the results of such 

experiments with native and cyanide-inactivated holoenzyme and with the 

isolated heme peptide of sulfite oxidase. 

Materials and Methods 

Sulfite oxidase was isolated from chicken liver according to the 

procedure of Kipke et al. ([34], see Part I, Chapter 2). The purified 

enzyme used in the experiments had heme to protein ratios (A4l3:A280) 

of 0.60 to 0.83. Analyses of representative enzyme preparations gave 

Mo:heme ratios of 1.00:0.97. The cyanide-inactivated enzyme was 

prepared as described by Coughlan et al. [46] by treating the sulfite 

reduced enzyme with sodium cyanide under anaerobic conditions followed 

by Sephadex G-2S gel filtration. The heme peptide was isolated 



according to the procedure of Guiard and Lederer [48] by isolation of 

the chymotrypsin digested enzyme using Sephadex G-75 chromatography. 

Sulfite oxidase activity was assayed as described by Cohen and 

Fridovich [15] by measuring the reduction of cytochrome c (0.2 M Tris, 

pH 8.5 with 0.1 roM EDTA, 0.2 roM cytochrome c, 40 roM sodium sulfite). 

The activity measurements were carried out at 25 DC using a Uvikon 810 
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spectrophotometer. The concentration of sulfite oxidase active centers 

-1 -1 was determined spectrophotometrically using f 413nm- 99.9 roM cm for 

the oxidized form as reported by Cohen and Fridovich [15]. The 

concentration of the heme peptide was determined spectrophotometrically 

using this sulfite oxidase heme molar extinction coefficient. 

All kinetic experiments were carried out at ambient temperature (23-

25°C) anaerobically in cuvettes sealed with serum stoppers which were 

deaerated by bubbling with water-saturated argon gas. The buffer used 

for the kinetic experiments was 20 roM potassium phosphate, 10 roM 

ethylenediaminetetraacetic acid (EDTA), with the appropriate flavin 

(=70 pM), at pH 7.0. Laser photoexcitation was carried out with a 

nitrogen laser-pumped dye solution [2,5-bis[2-(5-t-butylbenzoxazolyl)]-

thiophene, ~ 436nm] for both lumiflavin and riboflavin, as previously max 

described [55]. For 5-deazariboflavin, the dye laser was a 1.2 roM 

solution of-l,4-bis(2-methylstyryl)benzene in p-dioxane as described 

previously [18]. The kinetic data were plotted according to the change 

in signal (as) as a function of time. This is equivalent to a 

aAbsorbance plot since the signal changes produced in the sample were 

small (aA<O.Ol). The MEDAS data analysis program (EMF Software, 

Baltimore, MD) was also used to fit some of the biphasic decay curves, 

with results comparable to those obtained using hand fitting. 
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Results 

Flash-induced difference spectrum of the native enzyme 

The visible spectrum of oxidized sulfite oxidase is dominated by the 

bs-like heme prosthetic group of the enzyme. The spectrum of the 

molybdenum fragment from rat liver sulfite oxidase [60] revealed a 

relatively weak absorbance for both oxidized (Mo(VI» and reduced 

(Mo(V» forms of the chromophore. The extinction coefficients for 

these absorbances are about an order of magnitude smaller than the 

values for the heme, and therefore the molybdenum is not readily 

detectable in the intact enzyme by visible absorption spectroscopy. 

Thus, the change in absorbance at a fixed wavelength upon reduction of 

sulfite oxidase under steady-state conditions is dominated by the 

difference between the oxidized and reduced heme. 

Steady-state photoreduction of sulfite oxidase with dRFH· using a 

microscope illuminator resulted in a difference spectrum equivalent to 

that obtained by dithionite reduction under similar conditions (Fig. 

10). However, the flash-induced difference spectrum of the enzyme 

obtained with dRFH. at 3 ms and 100 ms after the laser flash (Fig. 11) 

showed a relatively large positive absorbance in the spectral region 

510-580 nm. This suggests that the reduced heme is overlayed by a 

transient species, as the steady-state difference spectra isobestic 

points are lost. The positive absorbances which were observed under 

non-steady-state conditions, have extinction coefficients similar to 

the a-band of the heme and thus appear to be a different species than 

gives rise to the Mo(V) absorbance seen with the isolated molybdenum 

domain of the rat liver enzyme. The absorption changes in the region 

of the heme isobestic points of the enzyme decayed to 
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Figure 10. Photo titration difference spectrum (steady-state conditions) 

of suLfite oxidase using illumination from a microscope light 

at 20 second intervals. The solution contained 7 pM sulfite 

oxidase in the presence of 10 ~M deazariboflavin under 

anaerobic conditions. The buffer used was 20 mM potassium 

phosphate, pH 7.0 with 1.0 mM EDTA. 

INSET FIGURE: Difference spectrum of sulfite oxidase, 4.6 

~M, upon dithionite reduction under aerobic conditions. The 

buffer was 10 mM potassium phosphate, pH 7.0 with 0.10 mM 
EDTA. 
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Figure 11. Flash-induced difference spectrum (oxidized minus reduced) 

observed at 3 ms (X) and 100 ms (0) after the laser flash 

for 10 pM sulfite oxidase in the presence of 100 pM 

5-deazariboflavin. The buffer conditions were 20 mM 
potassium phosphate. pH 7.0 with 10 mM EDTA. 



-1 the pre-flash baseline with a first-order rate constant of O.lS s 

(data not shown) and thus indicate the presence of a transient kinetic 

product. 
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The flash-induced difference spectrum of native sulfite oxidase 

obtained with LFH· was similar to the difference spectrum of the heme 

peptide under the same conditions (Fig.12), except for a small positive 

absorbance change underlying the heme a-region of the spectrum. In 

contrast, the flash-induced difference spectrum of the heme peptide was 

essentially the same as the static difference spectra of both the 

native enzyme and the heme peptide. The flash-induced difference 

spectrum of the native enzyme gave a P(527 nm) to a(556 nm) ratio of 

O.OS, which is considerably less than the expected value of 0.17 

obtained under steady-state conditions. The flash-induced difference 

spectrum of the heme peptide gave a PIa ratio of 0.16, which is in good 

agreement with the expected steady-state value. The difference spectra 

of the native enzyme and the heme peptide in Fig. 12 were normalized to 

the kinetic data obtained at 5S5 nm, a wavelength which gave a sizable 

negative absorbance change upon reduction. 

The additional positive absorbance changes seen in the flash-induced 

difference spectrum of the native enzyme using LFH. in the 530-560 nm 

spectral region are smaller in magnitude relative to the spectral 

features which can be associated with the heme. The additional 

positive spectral changes observed with both dRFH. and LFH· appear to 

involve the molybdenum site, because the flash-induced difference 

spectrum of the isolated heme peptide of sulfite oxidase (Fig.12) was 

similar to that obtained with both the native enzyme and the heme 

peptide of sulfite oxidase under steady-state conditions. It should be 



-' « z 
CJ 
(jj 
<I 

+60 

+40 

+20 

o 

-20 

50 

500 520 540 560 580 600 

WAVELENGTH (nm) 

Figure 12. Flash-induced difference spectra (oxidized minus reduced) 

observed at 60 ms after the laser flash for 10 pM sulfite 

oxidase (e) and 20 pM sulfite oxidase heme peptide (0) 

in the presence of 47 pM 1umiflavin. The buffer conditions 

were as, described in Fig. 9. The data were normalized at 

585 nm. 
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noted that, in the absence of added flavin, no detectable absorption 

changes were observed upon laser excitation of the sample. 

Kinetic studies of the native enzyme with deazariboflavin 

Two kinetically separable optical transients were observed at 470 nm 

following laser generation of dRFH· (Fig. 13). Subsequent to the 

initial rapid increase in absorbance caused by the formation of the 

flavin radical by the laser flash [61] a decay was observed due to 

oxidation of the dRFH· (Fig. l3a), with the absorbance going below the 

pre 8flash baseline as expected from both the flash-induced (Fig. 11) 

and static difference spectra (Fig. 10). This bleaching is clearly 

biphasic (Fig. l3b). The fast phase decay, which was calculated by 

subtracting the absorbance contributed by the slow phase from the total 

absorbance change, was resolved with short time sweeps (typically 1.5-

3ms;Fig. l3a), and the slower process was determined using longer time 

sweeps (15 ms;Fig. l3b). In both cases linear log 8signal vs time 

plots were obtained (data not shown). The time 8resolved difference 

spectra corresponding to these two kinetic phases are shown in Fig. 11 

(3 ms and 100 ms spectra). In order to elucidate the nature of the two 

kinetic processes, the concentration of the enzyme was varied. The 

observed rate constant for the fast phase showed a linear dependence on 

sulfite oxidase concentration with a calculated second-order rate 

constant of 4.0 ± 0.5 xl08 M8 1s
8l 

(Fig. 14). In contrast, the observed 

rate constant for the slow phase was concentration independent with a 

-1 first-order rate constant of 310 ± 11 s (Fig. 14) and accounted for 

approximately 50% of the total signal change observed upon laser flash 

reduction. The fast second-order reaction can be assigned to the 
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Figure 13. Transient absorbance change at 470 nm upon laser flash 

photolysis of 5 ~M sulfite oxidase in the presence of 90 ~M 

5-deazariboflavin under anaerobic conditions. The buffer 

conditions were as described in Fig. 9. (A) 3 ms time 

scale; (B) 20 ms time scale. 

B 

VI 
N 



53 

350 
o 

10.0 o o 

50 
1 

O~~~----~~------2~O~----~30~-----740~~O 

Enzyme Concentration(pM) 

Figure 14. Dependence of k b for 5-deazaribof1avin semiquinone decay o s 
upon sulfite oxidase concentration for the fast phase (X, 

left y-axis) and the slow phase (0, right y-axis). Enzyme 

concentration is expressed in terms of molar heme 

concentration. 
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direct reduction of the enzyme by dRFH·. Since a loss of absorbance 

occurs at 470 nm in the steady-state difference spectra, we presume 

that heme reduction is being monitored in the transient. The slow 

process also appeared as a bleach at this wavelength and is consistent 

with an intramolecular electron transfer reaction, presumably occurring 

via molybdenum, generating additional reduced heme. This implies that 

the rate constant for direct molybdenum reduction in the native enzyme 

is ~ 4.0 ± 0.5 xl08 M-ls- l . B d th th did i i f c:;.. ase on e ermo ynam c r v ng orce 

for reduction of the redox sites of the enzyme, intramolecular electron 

transfer from Mo(V) to Fe(III) would be expected to occur. The data 

shown in Fig. l3b and another similar decay curve (15 ms time scale) 

were also fit using MEDAS Software and resulted in the following 

8 -1-1 average rate constants and signal contributions: kl - 4.1 xlO M s 

-1 (53%), k2 - 264 s (47%). Concentration dependence studies of the 

enzyme at various wavelengths showed that both the observed first and 

second-order rate constants were wavelength independent. 

Kinetic studies of the native enzyme with lumiflavin and ~ibof1avin 

LF and RF have identical reduction potentials (E 7- -217 mV) but m, 

differ in the substituent at the N(lO) position of the flavin. If 

steric hindrance to reduction occurs, the bulky ribityl group of RFH· 

is expected to decrease the rate constant for electron transfer to a 

redox site relative to LFH. [62]. The kinetics of sulfite oxidase 

reduction were measured at 585 nm using photogenerated LFH. (Fig. 15 a) 

and RFH· (Fig. l5b), because of the relatively large signal change 

observed at this wavelength upon reduction of the enzyme. The signals 

showed an initial fast monophasic absorbance change following radical 
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Figure 15. Transient absorbance changes upon laser flash photolysis of 

the enzyme under anaerobic conditions. The buffer 

conditions were as described in Fig. 9. (A) 15 pM sulfite 

oxidase in the presence of 58 pM lumiflavin at 585 nm (10 ms 

time scale). (B) 15 pM sulfite oxidase in the presence of 

78 pM riboflavin at 585 nm (15 ms time scale). (C) 20 pM 

sulfite oxidase in the presence of 58 pM lumiflavin at 550 

nm (40 ms time scale). 
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formation which corresponded to heme reduction (Fig. 12). With both 

LFH. and RFH., a slower absorbance change was also observed which 

corresponded to heme reoxidation and which accounted for about 35% of 

the observed signal change (data at 550 nm using LFH· shown in Fig. 

l5c). For LFH·, varying the enzyme concentration resulted in a second-

7 -1-1 order rate constant of 2.9 ± 0.2 xlO M s for the fast phase, while 

for RFH· varying the enzyme concentration resulted in a second-order 

rate constant of 1.6 ± 0.3 x 107 M-ls- l for the fast phase (Fig. 16). 

These second-order rate constants can be assigned to the direct 

reduction of the heme site by the flavin semiquinones. A steric 

hindrance to this reduction is apparent from the smaller rate constant 

obtained with RFH·. The first-order nature of the heme reoxidation 

process with LFH· (monitored at 550 nm) was established by varying the 

enzyme concentration. This resulted in a concentration-independent 

-1 first-order rate constant of 155 ± 11 s (Fig. 16), consistent with 

intramolecular electron transfer to the Mo site. To test the 

possibility that the heme reoxidation process was due to traces of 

dissolved oxygen in the buffer, the enzyme sample (with flavin) was 

shaken in air for several minutes. Subsequent flash photolysis 

resulted in no change in the rate constant for heme reoxidation. 

Kinetic traces of the laser reduced enzyme at 585 nm (60 ms time scale) 

using LFH· showed an increase in absorbance, subsequent to the second-

order heme reduction process, which corresponded to the first-order 

heme reoxidation process (data not shown). The kinetics of heme 

reoxidation were done at wavelengths where the transient signal was 

above the pre-flash baseline in order to minimize the contribution from 

the heme reduction signal. The fact that intramolecular heme reduction 
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Figure 16. Dependence of k b for lumiflavin semiquinone decay for the o s 
fast phase (X) and the slow phase (0) upon sulfite oxidase 

concentration and the dependence of k b for riboflavin o s 
semiquinone decay for the fast phase (0) upon sulfite 

oxidase concentration. Enzyme concentration is expressed in 

terms of molar heme concentration. 
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was observed with dRFH· and intramolecular heme reoxidation was 

observed with LFH' (and RFH.) indicates that the primary reduced enzyme 

species forme~ upon laser photolysis was different for the two types of 

flavin. This is consistent with the observation that the flash-induced 

transient difference spectra were different for dRFH· and LFH. (Figs. 

11 and 12), and that substantially more of a molybdenum-associated 

transient was obtained with the former than with the latter. 

Furthermore, the observed first-order rate constant for heme 

-1 reoxidation obtained with LFH· (155 ± 11 s ) was different from the 

observed first-order rate constant obtained for heme reduction using 

dRFH. (310 ± 11 s-l). This implies that the chemical nature of the 

species involved in the intramolecular electron transfer between the Mo 

and heme sites is dependent upon the nature of the reductant. 

Concentration dependence studies of the enzyme at various wavelengths 

using LFH· showed that both the observed second-order rate constant for 

heme reduction and the observed first-order rate constant for heme 

reoxidation were wavelength independent. 

Kinetic studies of cyanide-inactivated enzyme 

To confirm that the observed first-order rate constant for heme 

reduction obtained with dRFH· and the observed first-order rate 

constant for heme reoxidation with LFH. were correctly assigned to 

Mo(V)4Fe(III) and Fe(II)~Mo(VI) intramolecular electron transfer, 

respectively, we investigated the kinetics of the cyanide-inactivated 

enzyme under the same conditions as the native enzyme. It has been 

shown that treatment of reduced bovine and rat sulfite oxidase with 

cyanide results in a concommitant disappearance of the sulfite 
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generated Mo(V) EPR signal and a loss of catalytic ability, without 

effect on the absorption spectrum of the enzyme in the visible or near 

ultraviolet regions [8,46]. We found that the chicken liver enzyme had 

the same properties following treatment of the reduced enzyme with 

cyanide (Chapter 2). 

Reaction of dRFH. with the cyanide-inactivated enzyme resulted in a 

fast bleaching at 470 nm (Fig. 17a) , whereas the slow phase seen with 

the native enzyme was absent from the kinetic trace (Fig. 18a;compare 

with Fig. 13b). Varying the concentration of the enzyme gave a second-

8 -1-1 order rate constant of 3.9 ± 0.5 xlO M s ,which is the same within 

experimental error as the second-order rate constant for heme reduction 

obtained with the native enzyme. The absence of the slow phase is 

consistent with the hypothesis that cyanide inactivation of the 

molybdenum prevents reduction at this site and results in the absence 

of intramolecular electron transfer from Mo(V) to Fe(III). 

Reaction of LFH· with the cyanide-inactivated enzyme again resulted 

in a rapid bleaching at 585 nm (Fig. 17b), whereas the heme reoxidation 

seen with the native enzyme was absent from the kinetic trace (Fig. 

18b; compare with Fig. l5c). Varying the concentration of the enzyme 

gave a second-order rate constant of 2.7 ± 0.1 x 107 M- 1s- 1 for heme 

reduction which was the same, within experimental error, as the second-

order rate constant obtained for heme reduction with the native enzyme. 

The absence of heme reoxidation with the cyanide-inactivated enzyme 

using LFH· is consistent with the hypothesis that the Fe(II)~Mo(VI) 

intramolecular electron transfer process seen with the native enzyme is 

not present due to inactivation of the molybdenum site. 



60 

A 

10•5mB I 

t 
c( 

<I 

Figure 17. Transient absorbance changes upon laser flash photolysis of 

the cyanide-inactivated enzyme under anaerobic conditions. 

The buffer conditions were as described in Fig. 9. (A) 5 pM 

enzyme in the presence of 90 pM 5-deazariboflavin at 465 nm 

(3 ms time scale). (B) 5 pM enzyme in the presence of 47 

~M lumiflavin at 585 nm (40 ms time scale). 
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Figure 18. Transient absorbance changes upon laser flash photolysis of 

(A) 10 ~M cyanide-inactivated sulfite oxidase at 470 nm in 

the presence of 90 ~ deazaribof1avin (20 ms time scale); 

(B) 5 ~M cyanide-inactivated sulfite oxidase at 565 nm in 

the presence of 48 ~M 1umif1avin (100 ms time scale); (C) 20 

~ sulfite oxidase heme peptide at 550 nm in the presence of 

58 ~M 1umif1avin (100 ms time scale). The buffer conditions 

were as described in Fig.9. 



62 

Although treatment of the enzyme with cyanide results in a 

catalytically inactive Mo site, this would not necessarily prevent 

reduction of molybdenum by the photogenerated flavin radicals. Thus, 

for the cyanide-inactivated enzyme, the absence of the observed first

order heme reduction seen with the native enzyme using dRFH. and the 

absence of the observed first-order heme reoxidation seen with the 

native enzyme using LFH· could simply mean that the redox potential of 

the cyanide treated Mo site is shifted to a considerably negative value 

relative to the native enzyme. This is consistent with the observation 

[46] that the molybdenum center in the cyanide-inactivated enzyme 

exists in an oxidation state lower than that obtained following the 

oxo-transfer reaction during catalysis (Mo(IV». In addition, the 

observation that the second-order rate constants for heme reduction of 

the cyanide-inactivated enzyme were the same as those for heme 

reduction of the native enzyme indicates that cyanide-inactivation does 

not alter the heme site. This parallels the observation that the 

static visible absorption spectrum of the cyanide-inactivated enzyme is 

unchanged relative to the visible absorption spectrum of the native 

enzyme. 

