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ABSTRACT: Oxidation-reduction midpoint potentials for flavin, heme, and molybdenum-pterin prosthetic 
groups of assimilatory nitrate reductase (NR)  from Chlorella vulgaris were measured at room temperature 
by using C D  and EPR potentiometry. The C D  changes accompanying reduction of each prosthetic group 
were determined by using enzyme fragments containing either FAD or heme and molybdenum prosthetic 
groups, obtained by limited proteolysis, and by poising the enzyme at various redox potentials in the presence 
of dye mediators. Limited proteolysis did not appear to alter the environment of the prosthetic groups, as 
judged by their C D  spectra. Also, C D  potentiometric titration of FAD in intact N R  (E,' = -272 mV, n 
= 2) gave a similar value (E,' = -286 mV) to the FAD of the flavin-containing proteolytic domain, 
determined by visible spectroscopy. Less than 1% of the flavin semiquinone was detected by EPR spectroscopy, 
indicating that E,' (FAD/FAD'-) may be more than 200 mV lower than E,' (FAD'-/FADH-). Reduction 
of heme resulted in splitting of both Soret and a C D  bands into couplets. The heme E,,,' was -162 mV 
(n  = 1) determined by both C D  and visible spectroscopy. Reduction of Mo-pterin was followed by C D  
at 333 nm, and Mo(V) was monitored by room temperature EPR spectroscopy. Most of the change in the 
Mo-pterin C D  spectrum was due to the Mo(VI)/Mo(V) transition. The E,' values determined for Mo- 
(VI)/Mo(V) were +26 mV by C D  and +16 mV by EPR, whereas Mo(V)/Mo(IV) values were -40 mV 
by C D  and -26 mV by EPR. In contrast, freezing samples to 100 K resulted in significant redistribution 
of electrons, particularly affecting the measured Mo(VI)/Mo(V) couple (-34 mV). 

Assimilatory nitrate reductase ( N R ) ~  from Chlorella vu/- 
garis catalyzes the initial and rate-limiting step, the NADH- 
dependent reduction of nitrate to nitrite, in the process of 
nitrate assimilation (Guerro et al., 1981). The enzyme exists 
as a homotetramer, with each subunit (M,  96 000) containing 
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FAD, a b-type cytochrome, and Mo-pterin prosthetic groups 
in a ratio of 1:l:l (Howard & Solomonson, 1982). The strong 
visible absorbance of the b-type cytochrome of NR has enabled 
the redox properties of this center to be studied in detail (Kay 

Abbreviations: NR, nitrate reductase; EPR, electron paramagnetic 
resonance; EDTA, ethylenediaminetetraacetic acid; CD, circular di- 
chroism; CIP, corn inactivating protease; MV'+, methylviologen radical; 
FAD'-, flavin adenine dinucleotide semiquinone anion; FADH-, flavin 
adenine dinucleotide hydroquinone. 
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reductase heme- and FAD-containing domains were quantified 
by using extinction coefficients of 117 mM-’ cm-’ at 413 nm 
(Solomonson et al., 1984) and 11.3 mM-’ cm-’ at  460 nm 
(Ghisla, 1980), respectively. 

Spectrophotometric Measurements. Optical spectra were 
recorded by a Shimadzu UV-260 spectrophotometer (Colum- 
bia, MD) equipped with a stirred, thermostated cuvette and 
interfaced to an Apple IIe microcomputer for spectra storage 
and manipulation. Circular dichroism spectra were recorded 
on a Jasco J-5OOC spectropolarimeter. Signal intensity was 
calibrated by using aqueous solutions of d- 1 0-camphorsulfonic 
acid. Measurements in which the redox potential was not 
controlled were performed by using a sealed 1-cm path length 
cell of 100-pL volume. Spectra were digitized by using a 
Zenith 158PC fitted with a digitizing tablet (Summagraphics) 
and graphics plotter for base-line correction and the calculation 
of difference spectra. 

Visible and CD Potentiometric Titrations. Visible and CD 
potentiometric titrations were performed at 25 ‘C in a volume 
of 1.25 mL in a 1-cm path length stirred cuvette equipped with 
a Ag/AgCl micro reference electrode (Microelectrodes, Inc.) 
and a gold wire indicating electrode, in a configuration similar 
to that described by Dutton (1978). The cuvette was sealed 
with a septum through which additions of reductant (20 mM 
reduced methylviologen, generated by H2 reduction over a Pt 
catalyst) or oxidant [20 mM K,Fe,(CN),] were made. The 
sample was maintained under anaerobic conditions by a 
positive pressure of oxygen-free argon. The following redox 
mediators (10 pM each) were added to ensure complete redox 
equilibration: methylene blue (E,,,’ = +10 mV), 2,5-di- 
hydroxybenzoquinone (Em’ = -60 mV), indigodisulfonic acid 
(E,,,‘ = -125 mV), 2-hydroxy-l,4-naphthoquinone (Emr = -137 
mV), anthraquinone-2,7-disulfonate (E,,,’ = -1 82 mV), an- 
thraquinone-2-sulfonate (Emr = -225 mV), phenosafranine 
(Emr = -255 mV), safranine T (Em’ = -289 mV), and neutral 
red (E,,,’ = -325 mV). Oxidation-reduction midpoint po- 
tentials, expressed relative to the standard hydrogen electrode, 
were obtained from the experimental data points by com- 
parison with theoretical Nernst curves using a least-squares 
analysis. 