Kinetic studies of the sulfite oxidase heme peptide 

Further confirmation of the assignments of the observed first-order 

rate processes seen with the native enzyme as being due to 

intramolecular electron transfer between the molybdenum and heme redox 

sites was obtained by flash photolysis studies of the isolated heme 

peptide of sulfite oxidase. To date, efforts to obtain both the 

molybdenum and heme domains of sulfite oxidase have succeeded only with 
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the rat liver enzyme [60]. Chymotryptic digestion of chicken liver 

sulfite oxidase resulted in the isolation of the heme domain (MW of 11 

kDal) as the first species eluting from a G-7s column, and this species 

was without a molybdenum domain as shown by monitoring the fractions 

for ferricyanide reduction upon addition of sulfite [48]. The 

absorption spectra of the oxidized and reduced heme peptide were 

identical to those of the native enzyme. 

Kinetic studies with the heme peptide using dRFH· showed both fast 

and slow psuedo first-order rates for reduction of the bs-type heme. 

However, in contrast to the native enzyme, varying the concentration of 

the heme peptide indicated that both processes were second-order. A 

rate constant of 2.9 ± 0.2 xl08 M-ls- l was obtained for the fast 

process (Fig. 19a) , which is smaller than that for the fast second

order reduction of heme in the native protein (4.0 ± 0.5 xl08 M-ls- l ), 

whereas the slower process (Fig. 19b) had a second-order rate constant 

7 -1-1 of 1.5 ± 0.1 xlO Ms. No first-order processes were detected, 

again indicating that the first-order process observed with the native 

enzyme involves the molybdenum site. The fast process accounted for 

65% of the total signal change, while the slow process accounted for 

35% of the total signal change. The kinetics of reduction of the heme 

peptide by LFH. were monophasic (Fig. 19c). The second-order rate 

constant obtained from a concentration study was 1.6 ± 0.1 xl07 M-ls- l , 

which is again smaller than the second-order rate constant obtained for 

heme reduction of the native enzyme. The absence of the observed 

first-order reoxidation process seen with the native enzyme using LFH· 

(Fig. l8c; compare with Fig. lsc) indicates that the heme reoxidation 

reaction involves the molybdenum site. 
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Figure 19. Transient absorbance changes upon laser flash photolysis of 

the sulfite oxidase heme peptide under anaerobic conditions. 

The buffer conditions were as described in Fig. 9. (A) 10 

pM heme peptide in the presence of 90 pM 5-deazaribof1avin 

at 470 nm (3 ms time scale). (B) 10 pM heme peptide in the 

presence of 90 pM 5-deazaribof1avin at 470 nm (25 ms time 

scale). (C) 20 pM heme peptide in the presence of 58 pM 

1umif1avin at 585 nm (15 ms time scale). 
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The results of these kinetic studies suggest that a structural 

alteration of the heme subunit by chymotryptic digestion of the native 

enzyme has occurred, as evidenced by the biphasic second-order kinetics 

with dRFH- and the reduced rates of reduction compared with the holo

enzyme. The r~duction potential for the cleaved heme subunit of beef 

liver sulfite oxidase has also been reported to be decreased relative 

to the value obtained with the native enzyme at pH 7 [33]. The 

additional second-order rate constants seen with dRFH- but not with 

LFH- suggest the formation of a low-potential form of the heme peptide 

which can be reduced only by the more strongly-reducing deazariboflavin 

radical. The rate constants obtained with the native enzyme, the 

cyanide-inactivated enzyme, and the isolated heme peptide are 

summarized in Table 2. 

Discussion 

The laser flash photolysis experiments described above clearly 

demonstrate that two distinctly different intramolecular electron 

transfer processes involving Mo and heme occur in sulfite oxidase when 

either deazaflavin or ordinary flavin semiquinone are used as the 

reductant. Using dRFH- a second-order reduction of the heme site was 

followed by_a slower first-order heme reduction corresponding to 

intramolecular electron transfer from Mo(V) to Fe(III). LFH- and RFH

also reduced the heme site in a second-order manner, but this was 

followed by a first-order reoxidation of the heme due to intramolecular 

electron transfer from Fe(II) to Mo(VI). These assignments are 

supported by flash photolysis studies of modified sulfite oxidase. The 

different directions of the observed intramolecular electron transfer 
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Table 2. The rate constants obtained with the native enzyme, cyanide

inactivated e.nzyme, and the heme peptide using the reductants 

dRFH., LFH., and RFH·. All second-order rate constants are 

expressed in terms of molar heme concentration. 

Reductant 

Enzyme. form dRFH. LFH. RFH· 

4.0±0.5x108 M-V1 2.9±0.2 x107 M-1s-1 

1.6±0.3x107M-18-1 

Native 310:t11 8-1 155±11s-' 

Cyanide. 3.9±0.5x108 M-1s-1 
2.7:tO.1x 107 M-' s-' -

inactivated 

2.9 ± O..2x 108M-' s-' 
1.6±O.1 x107 M-1s-

1 

Heme -
peptide 1.5±0.1 X107 M-1s-1 



processes in the enzyme using dRFH· and LFH· can be interpreted in 

terms of the chemical and thermodynamic differences between these two 

types of flavins. The results using dRFH· indicate that the Mo site 

8 -1-1 was reduced more readily than the heme site (~ 4.0 xlO M s ) with 
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this reductant, whereas the heme site was reduced more readily than the 

Mo site using LFH· as the reductant. This is inconsistent with the 

expected second-order rate constants for reduction of the redox sites 

based on thermodynamic driving force, which predict that with both 

dRFH. and LFH· heme reduction would be favored [62]. 

5-deazariboflavin has a central pyridine ring rather than the 

pyrazine ring present in lumiflavin, and whereas the latter acts as a 

reductant by transferring an electron [58], dRFH· may be able to act as 

a reductant by both one-electron transfer and hydrogen atom transfer. 

All of our kinetic results indicate that the heme site of the enzyme is 

not involved in any chemical reactions with the reductants other than 

direct one-electron transfer. On the other hand, it is possible to 

rationalize our observations by assuming that the Mo site of the enzyme 

is responsible for the different chemical reactivities of the 

reductants. 

Extended X-ray absorption fine structure (EXAFS) data for sulfite 

oxidase indicate that there are two oxo-atoms in the oxidized form of 

the enzyme, whereas in the dithionite reduced form only a single 

terminal oxo-atom is present with the other oxygen atom presumably 

protonated to the hydroxyl form [36,37]. Data obtained with the EPR 

active Mo(V) state of the enzyme support this observation at low pH 

(about pH 6) inasmuch as superhyperfine coupling is observed in the 

molybdenum spectrum due to interaction with a proton, whereas at high 

---------------------
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pH (about pH 9) the superhyperfine splitting is no longer present 

2+ [17,39]. These low pH and high pH species may arise from a [MoO(OH)] 

core and a [MOO]3+ or [Mo02]+ core, respectively [38,39,35]. The 

interconversion of the species depends upon both pH and chloride 

concentration [35]. However, recent data examining the proton spin-

flip transitions in the Mo(V) EPR of sulfite oxidase indicates a 

coupled, exchangeable proton at high pH which is suggested to arise 

from an Mo-OH group [63], and implies that a [MoO(OH)]2+ core is 

present in both the high pH and low pH forms of the enzyme. Our 1aser-

induced photoreduction kinetics of sulfite oxidase at pH 7 by dRFH. and 

LFH. are consistent with these reductants respectively forming the 

2+ ... [MoO(OH)] and [Mo02] cores (vide infra). 

An equilibrium exists between the high pH and low pH forms of the 

Mo(V) state at pH 7 as evidenced by EPR [39]. The oxidation-reduction 

potentials for the Mo(VI)/Mo(V) and Fe(III)/Fe(II) couples of sulfite 

oxidase have b~en measured both at pH 7 and pH 9. While the heme 

potential has been found to be largely pH-independent, the molybdenum 

(VI/V) potential shifts to a lower value when the pH is raised [33,41 

(Chapter 4)]. This is expected for a site with a dissociable proton 

and indicates that at low pH the Mo(VI) center is more easily reduced, 

supporting the data which shows that proton uptake is associated with 

reduction of the molybdenum center [64]. Thus, the reported midpoint 

potential for the Mo(VI)/Mo(V) couple at pH 7 is for a mixture of the 

low pH and high pH forms of Mo(V) and would be expected to shift to a 

more positive value as the pH is lowered. The one-electron reduction 

2+ 2+ of the oxidized molybdenum site, [Mo02] ,to the [MoO(OH)] species 

should proceed at a redox potential more positive than the published 



2+ + value at pH 7, and the reduction of [Mo02] to [Mo02] would have a 

redox potential more negative than the published value at pH 7. The 

heme potential would be essentially unaltered. 

The ability of dRFH· to function as a reductant by transferring a 

hydrogen atom could produce a molybdenum site with a more positive 

reduction potential, due to the formation of the [MoO(OH)]2+ species, 

and may account for the larger degree of Mo reduction. Conversely, 
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because LFH. functions as a reductant by transferring an electron, a 

+ [Mo02] species would result and the reduction potential of the Mo site 

would shift to a more negative value, resulting in heme reduction being 

a more favorable process. Scheme I represents the proposed interaction 

of the reductants dRFH· and LFH. with sulfite oxidase. Reduction of 

the enzyme with dRFH. (reaction sequence (a» results in the production 

of forms II and III, with the ratio of II/III being greater than that 

expected from the equilibrium constant value. This leads to 

intramolecular electron transfer primarily from the one-electron 

reduced Mo site to the oxidized heme site in form III. The formation 

of the final reduced heme species (form IV) would require the loss of a 

-1 proton, and this is presumably the slow first-order bleach (0.18 s ) 

noted above. Reduction of the enzyme with LFH· (reaction sequence (b» 

results in the production of forms IV and V, with the ratio of IV/V 

being greater than that expected from the equilibrium constant value. 

This results in intramolecular electron transfer primarily from the 

reduced heme site to the oxidized Mo site in form IV. Thus, this 

scheme can account for both the different directions of intramolecular 

electron transfer and the different values for the first-order rate 

constants. 
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Scheme 1. Proposed reactions of the chemical reductants dRFH. (a) and 

LFH· (b) with the redox sites of sulfite oxidase. 
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Support for the hypothesized low pH and high pH forms of sulfite 

oxidase and confirmation of the expected relative redox potentials of 

these species has been recently obtained by electrochemical generation 

U U of [MoO(OH)] . and [Mo02] using model compounds [65,66,67]. 

2+ Electrochemical data for the one electron reduction of [Mo02] give 

redox potential values for the generation of the dioxo-Mo(V) species 

2+ but show that in the presence of a proton source the [MoO(OH)] core 

2+ is rapidly formed [65,66,67]. Electrochemical reduction of [Mo02] in 

the presence of a proton source [67] results in a reduction potential 

that is about 200 mV more positive than the reduction potential 

obtained in the absence of a proton source. Although the protonated 

species has not been characterized, the positive shift in the value of 

the redox potential is consistent with the pH-dependent shift in the 

redox potential of the enzyme. 

The flash-induced difference spectra of the native enzyme using dRFH· 

(Fig. 11) and LFH· (Fig. 12) showed absorbances in the a-band region of 

the heme spectrum that are not present in the steady-state difference 

spectra of the native enzyme or the heme peptide. The evidence 

presented above suggests that these electronic transitions are 

associated with the molybdenum site. Furthermore, charge transfer 

transitions_are indicated because these changes have comparable 

intensities to the reduced heme a-band at 556 nm. According to Scheme 

I, this would occur using dRFH. as a consequence of the formation of 

forms II and III. Since a different species would be produced using 

LFH., form V, the different spectral properties of the transients 

(Figs. 11 and 12) would be accounted for. Electronic spectral studies 

of mo1ybdenum(VI) complexes with the [MoO]4+ core [68,69] indicate 
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that these complexes can be intensely colored , whereas in contrast 

2+ mo1ybdenum(VI) complexes with the [Mo021 core typically exhibit 

absorbances in the 250-400 nm region and are not highly colored [70]. 

Mo1ybdenum(V) complexes with the [MoO]3+ core [71] and the [Mo02]+ core 

[67] have also been shown to absorb visible light. Using dRFH-, forms 

II and III in Scheme Ia would be colored and contribute to the 

absorbances seen in the tim~ resolved difference spectra at 3 ms and 

100 ms, respectively (Fig. 11). The loss of a proton at the rate of 

0.18 s-l would result in form IV (Scheme Ia) and account for the 

bleaching of the transient signals in the a-band region of the heme 

2+ spectrum as a result of forming the presumably colorless [Mo021 core. 

Using LFH-, form V would be responsible for the transient absorbance in 

the a-region of the heme spectrum upon flash photolysis. 

Bray and coworkers [35] reported that the Mo(V) EPR spectrum of the 

enzyme in phosphate buffer produced a signal that was distinctly 

different from both the high pH and low pH signals and proposed a 

phosphate-bound Mo(V) species. Therefore, flash photolysis kinetics of 

the enzyme were also investigated in 20 mM Hepes (pH 7.0) with 10 mM 

EDTA. The results were qualitatively similar to the results obtained 

in phosphate buffer. Using dRFH-, a second-order reduction of the heme 

site was observed followed by a first-order heme reduction process 

(Mo(V)~Fe(III»; whereas using LFH-, a second-order reduction of the 

heme site was followed by a first-order heme reoxidation process 

(Fe(II)~Mo(VI». However, the relative ratios of the fast/slow 

processes using the two photoreductants were considerably different 

from the ratios obtained in phosphate buffer. Laser photolysis using 

dRFH- resulted in a fast/slow ratio of 80/20 (compared to 50/50 in 

~-~~~~--~------------------- ---------
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phosphate buffer), whereas a fast/slow ratio of 35/65 was obtained 

using LFH. (compared to 65/35 in phosphate buffer). This would suggest 

that the Mo(VI)/Mo(V) and/or Fe(III)/Fe(II) reduction potentials of the 

enzyme have shifted in Hepes buffer relative to the reduction 

potentials in phosphate buffer. Because the kinetic time scale of the 

flash photolysis experiment is considerably faster than the time scale 

used to generate the Mo(V) EPR signal in phosphate buffer, the 

factor(s) responsible for the change in kinetic behavior of the enzyme 

in phosphate buffer relative to Hepes buffer cannot be determined. 

However, it is important to emphasize that regardless of whether 

phosphate buffer or Hepes buffer is used in the flash photolysis 

experiment, the direction of intramolecular electron transfer remains 

unaltered: i.e. Mo(V)~Fe(III) using dRFH· and Fe(II)~Mo(VI) using LFHo. 

This supports the hypothesis that the direction of intramolecular 

electron transfer depends upon the difference between dRFH. and LFH. as 

reductants and is consistent with Scheme I. 

It has been proposed that the Mo is coordinated to a side chain of 

the pterin-containing molybdenum cofactor in sulfite oxidase [72]. 

Therefore, the possibility that reduction of the enzyme using dRFH. 

occurs at the pterin rather than the Mo site cannot be overlooked. The 

reduced pterin moiety could then presumably transfer an electron 

intramolecularly to the heme site. The additional absorbances seen in 

the flash-induced difference spectra (Fig. 11) could be due to charge 

transfer transitions from such a reduced pterin to the molybdenum atom. 

The catalytic cycle of sulfite oxidase ([10,73]; Fig. 20) shows the 

oxo-transfer reaction and the electron transfer processes that 

regenerate the fully oxidized, catalytically active enzyme. The 
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Figure 20. The proposed catalytic cycle of sulfite oxidase. The equil

ibrium process between the Mo(VI)/Fe(II) and Mo(V)/Fe(III) 

states of the enzyme corresponds to the portion of the cycle 

studied by flash photolysis. 
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intramolecular electron transfer rates of 310 s-l and 155 s-l obtained 

by flash photolysis correspond to the equilibrium between the 

Mo(VI)/Fe(II) and Mo(V)/Fe(III) states of the enzyme and can be 

compared to the k t value of 29 s-l we observe under the same ca 

conditions. However, because the molybdenum ligation character of 

sulfite oxidase and of the enzymatic species formed during flash 

photolysis are not known, it is not possible to determine if our 

results reflect actual catalytic processes. 

---------------------



CHAPTER. 4: STOICHIOMETRY OF ELECTRON UPTAKE AND 

THE EFFECT OF ANIONS AND pH UPON THE OXIDATION

REDUCTION MIDPOINT POTENTIALS OF SULFITE OXIDASE 

Introduction 
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Sulfite oxidase (su1fite:ferricytochrome c oxidoreductase EC 8.1.2.1) 

is a dime ric enzyme that contains two mo1ybdenum-pterin centers and two 

cytochrome b5-~ype hemes per molecule [8,15,51]. The enzyme catalyzes 

the physiologically important oxidation of sulfite to sulfate, and 

substrate conversion occurs at the molybdenum site [10,52,53]. The 

reported enzymatic cycle for sulfite oxidase requires a two-electron 

change in the oxidation state at the molybdenum site [Mo(VI)-Mo(IV)] 

and a one-electron change in the oxidation state at the heme site 

[Fe(III)-Fe(II)] [10,73]. Data regarding the electron uptake of 

sulfite oxidase have not been reported, but the electron uptake results 

obtained for both nitrate reductase (Ch1ore11a vulgaris) and milk 

xanthine oxidase show that their molybdenum sites are reduced by two 

electrons [31,32]. In addition, these studies showed that the pterin 

moiety associated with the molybdenum cofactor common to several 

molybdenum enzymes, including sulfite oxidase [6], is redox inactive. 

Oxidation:reduction potentials for bovine sulfite oxidase under 

varied conditions of pH and buffer have been previously reported [33]. 

The molybdenum redox potentials were determined by potentiometric 

titration, monitoring both the Mo(V) and Fe(III) oxidation states by 

electron paramagnetic resonance (EPR). At pH 7 and pH 9 (5 mM Tris

HC1) the Mo(VI)/Mo(V) potentials are are +117 mV and -110 mV, 

respectively, and the Mo(V)/Mo(IV) potentials are +38 mV and -163 mV, 
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respectively. The heme potentials of both the beef liver and chicken 

liver enzymes, determined by spectro- electrochemical titrations, were 

relatively unaffected by pH and buffer composition and a value of +84 

mV was reported for the chicken liver enzyme (100 mM Pi' pH 7; [33]). 

We have used these previously reported potentials for the molybdenum 

and heme sites of the beef liver enzyme and the heme site of the 

chicken liver enzyme to assign the Mo and heme reduction potentials of 

sulfite oxidase in the microcou1ometry studies presented here. 

Microcou1ometry provides information about the number of reducing 

equivalents that the redox sites of the enzyme accept as a function of 

applied potential, but the technique does not identify the individual 

electron acceptors. 

EPR studies of the Mo(V) state of sulfite oxidase have provided 

important information regarding the effect of pH and buffer composition 

on the coordination of anions to the active site of the enzyme. 

Distinctly different Mo(V) signals are obtained by EPR depending upon 

pH, chloride concentration, and phosphate concentration [35,17]. Low 

pH and high chloride concentration favor the Low-pH form of the enzyme, 

whereas high pH and low chloride concentration favor the High-pH form 

of the enzyme [35]. Addition of phosphate to the enzyme results in the 

appearance of a "phosphate" signal in the Mo(V) EPR. Likewise, 

changing the pH and/or chloride concentration of an enzyme sample which 

displays a homogeneous phosphate signal results in the appearance of 

either the Low-pH or High-pH species [17,35]. 

The effects of buffer pH and anion content upon the oxidation

reduction potentials and the electron uptake of sulfite oxidase are 

reported here. Comparison of the enzyme midpoint potentials as a 
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function of pH and chloride was made under conditions which result in 

the formation of homogeneous High-pH and Low-pH species. The reported 

competition of chloride and phosphate for the enzyme was examined using 

conditions which give rise to a mixture of the Low-pH and phosphate 

forms of the enzyme. All experiments were performed at the 

catalytically relevant temperature of 25°C. 

Materials and Methods 

Sulfite oxidase was isolated from chicken liver using the method of 

Kipke et al. ([34], Chapter 2, Part I). The purified enzyme used for 

the experiments had heme to protein ratios (A4l3:A280) of 0.60 and 

above. Analysis of representative enzyme preparations gave Mo:heme 

ratios of 1.03:1.00. Sulfite oxidase activity was assayed as 

previously described [15] by measuring the reduction of cytochrome c 

(0.2 M Tris-HCl, pH 8.5 with 0.2 mM EDTA, 0.2 mM cytochrome c, and 40 

mM sodium sulfite). Activity measurements were carried out using a 

Uvikon 810 spectrophotometer. The concentration of sulfite oxidase 

active centers was determined spectrophotometrically using f 4l3nm -

-1 -1 99.9 mM cm for the oxidized form of the enzyme [15]. A 20 mM 

Universal buffer containing equal molar concentrations of Bis-Tris, 

Tris base, and Bis Tris Propane was used for both the low pH (6.0) and 

high pH (9.0) experiments. Adjustment of the pH was performed by the 

addition of acetic acid. The pH 6.0 buffer and the 20 mM potassium 

phosphate buffer contained 0.10 M KCl as electrolyte. The pH 9.0 

buffer contained R-toluenesulfonic acid (0.10 M) as electrolyte. 

Microcoulometry was performed as described previo~sly [31] in the 

presence of the following mediators (each present at 1.67 x 10-4 M): 

--.-- ------_._--------



2,6-dichlorophenol-indophenol (Eo' - 0.217 V), 1,4-napthoquinone-2-

sulfonate (Eo' - 0.110 V), toluidine blue (Eo' - 0.034 V), pyocyanine 

(Eo' - -0.060 V), indigo disulfonate (Eo' - -0.124 V), anthraquinone-

1,5-disulfonate (E ' - -0.170 V), anthraquinone-2-sulfonate (E ' - -o 0 

0.225 V), safranine T (E ' - -0.289 V), benzyl viologen (E ' - -0.360 o 0 

V), and methyl viologen (Eo' - -0.440 V). Each point was obtained by 

using duplicate 5.00 x 10-6 L or 10.00 x 10-6 L samples of enzyme (-

3.00 x 10- 9 moles heme). The reduction potentials were obtained by 

using a non-linear least squares curve fitting program based on the 
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theoretical Nernst equation for three one-electron reductions: n - (1 + 

e(E-El)FjRT)-l + (1 + e(E-E2)FjRT + e(E3 -E)FjRT)-1 + 2 (1 + e(E-E3)F/RT 

+ e(2E-E2-E3)F/RT)-1; (El - Fe(III)/ Fe(II); E2- Mo(VI)/Mo(V); E3 -

Mo(V)/Mo(IV». Errors in electron uptake were found to be ± 0.10 

electronjheme, and the error in the potentials is estimated to be ± 

0.015 V. The SCE reference electrode was checked before and after each 

run against a SCE and a saturated AgCl electrode used only for 

calibration and found to be within ± 0.002 V of 0.244 vs NHE. 

Results 

low-pH form (pH 6.0 with 0.10 H KC1) 

Figure 2l_shows the results of microcoulometric titrations of sulfite 

oxidase under conditions which result in 100% of the Low-pH form of the 

enzyme (20 mM Universal buffer, pH 6.0 with 0.10 M KC1; [35]). 

Electron addition to the enzyme occurred in three distinct waves, which 

indicated that three electrons were required for the complete reduction 

of the sulfite oxidase subunit. The first reduction appeared at a 

midpoint potential of +131 mV and was assigned to the Mo(VI)/Mo(V) 

---------------------
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Figure 21. Microcoulometric titration of chicken liver sulfite oxidase. 

E (V ~s NHE) is plotted vs n (e-/heme). The titration was 

performed in 20 mM Universal buffer, containing 100 mM KCl, 

pH 6.0 in the presence of dye mediators as described in 

"Materials and Methods". Each experimental point represents 

the electron uptake following the addition of approximately 
-9 3.00 x 10 moles of enzyme subunits to the titration vessel 

(- 3.0 ml volume). The solid curve represent the nonlinear 

least squares "best fit" to the data points using the 

potentials given in Table 3. 

-~--.--- ... -~--~--.-------.-.-------------------
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couple. The second reduction wave, which had a midpoint potential of 

+90 mV, corresponds to the Fe(III)/Fe(II) couple, while the last 

reduction wave was assigned to the Mo(V)/Mo(IV) couple, and occurred at 

-86 mV. 

The midpoint potentials for the Mo(VI)/Mo(V) and Mo(V)/Mo(IV) couples 

for the enzyme in the Low-pH form were shifted +14 mV and +24 mV, 

relative to the potentials reported for bovine sulfite oxidase (5 mM 

Tris-HC1, pH 7). These present conditions (pH 6 with 0.10 M KC1) 

result in a sample that is 100% Low-pH, whereas the buffer conditions 

used for the previous study of the bovine enzyme would have resulted in 

a sample that was not entirely in the Low-pH form [35]. A positive 

shift in the reduction potentials of the molybdenum site in sulfite 

oxidase as the pH is lowered has been previously documented [28], and 

is supported by this present work (~infra). A positive shift is 

expected for a site with a dissociable proton [74] and is consistant 

with the report that proton uptake is associated with reduction of the 

molybdenum center of sulfite oxidase [64]. 

High pH form (pH 9.0 with 0.10 H J!-toluenesulfonate) 

The results of microcou10metric titrations of sulfite oxidase using 

conditions which resulted in 100% of the High-pH form (20 mM Universal 

buffer pH 9.0 with no added chloride; [35]) are shown in Figure 22. 

The relatively non-coordinating ion ~-to1uenesu1fonate was used as 

electrolyte. Reductive titrations resulted in three distinct regions 

of electron ad~ition, and the Mo reduction potentials were shifted 

negative relative to the values obtained under Low-pH conditions. The 

electron uptake of the enzyme under High-pH conditions showed a three 
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Figure 22. Microcoulometric titration of chicken liver sulfite oxidase. 

E (V.vs· NHE) is plotted vs n (e-/heme). The titration was 

performed in 20 mM Universal buffer, containing 100 mM 

paratoluenesulfonic acid, pH 9.0 in the presence of dye 

mediators as described in "Materials and Methods". Each 

experimental point represents the electron uptake following 

the addition of approx. 3.00 x 10- 9 moles of enzyme subunits 

to the titration vessel (-3.0 ml volume). The solid curve 

represents the nonlinear least squares "best fit" to the 

data points using the potentials given in Table 3. 
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electron requirement for complete subunit reduction, which paralleled 

the electron uptake results obtained using Low-pH conditions. 

Assignments of the reduction potentials were made based upon the bovine 

liver results (5 ruM Tris-HCl, pH 9; [28]). Midpoint potentials of -59 

mV and -233 mV were obtained for the Mo(VI)/Mo(V) and Mo(V)/Mo(IV) 

couples, respectively. The heme midpoint potential for the 

Fe(III)/Fe(II) couple was found to be +39 mV and is more negative than 

the values obtained at low pH (+90 mV), pH 7.0 with phosphate and 

chloride (+68 mV, see below), and +84 mV reported for the 

spectroelectrochemical titration of the chicken liver enzyme (100 ruM 

KPi , pH 7; [28]). In contrast, the value of the heme reduction 

potential for the beef liver enzyme was essentially unchanged as a 

function of the pH, +61 mV at pH 7 and +55 mV at pH 9 (100 ruM Tris; 

[28]) . 

PhospbatejLow-pH form (pH 7.0 with 0.10 H Kel) 

Reductive titrations of sulfite oxidase in 20 mM potassium phosphate 

buffer (pH 7.0) containing 0.10 M KCl as electrolyte gave electron 

uptake results which are similar to those for the Low-pH and High-pH 

forms of the enzyme (Figure 23). Thus, three regions of electron 

reduction w~re obtained per enzyme subunit. The reduction potentials 

for the Mo site of sulfite oxidase in phosphate buffer have not been 

previously determined, but the reported reduction potential of the heme 

site is +84 mV (100 ruM KPi , pH 7; [33]). Therefore, the first midpoint 

potential at +68 mV (Fig. 23) was assigned to the heme site of the 

enzyme. In accordance with the observed negative shift in potentials 

as the Mo site is successively reduced, the remaining midpoint 
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Figure 23. Microcoulometric titration of chicken liver sulfite oxidase. 

E(V vs NHE) is plotted vs n (e-/heme). The titration was performed in 20 roM 

potassium phosphate buffer, containing 100 mM KC1, pH 7.0 in the presence of 

dye mediators as_ described in "Materials and Methods". Each experimental 

point represents the electron uptake following the addition of approx. 3.00 

x 10-9 moles of enzyme subunits to the titration vessel (- 3.0 ml volume). 

The solid curve represents the nonlinear least squares "best fit" to the 

data points usinJ[ the Dotentials given in Table 3. 
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potentials of +38 mV and -239 mV were assigned to the Mo(VI)/Mo(V) and 

Mo(V)/Mo(IV) couples, respectively. The large negative shift in the 

Mo(V)/Mo(IV) couple for the enzyme in phosphate buffer, relative to the 

Mo(VI)/Mo(V) couple (~-277 mV), was not observed with the enzyme 

samples at pH 6.0 and pH 9.0 (Universal buffer). This suggests that 

the phosphate buffer contributes to a form of the ~nzyme, in the Mo(V) 

oxidation state, which is considerably more difficult to reduce 

relative to the Mo(VI) oxidation state of the enzyme. 

Discussion 

Reductive titrations of sulfite oxidase using microcoulometry show 

that the reduction of the enzyme subunit requires three electrons and 

correspond to the Mo(VI)/Mo(V), Mo(V)/Mo(IV) and Fe(III)/Fe(II) 

couples. The electron uptake results for the Mo site are analogous to 

the results obtained with nitrate reductase and xanthine oxidase 

[32,31]. There is no evidence for reduction of the pterin moiety 

associated with the molybdenum cofactor, and the molybdenum site is not 

reduced below the Mo(IV) oxidation state as previously suggested [75]. 

The relative midpoint potential values obtained for the Mo(VI)/Mo(V) 

reductions, under the conditions used for the experiments, followed the 

order; pH 6,0 > pH 7.0 > pH 9.0. In contrast, the relative midpoint 

potential values for the Mo(V)/Mo(IV) reductions followed the order; 

pH 6.0 > pH 9.0 > pH 7.0. The heme midpoint potentials for the enzyme 

were shifted to more positive values as the pH was lowered. At pH 6.0 

a reduction potential of +90 mV was obtained, whereas potentials of +68 

mV and +39 mV were obtained for the sulfite oxidase heme at pH 7.0 and 

pH 9.0, respectively. Considering the experimental error (- 15 mV), 



the differences between the value obtained at pH 7.0 and the values 

obtained at pH 6.0 and 9.0 are only marginally significant. However, 

the difference between the pH 6.0 and pH 9.0 heme reduction potentials 

(A - 51 mV) is more significant and may be the result of an ionizable 

group in the heme portion of the enzyme. Such a pH dependence on the 

redox potential has been observed for several c-type cytochromes 

[76,77]. 

Determination of the properties responsible for the High-pH and Low

pH forms of sulfite oxidase (low pH and high chloride concentration 

favoring the Low-pH species; [35]) provided a rationale for 

interpreting the appearance of proton hyperfine coupling in the Mo(V) 
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EPR spectrum of sulfite oxidase [17]. An equilibrium between a High-pH 

* * [MoO] core and a Low-pH [Mo(OH)C1] core was initially proposed 

[35]. However, proton spin-flip transitions observed in the Mo(V) EPR 

spectrum (pil 9) suggest that the High-pH form of the enzyme has a 

[Mo(OH)]4+ core [63]. 

The proposed coordination of chloride to the Mo site of the enzyme is 

supported by recent EXAFS data of the Mo(V) state of sulfite oxidase 

([78, Chapter 5, Part I). An increase in the integrated fourier 

transfo~~ was observed in the Mo-S(C1) region of the Low-pH form of the 

enzyme relative to the High-pH Mo(V) species of the enzyme. EXAFS 

studies also indicate that the High-pH and Low-pH Mo(V) forms of the 

enzyme are similar with respect to the number of terminal oxygen atoms 

coordinated to Mo and, combined with Mo(V) EPR data, suggest that both 

2+ forms of the enzyme have a [MoO(OH)] core. Model complexes of the 

type LMo02 (L - N,N'-Dimethy1-N,N'-bis(2-mercaptopheny1)ethy1ene-
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+ diamine; [67]) have ruled out a [Mo02 ] core for the High-pH form of 

sulfite oxidase based on the extreme anisotropy observed in the Mo(V) 

EPR relative to the values obtained for the enzyme. These results are 

in agreement with the proposed relationship between the High-pH to Low

pH enzyme species shown in Figure 24 [63]. According to this scheme, 

coordination of chloride at low pH is coupled with the protonation of 

an amino acid side chain or part of the molybdenum cofactor. 

Monomeric molybdenum complexes have been extensively studied as 

. models for the active site of several molybdenum enzymes [79]. 

Reversible Mo(V)/Mo(IV) couples are often observed for model compounds 

in both the Mo(V) and Mo(IV) oxidation states [80,71,81]; however, 

reversible Mo(VI)/Mo(V) couples for model compounds are rare [67,82]. 

For Mo(VI) complexes, irreversibility of the Mo(VI)/Mo(V) couple is 

+ most likely due to the formation of the unfavored [Mo02] (which 

usually loses H20 or OH ), while for Mo(V) compounds irreversibility of 

the Mo(V)/Mo(VI) couple is almost certainly due to an absence of two 

terminal oxo atoms to stablize the Mo(VI) oxidation state. The nature 

of the donor atoms in molybdenum complexes has been shown to control 

the potentials of the biologically relevant redox states. In general, 

sulfur ligands increase the Mo(VI)/Mo(V) and Mo(V)/Mo(IV) reduction 

potentials relative to nitrogen and/or oxygen donor atoms [83,84]. 

Cyclic vo1tametry of the monomeric Mo(V) series LMoOXY (L - Hydrotris

(3,5-dimethyl-l-pyrazolyl)borate; [71]) showed that substitution of 

chloride for the harder oxygen atom resulted in a positive shift in the 

reduction potentials. Comparison of LMoO(OPh)2 (-0.877 V) and 

LMoO(OMe)2 (-1.100 V) to LMoOC1(OPh) (-0.593 V) and LMoOC1(OMe) (-0.840 

V), revealed positive shifts of 284 mV and 160 mV, respectively (vs 
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Figure 24. ' The mechanism for the interconversion of t~e High:pH and 

Low-pH Mo(V) species of sulfite oxidase as proposed by 

George [63J. A terminal oxo atom has been included in the 

scheme for both the High-pH and Low-pH species based on 

recent EXAFS data [Chapter 5]. 

-_ .. _---------------------------------
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Ag/AgCl). Furthermore, the reduction potential for LMoOC12 is even 

more positive (-0.251 V, vs Ag/AgCl). Substitution of nitrogen for 

oxygen, as a donor atom to molybdenum, resulted in a negative shift in 

the Mo(V)/Mo(IV) couple for the isoelectronic LMoO(X-X) and LMoO(X-Y) 

complexes (X-X - 2-hydroxyphenol and X-Y - 2-aminophenol; [71]). By 

analogy, substitution of chloride for either an oxygen or nitrogen atom 

in the Mo coordination sphere of the enzyme should result in a positive 

shift in the M~(VI)/Mo(V) and Mo(V)/Mo(IV) couples. Under Low-pH 

conditions, the molybdenum reduction potentials of sulfite oxidase show 

a positive shift, relative to the Mo potentials under High-pH 

conditions. This is consistent with the ligand X in Fig. 24 being 

either a nitrogen or oxygen atom. 

Competition between chloride and phosphate for the enzyme has been 

observed by Mo(V) EPR, and the presence of the High-pH, Low-pH, and 

phosphate species depends upon the buffer pH and anion concentration 

(chloride and/or phosphate; [85,35]). A mixture of both Low-pH and 

phosphate signals was observed for sulfite oxidase in 50 roM potassium 

phosphate, pH 7.0 with 0.13 M KCl (the relative amounts of the two 

species was not reported; [85]). The authors also reported that the 

same effect could be obtained by the addition of phosphate (to a final 

concentration of 0.2 M KPi ) to a 50 roM Tris-HCl, pH 7.0 solution of the 

enzyme. Sulfite oxidase in 2 roM phosphate with 1 roM chloride (pH 6.8) 

resulted in a Mo(V) EPR spectrum which consisted of approximately 80% 

phosphate species and 20% Low-pH species [35]. However, inasmuch as 

phosphate buffer undergoes a shift to lower pH values at low 

temperatures (frozen solutions) [31], the actual Low-pH contribution to 



the Low-pH/phosphate signals may be exaggerated relative to our 

experimental conditions (25°C). 

The buffer conditions used for the pH 7.0 experiment reported here 
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(pH 7.0 with 0.10 M KCl) would have been sufficient to generate 100% of 

the Low-pH species [35] if there was no competition from the 20 mM 

phosphate buffer. Considering this case, the reduction potentials for 

the Mo and heme sites, at pH 7.0 in the absence of phosphate, would be 

expected to have values similar to those obtained for the Low-pH 

species. This is observed for the Fe(III)/Fe(II) couple; however, the 

potentials for the active site redox couples of the enzyme are shifted 

negative when phosphate is present (see Table 3). Negative shifts of 

93 mV and 153 mV were observed for the Mo(VI)/Mo(V) and Mo(V)/Mo(IV) 

couples of the enzyme in 20 mM phosphate (pH 7.0 with 0.10 M KCl) , 

relative to the enzyme in the Universal buffer (pH 6.0 with 0.10 M 

KCl). Comparison of the potentials at pH 7.0 in phosphate buffer with 

0.10 M KCl to the potentials obtained at pH 7.0 in Tris-HCl buffer 

(Cramer et al., 1983) shows ~EMo(VI)/Mo(V) - -79 mV and ~EMo(V)/Mo(IV) 

- -129 mV. Thus, the largest shift in both cases occurs for the 

Mo{V)!Mo{IV) couple and suggests that binding of phosphate to the Mo(V) 

and Mo(IV) forms of the enzyme results in a coordination environment 

which is more difficult to reduce relative .to the Mo{VI) form of the 

enzyme. While this indicates that phosphate stabilizes Mo(V) more than 

Mo(IV); the negative shift in Mo(VI)!Mo(V) indicates that phosphate 

stabilizes Mo{VI) more than Mo{V). The observed Mo site stability 

toward phosphate (Mo(VI»Mo(V»>Mo(IV» is expected for the three 

oxidation states based on the charge and ~ donor ability of oxygen on 

phosphorous. This is consistent with the proposal that phosphate 



Table 3. Oxidation-Reduction Midpoint Potentials Obtained for Sulfite 

Oxidase Unver Varying Conditions of Buffer and pH. 