Room Temperature EPR Potentiometric Titrations. Room 
temperature EPR potentiometric titrations were performed 
by using a Varian E109 Century Series spectrometer (Varian 
Associates, Palo Alto, CA) operating at 9 GHz with 100-kHz 
modulation and equipped with a TM102 wide-bore cavity. 
Mo(V) spectra were recorded by using a modulation amplitude 
of 0.32 mT and an incident microwave power of 50 mW from 
enzyme samples contained in a “high sensitivity” aqueous flat 
cell (0.1 X 17 X 55 mm) modified to include a Ag/AgCl micro 
reference electrode and a gold indicating electrode (Kay & 
Barber, 1987), maintained under anaerobic conditions by the 
passage of oxygen-free argon. Reductive and oxidative ti- 
trations were performed by addition of reduced methylviologen 
(20 mM) or K,Fe3(CN), (20 mM), respectively. Following 
each addition of reductant or oxidant, the sample was gently 
mixed and allowed to equilibrate. Mixing and equilibration 
were continued until the indicated potentials before and after 
mixing were identical (typically 10 min), and then spectra were 
recorded. Titrations were typically performed by using a total 
volume of 1.25 mL containing N R  (45 pM heme) in the 
presence of the same mixture of dye mediators (30 pM each) 
as used for the CD potentiometric titrations. Double inte- 
grations of the experimental Mo(V) spectra were performed 
as described by Wyard (1965) by using potassium nitroso- 
disulfonate (ICN Pharmaceuticals, Plainview, NY) as 

et al., 1986). The midpoint potential of the heme has been 
shown to be pH dependent, suggesting the presence of a single 
ionizable group on the enzyme, with pK,, = 5.8 and pKrd = 
6.1. At pH 7.0 the midpoint potential (-164 mV) is similar 
to that of the enzyme isolated from the yeast C. nitratophila 
(-174 mV) (Notton et al., 1987) but substantially different 
from the values reported for the enzymes purified from spinach 
(Fido et al., 1979) and A. braunii (De la Rosa et al., 1980) 
of -60 and -73 mV, respectively. The functional significance 
of this difference is not yet understood. 

In contrast to the heme, the visible spectral changes ac- 
companying oxidation and reduction of the FAD and Mo- 
pterin centers2 are comparatively weak and effectively ob- 
scured. Consequently, the electron affinity of the FAD bound 
to assimilatory nitrate reductase has not been previously de- 
termined. Current knowledge of the redox properties of 
Mc-pterin and FAD centers of NR derives from EPR studies 
of their paramagnetic redox states [Mo(V) and flavosemi- 
quinone, FAD’-] at  cryogenic temperatures (Jacob & 
Orme-Johnson, 1980; Gutteridge et al., 1983; Solomonson et 
al., 1984; Barber et al., 1987). The partially reduced forms 
of N R  from Chlorella and spinach exhibit similar Mo(V) EPR 
spectra, the line shapes of which depend upon pH and the 
presence of anions such as phosphate and chloride (Gutteridge 
et al., 1983; Barber et al., 1987). The midpoint potentials for 
Mo(VI)/Mo(V) (-34 mV) and Mo(V)/Mo(IV) (-54 mV) 
have been measured by posing enzyme samples at room tem- 
perature in the presence of dye mediators and then freezing 
to 77 K followed by EPR analysis. As the midpoint potentials 
of both enzyme and mediators are inherently temperature 
dependent (Palmer & Olson, 1980) and pH changes can occur 
during freezing, it is possible that the electron distribution 
measured by this method may not accurately reflect that 
obtained at  room temperature [e.g., Porras and Palmer 
(1 982)]. 

We have found that all three centers contribute significantly 
to the CD spectrum of the enzyme in the region 300-650 nm 
and that the spectral changes due to each prosthetic group can 
be determined by using flavin and heme/Mo-containing 
fragments obtained by limited proteolysis of N R  with a nat- 
urally occurring corn inactivator protease (CIP; Solomonson 
et al., 1984). This has enabled assignment of the observed 
CD bands to each chromophore. In this paper we have used 
CD spectral changes to monitor the redox states of FAD, 
heme, and Mo centers in order to determine midpoint poten- 
tials at room temperature. To confirm the Mo-pterin midpoint 
determinations, the values for the Mo(VI)/Mo(V) and Mo- 
(V)/Mo( IV) couples were also determined by room temper- 
ature EPR titration of Mo(V). 