Buffer Conditions Redox Couple (mV vs. NHE) 

Mo(VI)/Mo(V) Mo(V)/Mo(IV) Fe(III)/Fe(II) 

20 mM Universal Buffer, +131 -86 +90 

pH 6.0 with 0.10 M KC1 

20 mM Universal Buffer, -59 -233 +39 

pH 9.0 with 0.10 M R-

toluenesulfonate 

20 mM Phosphate Buffer, +38 -239 +68 

pH 7.0 with 0.10 M KCl 
\0 
t-" 
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interacts directly with the Mo site of the enzyme [35], and the 

interaction may be of the type suggested for both xanthine oxidase [86] 

and sulfite oxidase [35]. In any case, it is apparent that even at low 

concentrations relative to chloride, phosphate competes effectively for 

2- -coordination at the Mo site (20 mM P04 vs. 100 mM Cl ). 

The effect of both chloride and phosphate on sulfite oxidase raises 

interesting questions regarding an enzymatic requirement for the 

anions. In the presence of bovine sulfite oxidase, sulfate was shown 

to have competitive behavior with respect to cytochrome c and affected 

only the one-electron transfering ability of the enzyme, as opposed to 

diminishing the activity by substrate inhibition [15]. Inhibition of 

the one-electron intermolecular transferring activity of the chicken 

liver enzyme by sulfate supported this result, and more comprehensive 

experiments showed that this effect was a characteristic of all small 

anions ~ested [85]. Anion interaction at the molybdenum site of the 

enzyme has been inferred by Mo(V) EPR [35] and has been confirmed with 

EXAFS for chloride ([78], Chapter 5, Part I). The EXAFS results show 

that the Mo(VI) coordination environment of the enzyme is equivalent 

under both High-pH and Low-pH conditions and is not altered by chloride 

([78], Chapter 5, Part I). However, the High-pH and Low-pH forms of 

the enzyme in the Mo(V) and Mo(IV) oxidation states are noticeably 

different and suggests that chloride is coordinated at the Mo site of 

the Low-pH species. EXAFS data ([28]: [78], Chapter 5, Part I) and 

oxo-transfer studies of model compounds [87], suggest that the transfer 

of an oxo atom from the molybdenum site of sulfite oxidase to sulfite 

is most likely the initial reaction in the catalytic cycle of the 

enzyme. It follows that anion binding to the molybdenum site of the 



enzyme may affect the rate at which this site is reoxidized to its 

catalytically 
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active state (Mo(IV) to Mo(VI», rather, than changing the 

intermolecular electron transfer rates between the heme redox site and 

cytochrome c. 

The microcou10metry results show that the molybdenum site reduction 

potentials are significantly affected by the pH and anion content of 

the buffer. Whereas the Mo midpoint potentials at pH 9.0 (no chloride) 

are considerably more negative than the corresponding midpoint 

potentials at pH 6.0 (0.10 M KC1) , the heme potentials remain 

relatively constant. A quantitative correlation between ~Go and the 

rate of intramolecular electron transfer has yet to be established, 

although there is qualitative evidence which may suggest a relation 

between these two factors [88]. Considering this, a pH and anion 

dependence upon the rate of intramolecular electron transfer between 

the Mo and heme sites of the enzyme may exist, and is perhaps 

significant if the process is rate determining. However, flash 

photolysis data for sulfite oxidase show that the rate of 

intramolecular electron transfer between the Mo and heme sites is 

considerably faster than the rate of substrate turnover under the same 

conditions ([40], Chapter 3, Part I). Thus, differences in the Mo site 

potentials as a function of pH would appear to have little or no 

relevance to the catalytic activity of the enzyme in terms of 

intramolecular electron transfer. 

Inasmuch as sulfite is the substrate for the enzyme, the presence of 

other biological anions would not be unreasonable considering that 

sulfite oxidase is located in the intermembrane space of mitochondria 
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[89,90,91]. A pH optimum of 8.5 was obtained for the sulfite reduction 

of the enzyme using cytochrome c as the electron acceptor [9] and a 

dramatic decrease in sulfite oxidase activity was observed below pH 

7.2, with irreversible inactivation of the enzyme occurring at pH 5.0 

or lower [15]. Reduced sulfite oxidase activity values (from pH 6 - pH 

9.5) were observed in the presence of 10 mM phosphate, relative to 

chloride at the same concentration [35] and at pH 7.0 the presence of 

22 mM phosphate reduces the rate of enzymatic catalysis by 50% [85]. 

At pH 8.5 in the presence of low chloride concentrations (0.1-1.0 mM), 

expected for a membrane protein, the Mo site of sulfite oxidase is not 

altered as shown by the absence of a Low-pH signal in the Mo(V) EPR 

spectrum [35]. Furthermore, activity measurements of sulfite oxidase 

using identical chloride concentrations showed no change in substrate 

turnover (pH 6.8; [35]). Considering both the microcoulometry and 

kinetic data, it would appear that neither phosphate nor chloride is 

essential for sulfite oxidase activity . 

. . _ .... -._._----------



CHAPTER. 5: X-RAY ABSORPTION AND EXAFS STUDIES OF THE 

MOLYBDENUM: VI. V. AND IV OXIDATION STATES OF SULFITE 

OXIDASE UNDER. HIGH-pH AND IDll-pH CONDITIONS 

Introduction 
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Extended x-ray absorption fine structure (EXAFS) refers to the fine 

structure region just beyond the absorption edge of an element, and 

extends approximately 1000 eV higher in energy [92]. Extremely bright 

x-ray radiation from a synchrotron source is used to ionize a bound 

electron in the atom into the continuum, and the oscillatory variation 

of the x-ray absorption coeffficient as a function of photon energy 

beyond the edge is monitored [92]. The initial use of synchrotron 

radiation for EXAFS was primarily parasitic, but the increased 

availability of synchrotron storage rings has provided x-ray radiation 

for EXAFS experiments in a dedicated mode [93]. 

EXAFS has been known since the 1930's [94], however, the application 

of the technique for structure determination was first demonstrated in 

the 1970's [95,96]. Prior to the 1970's, the ability to probe the 

active site of metalloproteins had been largely dominated by x-ray 

crystallography. Yet, determination of the molecular structure using 

this technique is not routine due to difficulties associated with the 

growth and stability of both suitable native and isomorphous derivate 

protein crystals. The recent availability of x-ray radiation from 

synchrotron sources has provided a valuable alternative for probing the 

active site coordination of metalloproteins and the information 

obtained includes the type and number of first-coordination sphere 

atoms surrounding the absorber [97]. 
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X-ray absorption spectroscopy (XAS) , or X-ray absorption near-edge 

structure (XANES) , is loosely defined as the spectral range from the 

pre-edge to about 50 eV above the edge [98]. Transitions which are 

monitored result from the excitation of a core (Is) electron to the 

unoccupied orbitals from the Fermi level to the EXAFS regime. As with 

EXAFS, the development of this technique in probing the local atomic 

structure of complex systems was concurrent with the availability of 

high-energy electron storage rings (E> 1 GeV) in the 1970's [98]. 

Structural information in the XANES region is particularly rich and 

can be obtained from the energy and intensity of the absorption peaks 

under high-resolution (E ~ 0.2 eV) [98]. However, with the 

experimental properties used for EXAFS ( -6 eV bandwidth, necessary to 

ensure a sufficient x-ray flux) these features cannot be resolved. 

Instead the information which is obtained is generally more 

qualitative, and is related to the nuclear charge of the absorbing atom 

(oxidation state). 

A consistent view of the oxidation states available at the sulfite 

oxidase active site (Mo(VI), Mo(V) , and Mo(IV» has been provided by 

the cumulative results using XAS [97], EXAFS [97], EPR [35], and by 

electron uptake experiments ([41], Chapter 4, Part I) with the enzyme, 

and synthetic model chemistry [79]. However, a cohesive picture of the 

molybdenum coordination site of the enzyme for the accessible oxidation 

states at any pH has yet to be obtained. Structural information of the 

molybdenum site of the enzyme has been obtained by EXAFS for only the 

resting Mo(VI) oxidation state and the dithionite reduced Mo(IV) 

oxidation state [36,37]. A previous attempt to characterize the Mo(V) 

form of the enzyme by EXAFS resulted in a mixture of the three 
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available Mo oxidation states due to the buffer conditions [36], and to 

date structural information for the Mo(V) oxidation state of the enzyme 

has been inferred from EPR studies. 

Experimental conditions which result in homogeneous Mo(V) species 

under both High-pH and Low-pH conditions [35] have been used in this 

study. XAS and EXAFS results for the Mo(VI),(V), and (IV) oxidation 

states of sulfIte oxidase under these conditions are presented, and 

provide the first reported structural results of the Mo(V) oxidation 

state of the enzyme. 

Materials and Methods 

Sulfite oxidase was purified and assayed according to the procedure 

reported by Kipke et al. ([34], Chapter 2, Part I). The concentration 

of sulfite oxidase active sites was determined spectrophotometrically 

at 413 nm using the heme millimolar extincition coefficient of 99.9 

[15]. The enzyme was concentrated to greater than 130 mg/L in a 20 mM 

Universal buffer made from equal concentrations of Tris-base, Bis-Tris, 

and Bis Tris Propane. Adjustment of the buffer pH with acetic acid 

provided samples which were free of sulfur and of exogenous anions, 

including chloride and phosphate. Potassium chloride was added to the 

pH 6.0 buffer (0.3 M) and was used as the Low-pH buffer [35], and 

exogenous ions were excluded from the High-pH buffer (9.0) [35]. 

Enzyme in the oxidized, resting state was used for the Mo(VI) 

studies. Samples in the Mo(V) and Mo(IV) oxidation states were reduced 

based on the oxidation-reduction potential values reported by Spence et 

al. ([41], Chapter 4, Part I). Mo(V) samples were prepared 

anaerobically and poised at potentials of +65 mV and -131 mV for the pH 

-------------------------------------------
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6.0 and pH 9.0 samples, respectively (vs. NHE). 1,2-napthoquinone-4-

sulfonate, duroquinone, pyocyanin, Indigo-tri.sulfonate, 2-hydroxy-l,4-

naphthoquinone, 2-hydroxy-l,4-anthraquinone, and phenazine (40 ~M) were 

used as mediators according to the procedure reported by Dutton [99]. 

Samples in the Mo(IV) oxidation states were prepared by adjusting the 

potentials to approximately -360 mV and -540 mV, respectively (vs. 

NHE). 

A Varian E-l09 instrument interfaced with an ACT Apricot Xi computer 

was used for EPR measurements. EPR integrations of the Mo(V) forms of 

the enzyme at pH 6.0 and pH 9.0 were performed using Cu(EDTA) as a 

standard, and corrections for the g-value were made as described by 

Aasa and Vanguard [100]. Values of 71% and 76% Mo(V) were obtained for 

the High-pH and Low-pH samples, respectively. Sample homogeneity was 

confirmed for the Mo(V) samples by monitoring the EPR lineshapes, and 

both .the High-pH and Low-pH samples were essentially 100% in the 

desired forms [35] (Figure 25). 

XAS and EXAFS were conducted at the Stanford Synchrotron Radiation 

Laboratory using dedicated synchrotron radiation from the Stanford 

Positron Electron Accelerator Ring (3.0 GeV, 30-70 mA). Data 

collection was obtained using beam lines IV-2 and VII-3 with Si(220) 

crystal monochromators. Calibration of the spectrometer was performed 

using a three-ion chamber geometry by recording the inflection point of 

a molybdenum foil standard (defined as 20003.9 eV) concurrent with data 

collection. XAS and EXAFS was monitored by measuring the X-ray 

fluorescence excitation spectrum using either a NaI scintillation 

detector array or a solid-state Germanium detector array [101], with 

appropriate Zr filters and a slit assembly. With the Ge detector, 
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Figure 25. EPR spectra for sulfite oxidase under low-pH (A) and High-pH 

(B) conditions. The buffer conditions and the integration 

values obtained for the samples are reported in "Materials 

and Hethods". 
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individual array elements were operated at maxiumum count at rates of 

approximately 75 KHz, with instrumental dead time corrections [102]. 

Samples were maintained at -4K during data collection using an Oxford 

instruments CF1204 liquid helium flow cryostat. 

Data Analysis 

An example of a typical data analysis will be performed on the raw 

EXAFS ocsillaUons for the Mo(VI) Low-pH sample using previously 

described techniques [37]. A more detailed description of the EXAFS 

parameters and data analysis has been recently described by Sayers and 

Bunker [104]. Conversion of the experimentally measured fluorescence 

data to the interference function X(k) (Equation 1), is shown in Figure 

26. 

p(E)x - FII o 
(1) 

For the raw data, the total linear absorption coefficient p(E) is 

plotted (y-axis) versus the ratio of the incident and fluorescent X-ray 

intensities Io and F, respectively. In this case, the fluorescence 

signal (F) is obtained from the weighted average of the individual 

detector measurements. The interference function (Equation 2) is 

obtained by removal of the background from p(E) by the subtraction 

procedure AE - p(E) - p(E)o' Here, p(E) is the experimentally obtained 

pre-edge curve and p(E) is the best-fit curve to this data. o 

(2) 
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Figure 26. The experimentally measured EXAFS data for oxidized 

sulfite oxidase (Mo(VI) under High-pH conditions (A), and 

the background subtraction of the pre-edge (----) to give 

the "true" fluorescence vs. energy data (B). 
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The pre-edge fit (dotted line, Figure 26) corresponds to an 

extrapolated straight-line polynomial through the pre-edge absorption 

curve. 

Isolation of the fine-structure oscillations consists of subtracting 

the smooth background from the resulting absorbance data shown in 

Figure 27. A cubic least-squares spline function is subtracted from 

the data to obtain the normalized EXAFS amplitudes (Figure 28). 

Conversion of the energy spectrum (Figure 28) to the photoelectron wave 

vector is required in order to relate X(E) to structural parameters, 

and is accomplished using Equation 3. 

(3) 

Here, E is the incident energy and E is the threshold energy of the 
o 

absorption edge. The resulting normalized EXAFS data in k-space is 

shown in Figure 29. 

A curve-fitting analysis of the normalized k-space data, followed by 

a Fourier transformation (A- l ~ A), is then performed. The Fourier 

transformed data is not used for quantitative analysis, but provides 

important information regarding the number of shells required to curve-

fit the data. The Fourier transforms of the High-pH and Low-pH samples 

are shown in Figure 30, and will be discussed in the Results section. 

Quantitative structural information (bond length, atom type, and 

coordination number) is extracted by curve-fitting the k-space data 

shown in Figure 29. 
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absorption" (Fig. 26)\ converted to absorbance vs. 
energy). 
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Figure 28. A plot of the EXAFS oscillations as a function of energy. 

which result from the spline function subtraction of the 

"elemental absorption" shown in Figure 27. 
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Figure 29. A plot of the EXAFS vs. photoelectron wave vector (k) data. 

The plot was obtained from the conversion of the EXAFS vs. 

energy data (Fig. 28~ according to equation 3 in the text. 
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Figure 30. EXAFS Fourier Transforms of the Mo (VI), (V), and (IV) 

oxidation states of sulfite oxidase under low-pH (6.0 with 

0.10 M KC1) and High-pH (9.0) conditions. 



The quantitative curve-fitting analysis (Figure 31) is based on the 

approximate expression shown in Equation 4. 

X(k) - 2 
b 

(4) 
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The parameters are as follows: k.is the photoelectron wave vector; Nb 

is the number of b-types atoms at a distance Rab from the absorber atom 

(a) with a root mean square deviation uab in Rab; ~(k) and aab(k) are 

the total amplitude and phase shift functions respectively. Values for 

the functions ~(k) and aab(k) were those derived by Cramer et al. 

[37] . 

Results 

K-edge absorption spectra of the Mo(VI,V,IV) oxidation states of 

sulfite oxidase under Low-pH conditions are shown in Figure 32. The 

homogeneity of the Mo(V) sample is evident inasmuch as an increase in 

the energy of the edge transition as a function of Mo site oxidation is 

observed for the Low-pH species. This trend has been previously 

observed by EXAFS for the Mo(VI) and Mo(IV) forms of the enzyme [36,37] 

and is consistent with the qualitative view which associates the 

increase in the binding energy of core electrons with an increasingly 

positive nuclear charge [99]. In all cases, a shoulder is present at 

about 20009 eV on the main absorption edge and has been previously 

assigned to a ls~4d transition directed along the Mo-O bond [99]. This 

feature is more pronounced for the Mo(VI) form of the enzyme, a 



property which is observed with model complexes as the number of 

terminal oxo atoms increases [971. 
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EXAFS Fourier transforms of the High-pH and Low-pH samples are shown 

in Figure 30. Two major features are present in all cases, and can be 

attributed to Mo-O and Mo-S(Cl) (R+a-l.3 A and R+a-2.0 A, 

respectively). The Mo(VI) forms of the enzyme appear to be 

structurally identical under both High-pH and Low-pH conditions, and 

have a dioxomolybdenum core with two or three coordinated thiolate 

ligands. Differences in the molybdenum ligand environment for the 

Mo(V) and Mo(IV) oxidation states are clearly evident. Whereas a 

single Mo-O group is observed for the Mo(V) and Mo(IV) oxidation states 

under both High-pH and Low-pH conditions, distinctly different Fourier 

transform amplitudes are observed in the sulfur (chlorine) region for 

the Mo(V) and Mo(IV) oxidation states under Low-pH conditions, relative 

to the High-pH samples in the respective oxidation states. This 

increase in the peak amplitude for the Mo(V) and Mo(IV) Low-pH species, 

relative to the Mo(V) and Mo(IV) High-pH species, is suggestive of 

chloride binding to the Mo site. 

Although bond distance information from EXAFS can usually be 

determined to within 0.02 A, the inherent error in determining 

coordination numbers for similar ligands is about 20-30%. The origin 

of this error is, in part, the result of the high correlation between 

coordination number and the Debye-Waller factor in the curve-fitting 

process. Because, in general, EXAFS is incapable of distinguishing 

scatterers of both similar atomic number and distance, sulfur and 

chlorine (as well as nitrogen and oxygen) are indistinguishable by 

EXAFS Thus, an increase in the S(Cl) coordination number under Low-pH 
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Figure 32. X-ray absorption edge data for the Mo(VI), (V), and (IV) 

oxidation states of sulfite oxidase under low-pH conditions. 
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conditions, relative to the Higl1-pH sample(s), would indicate chloride 

binding. Considering the uncertaintly involved in determining the 

coordination number, a quantitative difference between the High-pH and 

Low-pH samples was conducted using search profiles. A plot of the 

error in the curve-fit as a function of coordination number is shown in 

Figure 33 and clearly shows that while the High-pH and Low-pH Mo(VI) 

species are similar, differences between the High-pH and Low-pH samples 

for the Mo(V) and Mo(IV) oxidation states are evident. Under Low-pH 

conditions the Mo(V) and Mo(IV) oxidation states indicate an apparent 

Mo-S(Cl) coordination number of 0.7 and 1.2, respectively, in relation 

to the analogous oxidation states under High-pH conditions. This 

increase in the S(Cl) region is indicative of chloride binding to the 

Low-pH forms of the Mo(V) and Mo(IV) forms of sulfite oxidase. 

Discussion 

Results of the EXAFS curve-fitting analysis are shown in Table 4. 

There have been no reports concerning the Mo(VI) and Mo(IV) 

coordination environments of sulfite oxidase under High-pH and Low-pH 

conditions. Previous EXAFS results of sulfite oxidase for the Mo(VI) 

and dithionite reduced Mo(IV) oxidation states (50 mM Tris-HC1, pH 9.2) 

indicated two Mo-O groups for the former species and one Mo-O group for 

the latter species [36]. In phosphate buffer (pH 7.8), molybdenum-oxo 

distances of 1.68 A were reported for the Mo(VI) oxidation state and a 

molybdenum-oxo distance of 1.69 A was reported for the Mo(IV) oxidation 

state [37]. These distances are essentially identical considering the 

EXAFS systematic error which arises primarily from the non

transferability of the EXAFS total phase function a(k). This 
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Figure 33. EXAFS curve fitting search profiles comparing the 

differences in the Mo-S(Cl) coordination between the High

pH and Low-pH forms of sulfite oxidase. The error of the 

fit is plotted as a function of coordination number for 

the following enzyme oxidation states: Mo(VI) (A); Mo(V) 

(B); Mo(IV) (C). 
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Table 4. Sulfite oxid~~EXAFS curve fitting results. 

I Mo-S Mo-O 
Sample 

a2 (A.2) a2 (A.2) N R(A) N R(A.) 

Ko(VI) Higb pH 3 2.415 0.0033 2 1. 703 0.0020 
Mo(VI) Low pH 3 2.419 0.0030 2 1.700 0.0029 
Mo(V) Higb pH 3 2.404 0.0034 1 1.727 0.0036 
Mo(V) Low pH 4 2.385 0.0035 1 1.682 0.0009 
Ko(IV) High pH 3 2.381 0.0025 1 1.684 0.0021 
Mo(IV) Low pH 4 2.369 0.0010 1 1. 701 0.0021 



systematic error (generally 0.02 A) can be reduced through the 

reproducibility of EXAFS bond lengths, and inasmuch as the total phase 

function for the Mo-O group has been particularly well-defined [37] a 

systematic error of less than 0.01 A is attainable. Thus, the 0.02 A 

difference in Mo-O bond distances between the Mo(VI) species in 

phosphate buffer and the Mo-O distances obtained for the High-pH and 

Low-pH Mo(VI) species (1.70 A) is probably significant. However, the 

Mo-O distance for the Mo(IV) oxidation state of sulfite oxidase in 

phosphate buffer (1.69 A) is probably not significantly different than 

the Mo(IV) Mo-O distances obtained under High-pH and Low-pH conditions 

(1.68 A and 1.70 A, respectively). This is presumably either a pH 

effect and/or buffer effect. 
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Microcou1ometric data for the enzyme in phosphate buffer (pH 7.0 with 

0.10 M KC1) indicate that the Mo(VI) oxidation state is essentially 

unaltered by the presence of phosphate, relative to the Mo(V) and 

Mo(IV) oxidation states ([41], Chapter 4, Part I). The oxidation

reduction potentials for both the Mo(V) and Mo(IV) forms of the enzyme 

have values which are considerably more negative than the values for 

the respective oxidation states in the absence of phosphate but under 

pH values which are identical (7.0, [33]) and similar (6.0 with 0.10 M 

KC1, [41], Chapter 4, Part I). This suggests phosphate binding to the 

enzyme active site of the Mo(V) and Mo(IV) oxidation states, and is 

consistent with a proposed coordination of phosphate to the Mo(V) form 

of the enzyme based on EPR data [35]. Furthermore, a Mo site stability 

toward phosphate of the type (Mo(VI»Mo(V»>Mo(IV» was observed and is 

expected based on the charge and ~ donor ability of oxygen on 

phosphorous. Thus, the origin of the differences in the Mo-O distances 



for the Mo(VI) oxidation state of sulfite oxidase in phosphate buffer 

in comparision to the Mo-O distances under both High-pH and Low-pH 

conditions Is most likely not due to phosphate interaction with the Mo 

site. 
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By choosing conditions which give both homogenous Low-pH and High-pH 

species, the first example of structural information for the Mo(V) form 

of sulfite oxidase (or any other Mo-containing enzyme) has been 

obtained by EXAFS. The first reported EPR spectra of sulfite oxidase 

indicated a pH-dependent proton hyperfine coupling to the rhombic Mo(V) 

signal [17]. Hyperfine coupling was observed at pH 7.2 (Tris-Hel), 

however, at pH 9.2 (Tris-HCl) this coupling was absent. Conversion of 

the Low-pH signal to a signal void of the hyperfine coupling was 

accomplished upon replacement of H20 with D20 [17]. This hyperfine 

interaction has since been shown to be dependent upon both pH and 

chloride concentration. Low pH and high chloride concentration favors 

the Low-pH spe~ies, whereas high pH and the absence (or low 

concentrations) of chloride favor the High-pH form [35]. 

Analysis of the High-pH and Low-pH Mo(VI) and Mo(IV) forms of the 

enzyme has provided molybdenum coordination data for each of the three 

accessible oxidation states. The minimal structures for the High-pH 

and Low-pH Mo(VI), (V), and (IV) oxidation states as determined by 

EXAFS are shown in Figure 34. Transition mechanisms and coordination 

environments for the Mo(V) High-pH/Low-pH forms of the enzyme have been 

reported [35,63] and the possibility of an enzymatic requirement for 

chloride has been discussed ([35]; [41], Chapter 4, Part I). Proton 

hyperfine coupling to Mo(V) is observed under Low-pH conditions, but 

not under High-pH conditions, and a High-pH/Low-pH equilibrium has been 
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Figure 34. Minimal structures for the Mo(VI), (V), and (IV) High-pH 

and low-pH forms of sulfite oxidase as determined-by EXAFS. 

------- _ ... _----



3+ 3+ proposed between a [MoO] core and a [Mo(OH)Cl] core, respectively 

[35] (Equation 5). However, George observed proton spin flip 

transitions in the Mo(V) EPR spectrum under High-pH conditions and 

4+ 3+ suggested a High-pH [Mo(OH)] core and a Low-pH [Mo(OH)Cl] core [63] 

(Equation 6). EXAFS results of the Mo(V) Low-pH species are in 
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agreement with both proposals inasmuch as increased intensity in the 

sulfur/chlorine EXAFS region of the Low-pH Mo(V) form of the enzyme was 

observed (Fig. 30). An increase in intensity in the S(Cl) region was 

not observed for the Mo(V) High-pH species (Fig. 30). Also, EXAFS 

reveals that the number of Mo-O groups are equivalent for both the 

High-pH and Low-pH samples and thus is in agreement with the High

pH/Low-pH interconversion proposed in Equation 6, but not with 

[MoO]3+ + Cl 

High-pH 

[Mo(OH)Cl]3+ 

low-pH 

(5) 

[Mo(OH)R]4+ + Cl + H+ ~ [Mo(OH)Cl]3+ + RH+ (6) 

High-pH low-pH 

(R is coordinated to Mo and may be an amino acid or part of the 

molybdenum cofactor) 

that proposed in Equation 5. Probable structures for the Mo(VI) , (V), 

and (IV) forms of sulfite oxidase under High-pH and Low-pH conditions, 

based on the combined EXAFS and EPR data are shown in Figure 35. 

Because EXAFS reveals that the Mo(V) forms of both the High-pH and Low-

- -----------------~. 
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Figure 35. Probable structures for the Mo(VI) , (V), and (IV) High-pH 

and low-pH forms of sulfite oxidase as determined by the 
combined EXAFS and EPR data. 



pH species have a Mo-O group, and Mo(V) EPR suggest a [Mo(OH)]4+ 

species for both of the forms under similar conditions [35,63], the 

complimentary data provide the first detailed view of the Mo(V) 

oxidation state of sulfite oxidase and indicate that both the High-pH 

2+ and Low-pH species have a [MoO(OH)] core. 
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The EXAFS results reported herein are the first example of a 

structural study of the three accessible oxidation states of sulfite 

oxidase. Together with previous Mo(V) EPR results of the enzyme under 

similar conditions, the EXAFS results have elucidated the minimal 

structural forms for the proposed High-pH/Low-pH transition. 



PART II: SYNTHESIS. CHARACTERIZATION. AND REACIIVITY OF 

HOLYBDENDH AND IRON PORPHYRIN HODEL COMPLEXES 

CHAPTER l: INTRODUCIION TO MOLYBDENUM HODEL CHEMISTRY 

Considering the importance of sulfite oxidase to animals [3.4]. 

relatively little is known about the molybdenum site of the enzyme. 

Structural information for the molybdenum site is often based upon the 
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interpretation of data from known synthetic model compounds [97]. Such 

"synergistic" arrangements are a common method for investigating 

biological systems and model chemistry [103]. It has been established 

that the accesible oxidation states for the molybdenum site of sulfite 

oxidase are Mo(VI). Mo(V). and Mo(IV) [10]. and extensive 

investigations of these oxidation states by synthetic model chemistry 

have been reported [79]. 

A commonly observed feature in Mo(VI) chemistry is the 

dioxomolybdenum(VI) core [104]. and EXAFS data have comfirmed this 

property for the oxidized molybdenum site of sulfite oxidase [2]. 

Biologically relavant reactivity properties have been observed for 

2+ 2+ [Mo02 ] species. One-electron reductions of Mo02 complexes which 

serve as both electrochemical and EPR models for the Mo(VI)/(V) center 

of sulfite oxidase have been reported [65-67]. Electrochemical 

reduction of the dioxomolybdenum(VI) model complexes in the presence of 

a proton source results in reversible reduction-oxidation processes 

involving M002
2+ and the one-electron reduced MOO(OH)2+ [65-67]. A 

2+ MoO(OH) core has been demonstrated for both the High-pH [63] and Low-

pH [35] forms of sulfite oxidase. Two-electron reduction model 

processes involving the Moo2
2+ core are more well-known [87]. These 
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reactions are of the general type shown in Equation 7, where X is an 

oxo atom acceptor molecule and the dioxomo1ybdenum(VI) complex contains 

a coordinated sulfur atom [87]. 

(7) 

The formation of ~-oxo Mo(V) dimer complexes is a commonly observed 

2+ competing reaction unless sterica11y hindered Mo02 complexes are used 

[87] . 

Monomeric mo1ybdenum(V) complexes provide unique electronic and 

1 spectroscopic properties because of the d electron configuration [105-

107]. Stable Mo(V) complexes which serve as models for sulfite oxidase 

3+ contain the MoO core, a feature which dominates the ligand field 

properties of the complexes [105-107]. Because of the unpaired 

electron, EPR studies of the Mo(V) model complexes are possible. 

However, a major problem in the preparation of oxomo1ybdenum(V) 

4+ 2+ complexes is the formation of spin-paired Mo203 or Mo204 ~-oxo 

dimers [108]. Using the bulky ligand hydrotris(3,5-dimethy1-1-

pyrazo1y1)borate (L), Cleland et a1. have prepared an extensive series 

of oxomo1ybdenum(V) complexes of the type LMoOXY using oxygen-, 

su1fur-, and chloride-donating ligands (X and Y; see Chapter 3, Part 

II, Figure 42). The steric properties of L provide stable, monomeric 

Mo(V) complexes which have been thoroughly characterized by techniques 

which include EPR [71]. 

2+ Monomeric mo1ybdenum(IV) complexes with the MoO core show, as with 

the Mo03+ complexes, ligand field sp1ittings which are dominated by the 

2 Mo-O bond [79], and a spin-paired (dxy) electron configuration [79]. 
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Oxo-atom transfer reactions of the type shown in Equation 8, where XO 

is an oxo atom transfer molecule, have been well-documented for 

oxomolybdenum(IV) complexes [87]. 

(8) 

However, unlike the analogous two-electron Mo(VI) ~ Mo(IV) reduction of 

2+ 2+ 2+ Mo02 via an oxo atom transfer reaction, the MoO ~ Mo02 reaction 

is not considered to be biologically relevant process for sulfite 

oxidase (see Figure 18, Chapter 3, Part I). Instead, the enzymatic 

process for regenerating a fully-oxidized dioxomolybdenum(VI) active 

site from a fully-reduced oxomolybdenum(IV) site proceeds via two, one-

electron oxidation processes of the Mo(IV) site. Enzymatically, these 

molybdenum-site oxidations are the result of intramolecular electron 

transfer processes between the reduced Mo species (Mo(IV) and Mo(V» 

and the oxidized b5-like heme of sulfite oxidase [10,73]. 

Characteristics of the intramolecular electron transfer process for one 

of these molybdenum-site oxidations (Mo(V) + Fe(III) ~ Mo(VI) + Fe(II» 

have been described in Chapter 3, Part I of this dissertation. 

3+ 2+ Synthetic models have been reported for the MoO ~ Mo02 process, but 

an example of a biologically relavant Mo02+ ~ Mo03+ process had yet to 

be reported. 

In Chapter 2, the synthesis of the dioxomolybdenum(VI) complex 

LMo02 (SPh) is described. This complex, with a coordinated sulfur donor 

atom from the thiophenolate ligand, has been specifically prepared so 

that an oxo atom transfer reaction similar to that described in 

Equation 7 will produce a corresponding coordinatively unsaturated 
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oxomo1ybdenum(IV) complex. The bulky ligand L provides the necessary 

steric pocket which prevents the formation of ~-oxo Mo(V) dimer 

products, as verified by visible spectroscopy. The oxidation of this 

coordinative1y unsaturated Mo(IV) complex, LMoO(SPh)(sol) 

(sol - dimethy1formamide), in the presence of a chloride donor source 

results in the formation of the previously characterized Mo(V) complex, 

LMoO(SPh)(C1), whose structure closely resembles the minimum structure 

determined for the Mo(V) Low-pH form of sulfite oxidase ([78), Chapter 

5, Part I). 

The reaction of LMoO(SPh) (sol) with ch10ro-5,10,15,20-Tetra-~

III ch10ropheny1porphyriniron(III) «~-Cl)TPPFe C1) provides the first 

2+ 3+ example of a synthetic model for a MoO ~ MoO oxomo1ybdenum 

III enzymatic reaction. By using (~-C1)TPPFe C1 as the chloride source, 

the biological significance of this reaction has been extended to 

include a subsequent iron porphyrin reduction process. Thus, the 

proposed enzymatic process Mo(IV) + Fe(III) ~ Mo(V) + Fe(II) has been 

modeled with this synthetically designed system. Furthermore, 

experiments detailed in Chapter 2 show this reaction can be initiated 

by the addition of an oxo atom acceptor molecule (triphenylphosphine) 

to a solution of LMo02 (SPh) and (~_Cl)TPPFeIIICl. This reaction 

sequence models the reaction of oxidized sulfite oxidase with 

substrate, followed by intramolecular electron transfer, i.e. the 

Mo(VI)/Fe(III) ~ Mo(IV)/Fe(III) and Mo(IV)/Fe(III) ~ Mo(V)/Fe(II) 

portions of the sulfite oxidase enzymatic cycle (Chapter 3, Part I). 

These model reactions are complementary to the flash-photolysis studies 

of sulfite oxidase (Chapter 3, Part I) which investigated the formation 

and reaction of the Mo(VI)/Fe(II) and Mo(V)/Fe(III) states. Thus, in 



this thesis research each of the chemical reactions proposed for the 

catalytic cycle of sulfite oxidase has been observed by either 

synthetic or biochemical experimental techniques. 
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In Chapter 3 the investigation of d-orbital energy splittings of 

LMoOXY complexes are described. Inasmuch as the first structural 

information for the Mo(V) oxidation state of sulfite oxidase has been 

recently obtained ([78], Chapter 5, Part I), the determination of 

factors responsible for d-orbital splitting patterns is of particular 

interest. Preliminary L-edge results with lyophilized sulfite oxidase 

indicate that the observed Mo d-orbital splitting pattern varies 

according to the buffer conditions and molybdenum oxidation state. 

L-edge spectroscopy has been previously used by Sham and Brunschwig 

in the determination of empty orbital states for transition metal 

complexes [109]. Unoccupied molecular orbital distributions were 

experimentally determined for the octahedral complex Ru(NH3)6C13' and 

were found to be dependent upon the molecular symmetry and ligand 

field. The crystal field parameter 10 Dq was calculated for Ru(NH3)6Cl 

from the p~d L3-edge transitions, and is in good agreement with the 

usual 10 Dq value for Ru(III) compounds [109]. Prior to the 

development of L-edge spectroscopy, the determination of d-orbital 

splitting energies for non-crystalline transition metal complexes was 

resticted to visible spectroscopy. However, often the d~d transtions 

are either obscured by more intense ~d charge transfer transitions or 

are sufficiently broad to allow only an approximation of the orbital 

splitting energy. For transition metal complexes with vacant d

orbitals these electronic transitions are p~d in character and are 

generally observed in the ultraviolet spectral region. 



The ability to determine d-orbital splittings in metalloenzymes is 

generally restricted by the electronic properties of the molecules. 
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For sulfite oxidase, this is the result of several factors. The b5-

like heme of the enzyme dominates the visible absorption spectrum and 

obscures any molybdenum-site electronic transitions which may be 

present in the Mo(VI) and Mo(IV) oxidation states (see Chapter 2, Part 

I, Figure 7). Information regarding the molybdenum d-orbital 

splittings of sulfite oxidase from electronic transtions in the 

ultraviolet absorbance region is hidden by the intense absorption of 

the aromatic amino acids of the protein structure. Thus, L-edge 

spectroscopy should be a particularly valuable tool in determining the 

d-orbital splittings of metal1oproteins (e.g. sulfite oxidase) inasmuch 

as the p~d electronic transtions are metal-based. Such data is of 

immediate biological interest considering that a strongly absorbing 

species has been observed in the visible spectrum of the enzyme using 

laser flash photolysis ([40], Chapter 3, Part I, Figure 11), and has 

been attributed to a Mo(V) transient. 

Using synchrotron radiation, the L-edge spectra of a comprehensive 

series of the oxomo1ybdenum(V) complexes were interpreted in terms of a 

semi-qualitative ligand field treatment. As expected [12], the d

orbital splittings indicate that the Mo-O group dominates the ligand 

field. The experimentally observed splitting pattern of the Mo d

orbitals is in qualitative agreement with the d-orbital splitting 

pattern approximated from ligand field effects. However, a correlation 

between the d-orbital splitting energies obtained from the observed L

edge electronic transitions (2p ~ 4d) and comparable information 

obtained using other experimental techniques could not be established. 



Empirical trends in the d-orbita1 splitting pattern of the LMoOXY 

complexes and a detailed comparisicn of the observed sp1ittings as a 

function of X and Yare described. 
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CHAPTER. 2: A SYNTHETIC MODEL FOR THE FORMATION 

OF THE Mo(V) LOll-pH FORK OF SULFITE OXIDASE 

Introduction 

Four types of Mo(V) EPR signals have been identified for sulfite 

oxidase; High-pH, low-pH, phosphate, and sulfite [35]. A comprehensive 

study of each of these Mo(V) enzyme species by EPR has been reported 

[35], yet only the High-pH and Low-pH Mo(V) forms have been 

structurally characterized ([1], Chapter 5, Part I). EXAFS has 

established that chloride is coordinated to Mo(V) in the Low-pH form 

of the enzyme, but not to the High-pH Mo(V) form ([78], Chapter 5, Part 

I), and the minimal structure for the Mo(V) Low-pH form of sulfite 

oxidase is [MoO(SR)x(Cl)] (x - 3±l). 

2+ Model chemistry has established that a [Mo02] moiety can be 

2+ converted to a [MoO] moiety by an oxo atom transfer reaction [87], 

and a similar mechanism may be used by sulfite oxidase to oxidize 

sulfite to sulfate. Synthetic oxo-transfer reactions inv~lving 

[M002 ]2+ systems are well-known, and Holm has recently reviewed the 

field of metal-centered oxygen atom transfer reactions in detail [87]. 

For reactions of the type shown in Equation 9, it has been established 

2+ 2+ [Mo02] + X ... [MoO] + XO (9) 

that sulfur coordination to the molybdenum site is required for the oxo 

atom transfer (with the exception of some porphyrin complexes). 

2+ Coupled reactions which regenerate the Mo(VI) complex from [MoO] 



using an oxo-transfer reagent are common [87]. For sulfite oxidase an 

oxo-transfer process is coupled with two, one-electron oxidation 

processes to regenerate a fully oxidized Mo(VI) active site from a 

reduced Mo(IV) site ([10,73], see Fig. 18, Chapter 3, Part I). 

Formation of the Mo(V) Low-pH species of sulfite oxidase is possibly 

the result of chloride binding to a coordinatively unsaturated Mo(IV) 

site subsequent to a Mo(VI)~Mo(IV) oxo-transfer reaction. Such a 

reaction would serve as a potential model for the biological reaction. 

However, such a Mo(IV)~Mo(V) reaction has yet to be reported. 
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The synthesis of Mo(V) complexes as models for the EPR active site of 

sulfite oxidase is often hampered by the propensity of the complexes to 

dimerize in the presence of water and to form diamagnetic products 

[79]. Cleland et al. have circumvented this problem using the bulky 

ligand hydrotris(3,5-dimethyl-l-pyrazolyl)borate (L) which creates a 

steric pocket to stabilize monomeric Mo(V) complexes [71]. A 

comprehensive series of Mo(V) complexes of the type LMoOXY (where X and 

Yare oxygen- ?r sulfur-containing unidentate or bidentate ligands, or 

chloride) have been synthesized and characterized [71]. Based on the 

data suggesting that sulfur coordination to a dioxomolybdenum(VI) 

species is required for an oxo atom transfer reaction [87], generation 

of a model for the Mo(V) Low-pH form of sulfite oxidase would require a 

reaction sequence such as that shown in Equations 10 and 11. 

LMo02 (SR) + X ~ LMoO(SR)(sol) + xo 

LMoO(SR)(sol) + Cl ~ LMoO(SR) (Cl) 

(10) 

(11) 
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Here, sol is a coordinated solvent molecule and X is an oxo atom 

acceptor (e.g. R
3
P). Equations 10 and 11 couple an oxo-transfer 

reaction (Mo(VI)~Mo(IV» with chloride coordination to form a Mo(V) 

species which has a ligand environment similar to that determined for 

the Low-pH Mo(V) form of sulfite oxidase ([78], Chapter 5, Part I). 

Cleland et al. have prepared and characterized the Mo(V) complex 

LMoO(SPh)(Cl) [71], and this was chosen as the target molecule for a 

synthetic model of the Mo(V) Low-pH form of sulfite oxidase. 

Furthermore, the reaction scheme shown in Equations 10 and 11 required 

the molybdenum(VI) starting material LMo02(SPh), and the preparation 

and characterization of this complex is described (Chapter 2, Part II). 

As a further extension of the biological applicability of this 

reaction, we have used a Chloroiron(III) porphyrin molecule as the 

chloride source; Chloro-5,10,15,20-tetra-~chlorophenylporphyrin

iron(III) (l2.-Cl)(TPPFeIIICl). This porphyrin system was chosen for 

several reasons: 1) In terms of a "complete" synthetic model, formation 

of the Mo(V) Low-pH form of sulfite oxidase from a coordinatively 

unsaturated Mo(IV) precursor should be accompanied by a one-electron 

heme reduction (Equation 12). This intramolecular electron process 

(Mo(IV) + Fe(III) ~ Mo(V) + Fe(II» (12) 

occurs between the molybdenum and bS-like heme sites of sulfite oxidase 

(see Chapter 3, Part I, Fig. 18). Thus, formation of the products 

LMoO(Cl)(SPh) and PFe(II), following a chloride transfer from an 

oxidized iron porphyrin to the coordinatively unsaturated 

LMoO(SPh) (sol) , would serve as a "complete" model for this reaction. 
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2) The transfer of chloride from (R-Cl)TPPFeIIICl should be 

II facilitated by the ease of formation of (R-Cl)TPPFe . Electron 

transfer rate constants have been reported for synthetic iron complexes 

of (R-X)TPP (X - an electron donating or an electron withdrawing 

group), and indicate that a faster Fe(III)~Fe(II) rate constant is 

obtained when the para substitutent on the phenyl ring is an electron 

donating atom (e.g. Cl) [110]. 3) A solvent dependence for the 

Fe(III)~Fe(II) reduction of (R_X)TPPFeIII has been documented [110]. 

More positive reduction potentials are obtained for the process in 

strongly coordinating solvents [Ill] (e.g. DMF) in comparison to 

noncoordinating solvents, and are most likely is the result of an 

increased stability of FeIITPP with coordinating solvents [110]. 

Thus, the formation of LMoO(Cl) (SPh) should depend upon the reactivity 

of both LMoO(SPh) (DMF) and (R_Cl)TPPFeIIICl. 

Formation of the target molecule (LMoO(SPh)(Cl», subsequent to an 

III oxo atom transfer from LMo02(SPh) in the presence of (R-Cl)TPPFe Cl, 

would potentially provide a complete synthetip model for the formation 

of the Mo(V) low-pH form of sulfite oxidase. Herein we report such a 

synthetic model. 

Materials and. Methods 

Reactions were carried out aerobically unless specified otherwise. 

An atmosphere of dry argon or nitrogen gas was used for anaerobic 

experiments. Subsequent workup of anaerobic reactions involving 

molybdenum complexes were carried out in air. All chemicals used in 

the syntheses were obtained from commercially available sources. 

Kinetic studies were performed anaerobically in reagent grade 
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dimethylformamide (DMF), which had been stored over 4A molecular 

sieves. For reactions requiring solvents which were free of water, the 

solvents were obtained by distillation after being dried by the 

following methods: acetonitrile and dichloromethane from calcium 

hydride; ethyl ether from calcium chloride; methanol from magnesium; 

tetrahydrofuran from potassium; toluene from sodium. Chromatography 

was conducted using a glass column (2.95 cm x 40 cm) with either silica 

gel (Sigma S-2509) or Activated alumina (Aldrich, standard grade). The 

solvent system used is described in the experimental section. 

Potassium hydrotris(3,5-dimethyl-l-pyrazolyl)borate (KL) was prepared 

by the literature method [113]. [Hydrotris(3,5-dimethyl-l-pyrazolyl)

borato]dicholrooxo-molybdenum(V) (LMoOC12) and [Hydrotris(3,5-dimethyl

l-pyrazolyl)borato]bis(thiophenylato)- oxomolybdenum(V) (LMoO(SPh)2) 

were prepared according to the method described by Cleland et al. [71]. 

[Hyrdrotris(3,5-dimethyl-l-pyazolyl)borato]dioxochloromolybdenum(VI) 

(LMo02Cl) was prepared as described by Roberts et a1 [113]. Analyses 

were performed by Atlantic Microlab Inc., Atlanta, GA. 

Electron par~agnetic resonance (EPR) measurments were conducted 

using a Varian E-3 spectrometer. All spectra were referenced against 

the external standard dipheny1picry1hydrazide (DPPH). Low-temperature 

spectra were obtained using a liquid nitrogen sample dewar. Spectra 

were recorded anaerobically on samples in a toluene/DMF mixture (v/v of 

-1/1) by two different methods. One route entailed reducing the volume 

of DMF (in vacuo) from the UV-vis cuvettes after monitoring the 

absorbance changes as a function of time. The reaction volume (-3 ml) 

was reduced to approximately 0.1 ml, and then approximately 0.1 ml of 

dry, degassed toluene was added prior to obtaining the EPR spectrum. 
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The second method involved reaction of the molecules (anaerobically) in 

an EPR tube under identical conditions which were used to monitor the 

absorbance changes, only at reduced volumes (-0.2 m1). Following the 

completion of the reaction (as determined spectrophotometrica11y) the 

volume was further reduced (in vacuo) to approximately 0.1 m1, and then 

approximately 0.1 ml of dry, degassed toluene was added prior to 

obtaining the EPR spectrum. With either method, the products detected 

by EPR were identical. 

Ultraviolet and visible absorption spectra were obtained using a IBM 

9420 spectrophotometer equipped with temperature controlled sample cell 

holders. Cyclic voltammetric measurements were performed at a 

platinum-disk electrode using an IBM EC 225 voltammetric analyzer 

equipped with an IBM 742MT X-Y-T recorder. Proton neclear magnetic 

resonance (lH NMR) measurements were obtained with a Bruker WM-250 

spectrometer, using tetramethylsilane (TMS) as the reference. 

All reactions and measurements involving the porphyrin complexes were 

conducted in the absence of direct light to minimize the possibility of 

photooxidation [115]. 

Synthesis 

[Hydrotris(3.5-dimethyl-l-pyrazolyl)borato] (thiophenylato)dioxo

molybdenum(VI) 

1) LHo02Cl method: To an evacuated Schlenk flask containing LMo02Cl 

(1.5 g, 3.2 mmol) and NaSPh (0.40 g, 3.2 mmol) , dry, degassed toluene 

was added (25 ml) and the reaction contents were stirred at 70°C for 2 

hrs. No further conversion of the yellow starting material to the 

brown product was observed after this time period. The reaction was 
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filtered hot and then the solvent was removed in vacuo. Redissolving 

the solid in dichloromethane, followed by chromatography on silica 

using dichloromethane. resulted in a brown eluting band as the major 

product. Yield 0.24 g (14 %). 

Attempts to improve the product yield by increasing the reaction time 

were unsuccessful. Furthermore, there was no increase in the yield if 

acetonitrile was used as the solvent (50°C). 

2) LMoO(SPh)2 method: LMoO(SPh)2 (0.25 g, 0.40 mmol) was added to a 

degassed solution of dimethylacetamide (DMA, 15 ml), and 40 pI of 

degassed tertbutylhydroperoxide (~-BuOOH, 0.40 mmol) was added 

anaerobically. The reaction was stirred at room temperature for 2 days 

and the DMA was then removed in vacuo. The brown/yellow solid was 

dissolved in dichloromethane/pentane (1:1, v/v) and chromatographed on 

silica using the same solvent system. LMo02SPh was collected as a 

brown band. Yield 12 mg (6 %). 

Increased yi~lds could not be attained by independently changing 

either the solvent (toluene), the reaction temperature (60°C), or the 

amount of added ~-BuOOH (x10, x20). 

1 LMo02(SPh) obtained by these methods gave the following IR and H NMR 

results: 

IR: Mo-O 921 cm-1 and 894 cm- l , B-H 2538 cm- l 

1 H NMR (CDCN3): & - 2.38 (s, 3H); & - 2.40 (s, 6H); & - 2.53 (s, 3H); & 

- 2.69 (s, 6H); & 5.97 (s, 2H); & - 6.00 (s, 1H); & 7.18 (t, 1H, 

J-lO Hz); & - 7.35 (t, 2H, J-lO(Hz); & - 7.63 (d, 2H, J-10 Hz). 

A chemical analysis was obtained for LMo02(SPh) prepared by method 1 

and gave the following results: 



calc. C 47.42 H 5.12 N 15.81 S 6.03 

found C 47.17 H 5.12 N 15.64 S 5.92 

Cyclic voltametric analysis of LMo02(SPh) was performed in DMF and 

° showed a quasi-reversible reduction-oxidation wave with E - -.715 V 

(vs SCE) and aE - 110 mV (Figure 36). 
p 

Synthesis of 5,lO,15,20-Tetra-n-chlorophenylporphyrin «n-C1)TPP) 

Preparation of the meso-tetra-R-chlorophenylporphyrin was performed 

according to a literature procedure [115]. To a reluxing solution of 

propionic acid (900 ml) was added freshly distilled pyrrole (16,8 ml, 

0.24 mmol) and R-chlorobenzaldehyde (34.7 g, 0.24 mmol). After 

refluxing for 30 min. the solution was cooled to room temperature, 

filtered, and the purple crystals were washed with methanol, then hot 

water, and dried in vacuo, yield: 31 g (26 %). 

calc: C 70.22 H 3.49 N 7.45 Cl 18.84 

found: C 70.06 H 3.53 N 7.40 Cl 18.74 
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Synthesis of Chloro-5,lO,15,20-Tetra-n-chlorophenylporphyriniron(III) 

III Preparaton of (R-Cl)TPPFe Cl was conducted according to a modified 

procedure. Iron insertion was performed according to the procedure 

reported by Fleischer, et al. [116]. FeC12" 4H20 (1.0 g, 5.0 mmol) and 

(R-Cl)TPP (2.5 g, 3.0 mmol) were dissolved in DMF (200 ml) and heated 

at 140 °C for 5 hrs. Rather than evaporating the solution to dryness, 

the reaction mixture was cooled to room temperature and added to ice 

water. The solid was collected by filtration, dissolved in chloroform, 

shaken with 2 ml of HCl, and then evaporated to dryness. This solid 

was dissolved in chloroform and chromatographed on a column which had 
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been dry packed with activated alumina, and was eluted with chloroform. 

The major band was collected and the solvent was removed in vacuo. The 

product was obtained by recrystallization from benzene. Yield: 1.7 g 

(70%). 

calc: C 62.77 H 2.88 N 6.66 Cl 21.06 

found: C 62.12 H 2.98 N 6.45 Cl 21.89 

Results 

Mo02Ln~MoOLn oxo-transfer reactions are well-known and generally 

require the presence of a strongly coordinating solvent to occupy the 

site vacated by the oxo atom [87]. However, a recent example of six-

coordinate precursor and succesor complexes involved in an oxo transfer 

1 reaction has been reported for the conversion of Mo02(q -S2CNEt2)2 to 

2 MoO(q -S2CNEt2)2 [80]. Reaction of LMo02(SPh) with excess Ph3P in DMF 

gave a well-defined isosbestic point at 358 nm, indicating that the 

formation of LMoO(SPh) (DMF) was not accompanied by p-oxo Mo(V) dimer 

formation (Figure 37). This green Mo(IV) complex was indefinately 

stable under anaerobic conditions, however, when exposed to oxgyen the 

complex was slowly converted to the original brown Mo(VI) starting 

material. 

The kinetic reactions of LMoO(SPh) (DMF) with (R_Cl)TPPFeIIICl were 

monitored spectrophotometrically under anaerobic conditions using DMF 

as the solvent. The difference spectrum resulting from addition of 

equal moles of LMoO(SPh)(DMF) to a DMF solution of (R-Cl)TPPFeIIICl is 

shown in Figure 38. Initial absorbance changes (shown with arrows, 

Figure 38) at 439 nm and 562 nm were converted to a spectrum 

withabsorbance minima at 399 nm and 458 nm. An isosbestic point with a 
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Figure 37. Visible absorbance changes of LMo02(SPh) (0.11 mM) in DMF 

following the addition of triphenylphosphine (x 50). The 

reaction was monitored anaerobically at 25°C with 10 min 

scan intervals. 



positive absorbance value at 447 nm was present throughout the time 

course of the monitored spectral changes (420 min). No additional 

absorbance changes were observed after approximately 2 hrs. EPR 

measurements of the final reaction mixture indicated the presence of 

two absorbing species in the room temperature spectrum (Figure 39a). 

l38 

Signals with average g-va1ues of 1.957 and 1.948 were obtained, and 

coorespond to the values reported for LMoO(SPh) (C1) (1.955) and LMoOC12 

(1.947), respectively [71]. The signal intesities would indicate that 

both complexes are formed in approximately the same quantities. 

Characteristic hyperfine sp1ittings resulting from molybdenum I - 5/2 

nuclei are observable on either side of the large I - 0 absorbances 

[117]. The low-temperature EPR spectrum of the reaction mixture gave a 

complex spectrum in the g = 2 region due to the rhombicity of the 

molybdenum signals [71]. A well-resolved signal with a g-va1ue 2.04 

was observed in this region which cannot be attributed to either 

LMoO(SPh)(C1) or LMoOC12 , and has a value which is characteristic of a 

low-spin Fe(III) porphyrin [118]. At lower magnetic fields the low-

temperature spectrum of the reaction mixture gave Sx and Sy values of 

7.01 and 4.55 (Figure 39b), which results in a calculated rhombicity 

value of 15.4 '% [118]. 

Under the conditions of the kinetic experiments (DMF, anaerobic), 

absorbance changes following the addition of equivalent molar 

quantities of either triphenylphosphine or triphenylphosphine oxide to 

an anaerobic DMF solution of (R-C1)TPPFeIIIC1 were undetectable in the 

340-740 nm region over a time period of several hours. Visible 

absorbance changes in the difference spectrum of a DMF solution of 

III 
(R-C1)TPPFe Cl and LMo02(SPh) following the addition of 



w 
o z 
ct 
aI 
a: 
o 
f/) 
aI 
ct 

139 

3.01

-------------------------------------------, 

-3.0L...---_~ ____ ...1_ ____ _L ____ __' 

340 

Figure 38. 
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III Visible absorption difference spectrum of (R-Cl)TPPFe Cl 

(0.12 pmol) in DMF (3.0 ml) after the addition of 

LMoO(SPh)(DMF) (0.12 pmol) under anaerobic conditions. The 

reaction was monitored at 30 DC with 7 min scan intervals. 

Arrows indicate the absorbance changes which occur 

immediately following the addition of LMoO(SPh)(DMF). 
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Figure 39. EPR spectra of the the completed reaction of LMoO(SPh) (DMF) 
III with (R-C1)TPPFe C1. The reaction conditions are 

described in Fig. 38, and the spectra were measured in 

toluene/DMF (1:1, v/v). (A) Room temperature spectrum 
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triphenylphosphine were monitored (Figure 40). An initial absorbance 

increase at 428 nm in the difference spectrum was slowly converted to a 

minimum at 423 nm and a maximum at 396 nm. No isosbestic points are 

evident in the spectrum. The observed spectral changes are most 

likely the result of iron porphyrin absorbances (vide infra). 

Absorbances attributed to three unique species were detected in the 

room temperature EPR spectum (Figure 41a). Average g-va1ues of 1.966, 

1.956, and 1.948 were obtained and correspond to the g-va1ues reported 

by Cleland et a1. for LMoO(SPh)2 (1.967); LMoO(SPh)(C1) (1.955); and 

LMoOC12 (1.947), respectively. In addition to the absorbances from the 

oxomolybdenum(V) complexes, the low-temperature EPR spectrum revealed a 

g-value at 2.03. This value does not correspond to any of the rhombic 

g-values values reported for LMoO(SPh) 2' LMoO(SPh) (C1), or Ulo0C12 , and 

would appear to be due to the same low-spin Fe(III) porphyrin species 

(g - 2.04) which is present after the reaction of LMoO(SPh) (DMF) with 

(n-Cl)TPPFeIllc1. A rhombic spectrum characteristic of high-spin 

Fe(III) porphyrins was observed at lower applied magnetic fields, and 

g-va1ues of 6.99 and 4.59 were obtained (Figure 41b). These values are 

in reasonable agreement with the g-va1ues 7.01 and 4.55 obtained from 

EPR measurements of the reaction of LMoO(SPh) (DMF) with 

(n-C1)TPPFeIIICl. A rhombicity value of 15.0 % was obtained from the 

~ - 6.99 and ~ - 4.59 values obtained by EPR following the reaction 

of triphenylphosphine with LMo02(SPh) and (n-C1)TPPFelIlc1 in DMF, and 

compares with the value of 15.4 % obtained from the ~ - 7.01 and 

~ - 4.55 values. 

---------------------------------------------- --
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Figure 40. Visible absorption difference spectrum (anaerobic) of 
III LMo02(SPh) (0.12 pmol) and (2-Cl)TPPFe Cl (0.12 pmol) in 

DMF (3.0 ml) after the addition of triphenylphosphine 

(0.12 pmol). The reaction was monitored at 3 °C with 12 

min scan intervals. The arrow indicates the absorbance 

change which occurred immediately following the addition of 

triphenylphosphine. 
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Figure 41. EPR spectra of the completed reaction of triphenylphosphine 
III with LMo02(SPh) and (2-C1)TPPFe Cl. The reaction 

conditions are described in Fig. 40, and the spectra were 

measured in to1uene/DMF (1:1, v/v). (A) Room temperature 
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Discussion 

Complex absorbance changes were observed in the visible difference 

III spectra following the reaction of LMoO(SPh) (DMF) with (R-C1)TPPFe C1. 

EPR spectra of the resulting reaction yielded average g-va1ues which 

correspond to the oxomo1ybdenum(V) species LMoO(SPh)(C1) and LMoOC12 . 

However, the absorbance change maxima or minima which occur in the 

difference spectra could not be attributed to the formation of either 

LMoO(SPh)(C1) or LMoOC12 based on the reported visible absorption 

spectra for the complexes [71]. The presence of an isosbestic point at 

only one wavelength in the difference spectrum for the reaction of (R

C1)TPPFeIIIC1 and LMoO(SPh) (DMF) in DMF indicate that only two species 

have an apreciab1e absorbance at this wavelength (447 nm, Figure 38). 

This would suggest that the observed absorbance changes are the result 

of porphyrin absorbances, and is not unexpected considering the> 10-

fold increase in porphyrin exctinction coefficients [114] in 

comparision with the reported oxomo1ybdenum(V) extinction coefficeints 

[71]. Furthermore, because the isosbestic point has a non-zero 

absorbance value, an interconversion between two porphyrin species 

III which are not the same as the inita11y subtracted (R-C1)TPPFe C1 

spectrum is suggested. 

A considerable difficulty often exists in the identification of axial 

ligands for meta11oprophyrins [119]. The most positive identification 

is crystallization of the metalloporphyrin in the presence of an excess 

of the desired axial ligand [114], however, Mossbauer spectroscopy has 

been successfully used in the characterization of axial bases following 

the reaction of base (B) with TPPFeIIIX complexes (X - halides) [126]. 

Walker et a1. have studied the equilibria processes which result from 
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III the addition of B to (2-X)TPPFe Cl complexes in a variety of solvents 

([121], X - H or halides). A nonsimultaneous addition of two 

III equivalents of neutral base to (2-X)TPPFe Cl has been established 

[121], and the sum of the two individual equilibrium processes is 

described by both Equation 12 and Equation 13. 

/32 

---..- [(2-X)TPPFeIIB2 ]+Cl- (12) 

-
In Equation 12, /32 is the product of the individual equilibrium 

processes (Kl and K2) for the axial base addition and results in an 

ion-pair product [9]. Equation 13 describes the concentration 

dependence of Equation 12 upon the observed product formation, a 

(13) 

separated ion-pair in the case of Equation 13 [121]. Formation of an 

ion pair product is most commonly observed [122-124]. At TPPFeIIICl 

-5 concentrations lower than 10 M, however, /32 was found to change as 

the concentration of base varied and the spectrophotometric data 

II + -indicated a separated ion product ([TTPFe B2 ] Cl ) [122]. An upper 

limit of < 10-6 molar for the dissociation of [TPPFeII]+Cl- to 

[TPPFeII ]+ + Cl- has been calculated from the dissociation constant 

Kdiss - /32D//32. Furthermore, a solvent dependency on /32D has been 

observed [121]. For DMF, the effect on /32D was not clear but a more 
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effiecient ion pair separation (due to the solvent polarity) and 

competition fo~ axial coordination sites,was suggested. 

Under the reaction conditions used for these studies, the formation 

III +-of either a [(R-Cl)TPPFe (DMF)2] Cl ion pair or a 

III + -[(R-C1)TPPPFe (DMF)2] + Cl ion separated complex most likely occurs 

prior to the addition of LMoO(SPh)2' The formation of these species 

from (R_Cl)TPPFeIIICl in DMF is represented in Scheme 2. In the 

III * following discussion (R-Cl)TPPFe Cl will be used to signify either 

III the ion pair or ion separated form of (R-Cl)TPPFe Cl in DMF. 

III * Chloride transfer from (R-Cl)TPPFe Cl to the coordinatively 

unsaturated LMoO(SPh) (DMF) was monitored spectrophotometrically, but 

features in the individual spectra cannot be unambiguously assigned to 

any of the EPR detected Mo(V) compounds. The presence of an isolated 

isosbestic point with a positive absorbance value in the difference 

III * spectrum suggests that (R-Cl)Fe TPPCl is converted to a different 

iron porphyrin species « ~ 14 min, < 2 scans) which has a more 

positive absorbance at 439 nm than does (R-Cl)TPPFeIIICl* at this 

wavelength. This porphyrin species is then converted to a porphyrin 

species having an absorbance value at 399 nm, a value which is less 

III * than the initial absorbance of (R-Cl)TPPFe Cl at this wavelength. 

Formation of the desired target molecule (LMoO(SPh)(Cl» was 

confirmed by EPR «g> = 1.955) following the reaction of LMoO(SPh) (DMF) 

* with (R-Cl)TPPFeCl. An additional signal was observed in this EPR 

spectrum and corresponds to the average g-value reported for LMoOC12 

«g> = 1.947, [71]). The presence of this latter complex was 

unexpected ina'smuch as displacement of thiophenolate from either 

LMoO(SPh)(DMF) and/or LMoO(SPh)(Cl) is required. Possible fates of 
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Scheme 2. A representation of the possible forms of (ll_Cl)TPPFeIIICl 

in DMF (A). The iron porphyrin species may exist as either 
a [(1l-Cl)TPPFeIII(DMF)21+Cl- ion pair (B), or as a 

III - -[(ll-Cl)TPPFe (DMF)2 1 + Cl ion separated complex (C). 
III * These possible forms are represented as (ll-Cl)TPPFe Cl 

in the text. 



SPh would include disulfide formation and reaction with the iron 

porhyrin. Both TTPFeIII(SPh) [125] and OEPFeIII(SPh) [126] have been 

prepared and characterized, and suggest the possibility of axial 

addition of -SPh to the (R-C1)TPP iron porhyrin. The reported Sx and 

Sy values for OEPFeIII(SPh) in a toluene glass (7.2 and 4.7, 

respectively) [126] result in a rhombicity value of 15.6 %. However, 

III the EPR spectrum of OEPFe (SPh) in DMF results in a characteristic 
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low-spin spectrum with Sx' Sy' and gz values of 2.42, 2.27, and 1.91, 

respectively [126]. These latter values do not correspond to the 

resolvable fea"tures in the low-temperature EPR spectra for the reaction 

* of LMoO(SPh)(DMF) with (R-Cl)TPPFeC1 (g - 2.04) and the reaction of 

III * triphenylphosphine with LMo02SPh and (R-C1)TPPFe C1 (g - 2.03). 

III However, the high-spin rhombic spectrum of OEPFe SPh is in good 

agreement with the EPR spectra resulting from the abovementioned 

reactions (15.6 % vs 15.4 % and 15.0 %, respectively). Considering 

that the EPR spectra obtained for the reactions described herein were 

performed in a to1uene/DMF glass, the observed high-spin signals most

likely correspond to the high-spin (R-C1)TPPFeIII (SPh) complex. 

A proposal for the formation of the observed products for the 

III reaction of (R-C1)TPPFe C1 with LMoO(SPh)(DMF) is shown in Scheme 3. 

The presence of LMoO(SPh)(C1) would presumably occur from a chloride 

transfer reaction from (R-C1)TPPFeIIIC1* to LMoO(SPh)(DMF), and result 

II in the formation of the reduced (R-Cl)TPPFe (DMF)2 species. LMoOC12 

could be generated from via the transfer of one or two equivalents of 

chloride from (R-Cl)TPPFeIIICl* subsequent to a thiophenolate 

dissociation from either LMoO(SPh)(C1) or LMoO(SPh)(DMF), respectively. 

Considering that the rhombic signal in the EPR spectrum following the 
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Scheme 3. The proposed formation of the observed products for the 

reaction of LMo(SPh)(DMF) with (n-Cl)TPPFeIIICl* as 
described in Figures 38 and 39. 



III * reaction of (R-Cl)TPPFe Cl with LMoO(SPh)(DMF) is the high-spin 

(R_Cl)TPPFeIII(SPh) complex, the isosbestic point with the non-zero 

absorbance value in the difference spectrum (447 nm, Figure 38) may 

correspond to the reaction shown in Equation 14. 
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The reaction of LMo02(SPh) and triphenylphosphine with 

III * (R-Cl)TPPFe Cl results in the formation of the products observed for 

III * the reaction of LMoO(SPh) (DMF) and (~-Cl)TPPFe Cl, with the 

exception of an observed average g-value which corresponds to 

LMoO(SPh)2 in the former case. This may simply be a temperature effect 

inasmuch as the kinetics of this reaction were performed at 35 DC, 

rather than 30 DC. The formation of the target molecule LMoO(SPh)(Cl) 

has been accomplished using both LMo02(SPh) and LMoO(SPh)(DMF). This 

Mo(V) compound closely resembles the minimum coordination environment 

for the Mo(V) Low-pH form of sulfite oxidase as determined by EXAFS 

[78]. Extension of the reaction reaction shown in Equation 15 to 

include an oxo atom transfer reaction (Equation 16), provides a 

biologically relevant synthetic system for the formation of the Mo(V) 

Low-pH form of sulfite oxidase from an oxidized molybdenum compound 

(Mo(VI». 

Mo(IV)O(SPh) + Cl- ~ Mo(V)O(SPh) (Cl) (15) 

Mo(VI)02(SPh) + X ~ Mo(IV)O(SPh) (16) 
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Furthermore, the use of an oxidized Fe(III) porphyrin as the chloride 

source reasonably models a portion of the proposed catalytic cycle of 

sulfite oxidase in route to the formation of the Mo(V) Low-pH synthetic 

VI model (Scheme 4). As shown, the initial oxidized system (LMo 02(SPh» 

and (~-Cl)TPPFeIIICl*(A, (Mo(VI)/Fe(III» is converted to the 

Mo(IV)/Fe(III) pair LMoIVO(SPh)(DMF) and (~_Cl)TPPFeIIICl* (») 

following an oxo atom transfer from dioxomolybdenum(VI) to 

triphenylphosphine (X). An electron transfer process between 

(R-Cl)TPPFeIIICl* and LMoIVO(SPh)(DMF) (which models the intramolecular 

electron transfer process between» and ~ in Scheme 4), followed by a 

V + chloride transfer to [LMoO (SPh)] results in the formation of 

(R-Cl)TPPFeII (DMF)2 and LMoVO(SPh) (Cl) (Mo(V)/Fe(II», (~). 
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Mo(VI)/Fe(11) Mo(IV)/Fe(11I) B 

Mo(V)/Fe(l11) Mo(V)/Fe(l1) C 
~ 

Scheme 4. The relationship of the synthetic formation of the Mo(V) 

Low-pH form of sulfite oxidase (LMoO(SPh)(Cl» to the 

sulfite oxidase catalytic cycle. An explanation of these 

processes is given in the text Discussion. 
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CHAPTER. 3: L-EDGE SPECTROSCOPY OF MOLYBDENUM MODEL COHPOUNDS 

Introduction 

Spectroscopic characteristics of transition metal complexes (e.g. 

x-ray, UV-vis, infrared, etc.) depend upon both the molecular and 

electronic structures of the complex. Such spectroscopic features can 

serve as a "fingerprint" for the complex and often provide information 

regarding unique chemical and physical properties. For transition 

metal complexes, these features are due almost entirely to ligand field 

effects and to the d-orbital electron configuration. Thus, it is 

desirable to understand how the metal d-orbital energies change as a 

function of the ligand type(s) and geometry. This is especially 

important in the structural elucidation of unknown complexes from 

information provided by model complexes. 

The energies of occupied orbitals of metal complexes are often 

experimentally determined using photoelectron spectroscopy [1271. 

However, this technique does not give information regarding the energy 

of the higher energy unoccupied molecular orbitals (virtu~l orbitals). 

Visible absorption spectroscopy is a common method for determining the 

energy separation between occupied orbitals and empty orbitals. Yet 

the accuracy of the observed energy separation is limited by the 

linewidths of the absorption changes, inasmuch as there is no rule 

restricting the change in vibration accompanying the electronic 

transition [12'81. Discrete electronic transitions for molybdenum 

enzymes and model complexes have been observed in the x-ray absorption 

near edge (XANES) region of the Mo K-edge, and the shape and energy of 

the edge has been found to be dependent upon the molybdenum site 
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symmetry and oxidation state, respectively [97]. However, quantitative 

expressions which describe the effect of geometry, oxidation state, and 

the type of coordinated atom(s) are lacking [129]. Because XANES 

results from the excitation of a bound Is electron to the empty 

molecular orbitals lying just above the Fermi level, the selection 

rules which govern the transitions are unfavorable for the observation 

of Is ~ 4d (61 - 2) transitions in cubic symmetry [97]. A lowering of 

the Mo site symmetry (below cubic) results in 4d-5p mixing and provides 

a means for the transition to gain significant intensity [97], but the 

resolution of these transitions is limited by the -6 eV natural 

linewidth of the K-hole [130]. 

2 L2 and L3 edge transitions originate from the 2p orbital ( Pl/2 and 

2 P3/ 2 , respectively) and involve transitions to excited states of s or 

d character, as governed by the angular momentum selection rule 

61 - ±l. The relative cross sections of the p~d and p~s transitions 

differ by 50:1 and dictate that both L2 and L3 transit:l.ons are 

predominantly p~d in character [131]. With this technique discrete 

electronic transitions (2p ~ 4d) are observable at the L-edge due to 

the relatively sharp natural linewidth (2 eV) at the L2 and L3 edges. 

Using synchrotron radiation and fluorescence detection, molybdenum L-

edge x-ray absorption spectra have been obtained for a variety of 

molybdenum(V) complexes which serve as models for the enzyme sulfite 

oxidase. It is hoped that a correlation between the Mo 4d orbital 

energies and unique features of the molecules (e.g. ligand donor atom, 

ligand type, geometry) will provide information regarding ligand field 

characteristics at the enzyme active site. Such a relationship is 

desirable considering that the structure of an oxomolybdenum enzyme has 
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yet to be determined. The molybdenum(V) complexes used for these 

studies are of the type LMoOXY, where L is the bulky hydrotris(3,5-

dimethyl-l-pyrazolyl)borate ligand and X and Yare oxygen- or sulfur

containing unidentate or bidentate ligands, or chloride. These 

complexes are shown in Figure 42. The effect of donor atom type upon 

the observed 4d orbital splittings, and the relationship between the L

edge,electronic transtions and characteristic physical properties of 

the complexes are explored. 

Materials and Methods 

Oxomolybdenum(V) complexes of the type LMoOXY were prepared according 

to the procedure described by Cleland et al. [71]. Spectra of the 

model complexes were recorded using powdered neat samples which were 

lightly dusted onto the adhesive side of a piece of Mylar tape. 

Fluorescence excitation spectra were recorded at the Stanford 

Synchrotron Radiation Laboratory on Beam Line VI-2 [132] under 

dedicated conditions (3 GeV, ca. so mA), using either Si(lll) or 

Ge(lll) monochromator crystals, with a Stern-Heald-Lytle detector 

[133]. Fields of 1.51 to 1.15 kG were obtained by adjusting the 54-

pole wiggler magnet to the undulator mode, and the K parameter [134] 

varied from 0.99 to 0.75. The energy of the third harmonic x-ray 

energy varied from 2469 to 2865 eV. Under these conditions, the lower 

total radiative power allowed the removal of the carbon filters and 

operation of the beam line with only 1 10 mil Be window, 1 5 mil Be 

window, a 15 cm 0.1 torr argon interspace, a 5 m He path (100 ppm O2), 

and a final 0.5 mil polypropylene window. Flux measurements were also 

performed in the wiggler mode at a field of 5 kG combining a 0.6 mil 

----------------------------
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Figure 42. The oxomolybdenum(V) complexes, LMoOXY, used for the L-edge 

spectroscopy experiments. 
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graphite filter with the previously mentioned Be windows. 

A current of 1.2 nA was measured in the front 10 cm He ionization 

chamber using the undulator radiation focussed by the platinum mirror, 

Ge(lll) monochromator crystals, and 3 mm vertical slits at a current of 

2500 eV. This corresponds to an incident flux of 1.0 x 1010 

photons/(sec-eV-50 mA), assuming a yield of 100 electrons per photon 

and 99.24% transmission by the ion chamber. A current of 5.5 nA was 

measured under under wiggler conditions and corresponed to an incident 

flux of 4.6 x 1010 photons/(sec-eV-50 mA). Comparative values of 4.0 x 

1010 photons/(sec-eV-50 mA) at 2.5 keV and 7.1 x 1010 photons/(sec-eV-

50 mA) at 3.2 keV were reported for SSRL beam line 111-2 (Jumbo) [135] 

and beam line X-24A at NSLS [136], respectively. Conside~able 

improvement in the low energy operation of this beam line is evident 

based on the significant attenuation by the beam line components 

(calculated at most to be 3.5% transmission at 2500 eV without carbon 

filters). Recent thermal measurements suggest that a factor of five 

increase in the flux at 2.5 keV may be attainable by cutting the Be 

window thickness in half, thus yielding intensities exceeding the 

vacuum beamlines [137]. 

Calibration of the spectra was performed using the first peak in the 

absorption edge of soldium thiosulfate, reported as 2469.2 eV by 

Sekiyama et al. [138]. Although the absolute accuracy of this value is 

unknown, edge positions were reproducible to better than 0.1 eV. A 

polynomial fit over the pre-edge region was used to subtract the edge 

contribution from the F/lo spectrum for the concentrated samples. 

Normalization of the data resulted in an absorbance change near unity 

in the region 50 eV beyond the edge. 
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Background removal of the sulfur EXAFS in the enzyme spectrum was 

accomplished using 2 cubic polynomials fit to the spectrum over a 25 eV 

interval ending or beginning 12 eV from the center of the edge region. 

These polynomials were then extrapolated through the edge region and 

constrained to join smoothly, and the cubic spline was then subtracted 

from the overall spectrum to give an approximate Mo contribution. 

L-edge spectra derivatives were calculated by fitting cubic 

polynomials to 0.4 eV regions centered at each data point, and 

quantitative estimates of line positions were made by curve-fitting the 

second or third derivative spectrum to a sum of Lorentzian lineshapes, 

varying positions, amplitude, and width of each component. 

Results 

Discrete electronic transitions to the predominantly Mo 4d half-

occupied and unocuppied (virtual) orbitals of the LMoOXY complexes are 

not casually detected in the raw data (not shown). More complex 

absorbances can be detected in the second or third derivative spectra 

of the L2 and L3 raw edge data and are shown in Figure 43. and Figure 

44, respectively. Certain similarities and patterns exist for all the 

derivative data. Three to four peaks are resolved in all cases, and 

each of the complexes gives a large feature in the second derivative 

minimum. A different appearance in the peak shapes and relative 

splittings are noticeable when comparing the L2 and L3 spectra between 

identical complexes. At present, the cause of these discrepencies are 

unknown but may result from a directional induced coupling between the 

Mo 4d oritals and the 2p hole created by the electronic transition 

2 2 
(either; Pl/2 or P3/2' L2 and L3 , respectively). Inasmuch as the L3 
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Figure 43. L2-edge derivative spectra of the LMoOXY complexes. 



160 

A 

B 

C 
G.I 
U 
c: 

0 I'D 
.0 
t.. 
0 
en 
.0 
<II( 

E 
> -t.. 
G.I 
0 

'C 
c: 
N 

G 

I 

2520 2530 
Energy (eV) 

Figure 44. L
3

-edge derivative spectra of the LMoOXY complexes. 



spectra are more well-resolved than the respective L2 spectra, data 

interpretation has been performed using the former data. 

Orbital assignments of the 2p~4d transitions observed in the 2nd 
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derivative spectra were based on a semi-qualitative ligand field model. 

In the case of LMoOXY complexes, the bulky pyrazolylborate ligand (L) 

constrains the terminal oxo atom and the ligands X and Y in a mutually 

cis configuration. The fac stereochemistry imposed by L results in 

complexes with effective Cs site symmetry. Orbital splittings, the 

electronic transitions monitored, and the directional coordinate system 

which was used to interpret the data are shown in Figure 45. In 

addition to the q donating ability of the atoms in the x,y, and z 

planes, the w donating ability of the terminal oxo atom and the ligands 

X and Y result in the lone electron residing 'in , the dxy orbital. X and 

Y have several mutual characteristics which provide unique complexes 

based on the nature of the atoms which comprise these ligands. Not 

only are X and Y cis to each other, they are also ~ to terminal oxo 

atom and the nitrogen atom of L which is trans to the terminal oxo 

atom. In addition, X and Yare each ~ to a nitrogen atom of L. 

Thus, X and Yare in a similar environment and the d and d xz yz 

orbitals should be essentially degenerate. Of the q donating ligands 

in the x,y, and z planes, the strong oxo atom would position the d 2 z 

orbital at a higher energy than the d 2 2 orbital. x -y 

Resolved 2p~4d electronic transitions to the dxy orbital are 

observable in spectra D-I for the L3 edge, (Figure 44). In spectra A-C 

these transitions are not resolved, but "shoulders" on the low-energy 

side of the peaks are evident. The feature next higher in energy has 

the largest minimum in the derivative spectra (Fig. 44) and is assigned 



162 

CD-d 2 
Z 

z 

x 
}--v 

Figure 45. A representation of the L-edge transitions to ligand field 

derived d-orbitals of the LMoOXY complexes. The d-orbital 

numbering scheme corresponds to the orbital numbering in 

Table 4. Also shown is the coordinate system used for the 

orbital assignments. 



to the nearly degenerate dxz and d orbitals. yz 

163 

A similarity in energy 

of these orbtials is attributed to both the lack of resolvable 

splitting and relatively two-fold peak size in comparison to the other 

peaks in the spectra (with the exception of spectrum D, Figure 44). 

The dx2_y2 and dz2 orbitals appear as the features next highest in 

energy, respectively. 2p~4d electronic transitions to these orbitals 

are clearly resolved for all the complexes in Figure 44, with the 

exception of spectra D and H. 

L3 edge curve fitting results for the Mo(V) model complexes (A-I, 

Figure 44) are shown in Table 4, and the precision of the peak position 

energy is generally better than 0.1 eV. Several qualitative trends are 

apparent from the data. 1) Oxygen-donor ligands appear to have greater 

u-donating properties, than sulfur-donor ligands, based on the observed 

Gnergies of the d 2 2 orbitals for the complex.es (Table 4; D, G, and B x -y 

vs C and H). 2) Entirely oxygen donating ligands result in the highest 

energy transition from the 2p orbital to the feature assigned as the 

nearly degenerate dxz,dyz orbitals (Table 4; B, D, and G). Conversely, 

entirely sulfur donating ligands result in complexes whic~ have the 

lowest energy dxz,dyz orbitals (Table 4; C, E, and H). 3) Absolute 

energies for the 2p~dz2* transition follow the order (oxygen donors) > 

(oxygen and sulfur donors) > (sulfur donors) orbitals is smaller for 

unidentate ligands than for bidentate ligands. 5) Comparison of 

splitting energies between ligands with the same donor atoms shows that 

the energy separation between d 2 2 and d 2 increases and the energy x -y z 

separation between d and d ,d decreases upon substitution of xy xz yz 

bidentate aliphatic ligands with bidentate (Table 4). 4) The splitting 

energy between the d and d ,d aromatic ligands. xy xz yz 
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Table 4. Absolute energies for the L3-edge transitions determined from 

the derivative spectra (Figure 45). The orbital numbers 

correspond to the molybdenum d-orbita1s shown in Figure 46. 

Compound Transition (eV) SpUttings (eV) 

1 2 3 4 1-2 1-3 .l:lL- 3-4 

a LMoOC12 2520.50 2521. 76 2523.75 2525.26 1.26 3.25 4.76 1. 51 

.B LMoO(OPh)2 2520.92 2522.01 2524.04 2525.38 1.09 3.12 4.46 1. 34 

!! LMoO(SPh)2 2520.37 2521.44 2523.16 2524.66 1.07 2.79 4.29 1. 50 

D LMoO(1-0,O) 2520.39 2521.99 2524.25 2525.24 1.60 3.86 4.85 0.99 

,g LMoO(l-S,S) 2520.18 2521.77 2523.60 2524.74 1. 59 3.42 4.56 1.14 

.E LMoO(1-0,S) 2519.87 2521.45 2523.45 2524.80 1. 58 3.58 4.93 1. 35 

!! LMoO(2-0,O) 2520.39 2521. 88 2524.10 2525.43 1.49 3.71 5.04 1. 33 

H LMoO(2-S,S) 2519.92 2521.36 2523.10 2524.47 1.44 3.18 4.55 1. 37 

! LMoO(2-0,S) 2520.21 2521.73 2523.61 2525.05 1.52 3.40 4.84 1.44 
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Thus, comparisons between LMoO(1-0,O) and LMoO(2-0,O); LMoO(1-0,S) and 

LMoO(2-0,S); and LMoO(l-S,S) and LMoO(2-S,S) indicate that not only the 

nature of the donor atom, but also the ligand type (aliphatic vs 

aromatic) has an affect upon the observed orbital energies and 

sp1ittings (Table 4; D vs G, F vs I, and E vs H). 

Discussion 

2p~4d electronic transitions were observed for the Mo(V) complexes of 

the type LMoOXY. A ligand field approximation was used to determine 

the orbital sp1ittings for the half-filled dxy and the unoccupied 

"virtual orbitals" based on the observed electronic transitions 

originating fr~m the L3 edge. The ability to detect these transitions 

is made possible by several factors. First, the intaraction energy 

between the core p-hole and the 4d electrons is small in comparison 

with the ligand field splittings, and has been calculated to be on the 

3+ order of 0.1 eV in Ru(NH3)6 and approximately 1 eV for 3d transition 

metals [139]. Second, the observed transitions are one-electron 

processes of high probability between orbitals which differ by the 

selection rule ~l - ±l. This is supported by the appearance of 

features assignable to molybdenum d-orbitals (Table 4) in the 

derivative spectra for the complexes (Figure 44). Finally, the second 

and third derivatives of the raw spectra give linewidths which are 

considerably sharper than the 2 eV natural 1inewidth at the L2 and L3 

edges. 

Only two of the observed trends in the electronic transition energy 

as a function of the ligand X and Y can be qualitatively described 

using basic molecular orbital theory: 1) The increased energy of the 



orbital assigned as d 2 2 in complexes where X and Yare oxygen, and x -y 

the decreased energy of the d 2 2 orbital in complexes where X and Y x -y 
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are sulfur, are in agreement with the greater q-donor ability of oxygen 

donor atoms in comparison with sulfur donor atoms. 2) Increased dxz 

and dyz orbtial energies for entirely oxygen donor ligands compared to 

entirely sulfur donor ligands correlates well with the 

electronegativity of the different donor atoms. The greater electron 

donating ability of oxygen (relative to sulfur) is expected to increase 

the energy of the dxz,dyz orbital energy. However, in most cases, the 

observed "trends" discussed in the Results section would appear to be 

due to more complex factors. 

It is particularly appealing to view the polypyrazolylborate ligand 

and the terminal oxo atom in each of the complexes as a constant, and 

to ascribe changes in the spectral features due to variations in the 

ligands X and Y. However, both L and the terminal oxo group have been 

observed to play major roles in both the molecular and electronic 

structures of LMoOXY complexes [71]. This is especially evident in the 

observation that the energy of the dz2 orbital decreases upon 

substitution of sulfur-containing ligands for oxygen-containing ligands 

(trend 3, Results). This observation is supported by crystallographic 

data of the analogous complexes LMoO(SPh)2 [71] and LMoO(OPh)2 [140]. 

Whereas the Mo-O distances are identical (1.676(4) A and 1.679(4) A, 

respectively), the molybdenum-nitrogen distances trans to the terminal 

oxo atom are considerably different (2.357(5) A and 2.326(5) A, 

respectively). Although the factor(s) responsible for this effect are 

not obvious, they are in agreement with the observed increase in the 

energy of the dz2 orbital for LMoO(OPh)2 vs LMoO(SPh)2 (2524.04 eV vs 
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2523.16 eV). ~-donation into the dxz and dyz orbitals by X and Y would 

be expected to' change the ~-bonding characteristics of the Mo-O group, 

but it is unclear why an oxygen-donor ligand would interact differently 

than a sulfur-donor ligand. In addition, an interesting anomaly in 

this trend is the 2p~dz2 transition energy of LMoOCl2 , which falls 

within the oxygen-donating ligand class. Inasmuch as a chlorine atom 

more resembles a sulfur atom than an oxygen atom in both a and ~-

donating properties, the relative energy of the dz2 orbtial would be 

expected to fall in the sulfur-donor class of compounds. 

Large splitting energies are observed between the dxy and the dxz,dyz 

orbitals for the complexes with bidentate ligands, in comparison with 

the complexes containing unidentate ligands (Table 4; D-I vs A-C). 

This correlates reasonably well with the unidentate ligands have high 

energy transitions, but does not correlate with lower energy dxz,dyz 

transitions, and may result from a chelate constraint which forces the 

p-orbitals of the sulfur, oxygen, and chlorine atoms of X and Y to be 

approximately parallel to the Mo-O group [71]. This would have the 

effect of minimizing a filled/half-filled interaction between the p-

orbital lone pair of X and/or Y and the Mo d orbital, respectively. xy 

Conversely, the free rotation of the unconstrained monodentate ligands 

does not restrict this filled/half-filled interaction, and this 

"repulsion" would be expected to increase the energy of the Mo d xy 

orbital. In the solid state distinctly different orientations of the 

thiophenol and phenol groups are observed for the complexes LMoO(SPh)2 

[71] and LMoO(~Ph)2 [140], respectively, both comparatively and within 

each complex. These unique orientations result in diffe~ent 0t-Mo-X-C 

torsion angles for the complexes, and thus dictate an orientational 



dependence of the sulfur and oxygen p-orbita1s for the thiopheno1 

ligands and the phenol ligands, respectively (Ot is the terminal oxo 

atom; X is the sulfur or oxygen atom; C is the carbon atom of the 
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phenyl ring which is bonded directly to X). This free rotation ability 

of unidentate ligands would presumably allow for a greater lone pair 

interaction with the half-filled dxy orbital, and should thus increase 

the energy of this orbital. However, the order of decreasing d xy 

orbital energy is of the order LMoO(OPh)2 > LMoOC12 > LMoO(1-0,O) -

LMoO(2-0,O) > LMoO(SPh)2' The appearance of two complexes with 

bidentate ligands in this series does not fit the trend of unidentate 

ligands increasing the energy of the dxy orbital through a fi11ed/ha1f

filled interaction. The presence of LMoO(1-0,O) can possibly be 

justified based on a certain degree of motion around the aliphatic 

methylene units, but an explanation for the presence of the LMoO(2-0,O) 

with an aromatic bidentate ligand is not apparent. Finally, the 

possibility that increased ~-donating capability of the bidentate 

ligands results in increased dxz,dyz orbital energies (and thus 

increased splitting between dxy and dxz,dyz) is also not supported by 

the data (Table 4). In fact, the highest energy for the 

dxz,dyz orbitals occurs for the unidentate coordinated complex 

LMoO(OPh)2' 

Because sp1ittings observed in L2 and L3 edges have been previously 

related to the differences in d-orbital energies observed in optical 

spectra [109,141], the correlation between the observed optical 

transitions of the complexes using visible spectroscopy and L-edge 

spectroscopy was investigated. Cleland et a1. [71] have reported the 

energy of the electronic transitions for the complexes used in this 



study, and data for the first observable transition(s) are shown in 

Table 5. It is apparent from the low extinction coefficients that 
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these transitions (with the possible exception of LMoO(SPh)2) are d~d 

in nature (61 ~ 1). In each case the energy of the observed transtion 

shown in Table 5 is greater than or equal to the energy separation 

between d and the d ,d orbitals as determined by L-edge xy xz yz 

spectroscopy (Table 4). Because the calculated dxy~dxz,dyz splitting 

energy for the first visible transition of LMoO(2-S,S) is lower in 

energy than this splitting energy as determined by L3-edge 

spectroscopy, only the two lowest energy transitions are shown. 

With L3-edge spectroscopy, a decrease in the splitting energy between 

the d and d ,d orbitals was observed when comparing unidentate xy xz yz 

ligands to bidentate ligands (trend 4, Results), and an increase in the 

splitting energy between the dxy and dxz,dyz orbitals was observed when 

comparing LMoO(l-X,Y) complexes to the analogous LMoO(2-X,Y) complexes 

using L-edge spectroscopy (trend 5, Results). The observed visible 

absorption transitions for the complexes do not correlate with the 

former L-edge trend, but a qualitative correlation exits for the latter 

trend. When comparing complexes coordinated by unidentate ligands to 

the complexes containing bidentate ligands, it is observed that several 

of the bidentate complexes had lower transition energies. However, the 

first visible absorption transition energy for the LMoO(l-X,Y) 

complexes was in all cases higher than the corresponding transition 

energy for the analogous LMoO(2-X,Y) complexes. Yet the absolute value 

for the transition energy was, in general, considerably higher than the 

dxy~dxz,dyz splitting value obtained from L3-edge data. For 

LMoO(2-0,S), the energies obtained for this transition from L3-edge 



Table 5. Electronic transition energies of the LMoOXY complexes 

determined ··by visible spectroscopy. These values were 

reported by Cleland et al. [71]. 

3 -1 3 -1-1 E, 10 em (E, 10 Lmol em ) E(eV) 

A LMoOC12 14.1B (0.05) l. 76 

B 11100 (OPh)2 13.33 (O.OB) l.65 

~ 11100(SPh)2 13.61 (l.65) l.69 

n 11100(1-0,0) 15.63 (0.02) l.94 

~ 11100(I-S,S) 11.79 (0.16) l.46 

E 11100(1-0,S) 16.53 (0.13) 2.05 

S! LMoO(2-0,0) 15.11 (0.19) l. 87 

II 11100(2-S,S) 9.01 (0.52), 12.99 (0.39) l.12, l.61 

.I 11100(2-0,S) 11.61 (0.20) l.44 
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spectroscopy and from visible absorption spectroscopy are identical 

(1.44 eV). However, considering the lack of correlation between the 

two techniques for the other compounds, this is most likely 

coincidental. Disagreement between the observed transition energies 

for the LMoOXY complexes using L3-edge spectroscopy and visible 

spectroscopy is most certainly due to differences in the absorption 

processes between the two techniques. The visible absorption 

spectroscopy of these molybdenum complexes involves electronic 

transitions of the valence electrons. However, the L-edge absorption 

process involves excitation of a core electron (2p) to a valence 

orbital. The resultant nhole n in the unfilled inner shell not only 

changes the nuclear screening felt by the valence electrons, but also 

provides a situation in which the valence electrons can couple with the 

"hole". 

Attempts to model this effect were conducted by comparing the L-edge 

spectra of the simple tetrahedral Mo04 anion to the optical transition 

energies observed for Tc04 -, based on a similarity between the Z+l 

relationship of Tc to the removal of a core electron from molybdenum 

(Z). Previous studies have demonstrated the applicability of this 

technique. A proposal suggesting that the K edge splitting of argon 

should correspond to the excited states of potassium [142] was recently 

indirectly supported, inasmuch as the optical transitions of element 

Z+l [143] were used to interpret the x-ray transitions of transition 

metal perovskites of atomic number Z. However, comparing the orbital 

energies of Mo04 obtained by L-edgc spectroscopy to the orbital 

energies of TC04 - obtained by visible spectroscopy, the splittings 

observed for Mo04 are considerably larger than for Tc04 (data not 



shown). L2 and L3 e~t2 transition energies of 2.48 eV and 2.19 eV, 

repectively, compare with the optical splitting value of 1.68 eV for 

Because d-orbital sp1ittings are primarily determined by 

ligand field effects, a change in nuclear charge should shift all 

levels by the same amount. It would thus appear that the so-called 

"effective Z" approximation cannot be made for these spectra. 
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Finally, a comparison was made between the experimentally determined 

energy for the Mo d orbital of the oxomo1ybdenum(V) complexes, as xy 

determined by L3 edge spectroscopy, with the experimentally obtained 

reduction potentials for the complexes ([71], Table 6). Using a 

simplistic approach, the energy of the dxy orbital should influence the 

ease, or difficulty, in which the one-electron reduction occurs. Thus, 

complexes with low dxy orbital energies should be more easily reduced 

than the complexes with relatively higher d orbital energies. These xy 

energy differences should be reflected in a more positive reduction 

potential for the former complexes and relatively more negative 

reduction potentials for the latter complexes. Electrochemical data 

reveal that the most positive reduction potentials are obtained for 

complexes in which X and Y is either a sulfur or chloride donor. 

However, the LMoOXY dxy orbital energies for the complexes determined 

by L3-edge spe~troscopy do not follow this simplistic approach. The 

most easily reduced compounds based on the d orbital energies from xy 

the L3-edge data include ligand donors which are not entirely sulfur 

donors. Indeed, based solely on the d orbital energy, LMoOC12 should xy 

be one of the most difficult complex in the series to reduce. 

Furthermore, Cleland et a1. suggested that the ease of reduction for 

the LMoO(2-X,Y) complexes, in comparison to the correspo~ding 
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Table 6. Reduction potential values of the LMoOXY complexes determined 

by cyclic voltametric measurements. These values were 

reported by Cleland et al. [71]. 

E.V (vs Ag[Ag.(;l} 

A LMoOC12 -0.251 

B LMoO(OPh)2 -0.877 

.G LMoO(SPh)2 -0.282 

n LMoO(l-O,O) -1.140 

~ LMoO(l-S,S) -0.334 

E LMoO(l-O,S) -0.757 

~ LMoO(2-0,0) -0.661 

H LMoO(2-S,S) -0.280 

.1 LMoO(2-0,S) -0.410 



LMoO(l-X,Y} complexes, was possibly due to participation of the 

aromatic ring of the 2-X,Y chelates in the reduction process [71]. 

However, comparison of the dxy orbital energies (Table 4) with this 

electrochemical trend again reveals no correlation. 

L-edge spect~oscopy for 4d transition metals has been demonstrated. 
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Splittings of the 2p~4d electronic transitions are observed, and for 

LMoOXY complexes these splittings are sensitive to the nature of X and 

Y. However, energy differences between individual components of the L

edge transitions of the LMoOXY complexes appear to be the result of 

complex factors which cannot be described by a simplistic ligand field 

model or directly correlated with complimentary experimental evidence 

(e.g. visible spectroscopy and electrochemical reduction potentials). 

Thus, at present L-edge spectra can provide only qualitative 

information about the ligand field splittings in a molybdenum complex. 
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