MATERIALS AND METHODS 
Nitrate reductase was isolated from C. vulgaris by using 

the affinity purification procedure as described by Howard 
and Solomonson (1 98 1) with the addition of a final chroma- 
tographic step involving preparative HPLC on a TSK4000 
column. The enzyme exhibited an activity of greater than 80 
units/mg of protein and an A413/A280 ratio of higher than 1.8. 
The “large” (heme/Mo-pterin-containing) and “small” 
(FAD-containing) protein domains were prepared as described 
previously by using limited proteolysis with CIP followed by 
separation of the two fragments by chromatography on a 
Sephacryl S-300 column (Solomonson et al., 1984). Nitrate 

The term ”Mo-pterin center” refers to the complex of Mo, molyb- 
dopterin, and associated protein ligands to Mo. 



6144 B I O C H E M I S T R Y  K A Y  E T  A L .  

WAVELENGTH I nm) 

0 
*10 

* 5  

- 10 

300 350 400 450 500 550 600 

WAVELENGTH (nml  

FIGURE 1 : Visible and CD spectra of oxidized intact NR and fragments 
obtained by limited proteolysis. Spectra were recorded in 50 mM 
MOPS buffer, containing 0.1 mM EDTA, pH 7.0. (A) Visible spectra. 
(B) CD spectra. Intact enzyme (-, 7 pM heme), large domain ( -e - ,  

8 pM heme), and small domain (- - -, 46 pM flavin). 

standard (Palmer, 1967). EPR integrations were corrected 
to reflect the low molybdenum content of the enzyme (0.72 
Mo/subunit), determined by colorimetric analysis (Solo- 
monson et al., 1975). Oxidation-reduction potentials were 
calculated by fitting the experimental data points with the 
theoretical Nernst curve for the intermediate species formed 
by two consecutive one-electron reduction processes, using a 
least-squares procedure. 

RESULTS 
Visible and CD Spectra. The visible spectrum of oxidized 

N R  is shown in Figure 1A. The spectrum was dominated 
by the absorbance of the b-type cytochrome with maxima at 
413 (Soret transition) and 550 nm (a band). No contributions 
due to either FAD or the Mo-pterin group could be resolved 
in this spectrum. A similar spectrum was obtained for the 
heme/Mo-pterin-containing large fragment obtained following 
limited proteolysis using CIP and chromatographic separation 
of the products. No Mo-pterin contributions to the visible 
spectrum could be resolved, consistent with previous reports 
of low absorption coefficients for the isolated Mo-pterin 
prosthetic group (Johnson et al., 1980), the Mo-pterin center 
of xanthine oxidase (Porras & Palmer, 1982), and the isolated 
Mo-pterin-containing protein domain of sulfite oxidase 
(Garner et al., 1982). In contrast, flavin absorbance bands 
were apparent at 460 and 487 nm in the FAD-containing small 
domain but were too weak to be clearly resolved in intact NR. 
Preparations of the FAD-containing small domain were found 
to contain traces of heme, detectable a t  413 nm. The extent 
of contamination of the flavin domain with heme was calcu- 

lated to be less than 7% from the absorbance change at 423 
nm upon reduction by dithionite, using 416 nm as an isosbestic 
wavelength (Kay et al., 1986). 

The corresponding CD spectra of oxidized native NR, large 
and small domains, are shown in Figure 1 B. Optically active 
transitions giving rise to positive CD in the FAD-containing 
fragment were observed at 3 11 and 375 nm (positive CD) and 
460 and 487 nm (negative CD). In addition, a weak negative 
shoulder was detected at 433 nm. Similar transitions could 
be discerned underlying the more complex spectrum of intact 
N R  but were not found in the heme/Mo-containing large 
domain. The assignment of these features to FAD was con- 
firmed during potentiometric titrations when changes in these 
features occurred at  potentials commensurate with flavin re- 
duction (see below) and are due to the interaction of the FAD 
isoalloxazine ring with the apoprotein, since unbound oxidized 
FAD is essentially planar (Dixon et al., 1979) and so has very 
weak optical activity at these wavelengths. 

The large domain, containing both heme and Mo-pterin, 
showed negative CD at 415 nm with an inflection at 424 nm 
and negative CD at 570 nm, close to the heme Soret and a 
visible absorption bands, respectively. In addition, a weak 
shoulder was detected at 330 nm in the intense negative 
transition below 360 nm. The CD spectrum of native N R  
closely resembled that of the sum of the large and small do- 
mains (Figure 1B). Given the extreme sensitivity of CD to 
the immediate environment of chromophores, this suggested 
that proteolysis did not significantly disrupt prosthetic group 
binding to the apoprotein. 

The corresponding reduced, visible, and CD spectra of native 
N R  and the two fragments are shown in parts A and B of 
Figure 2, respectively. Reduction by dithionite shifted (to 423 
nm) and intensified the visible heme Soret transition while 
intensifying the LY (557 nm) and p bands (527 nm) in both 
native N R  and the large domain, as previously reported 
(Solomonson et al., 1975) (Figure 2A). Reduction of the small 
domain resulted in a decrease in absorbance in the visible 
region, as occurs when free FAD is reduced. Consequently, 
the FAD optical activity and hence the CD bands were lost 
upon reduction with methylviologen (Figure 2B). The loss of 
the flavin CD transitions following reduction was also apparent 
in intact N R  (Figure 2B). However, in the CD spectrum of 
reduced intact NR, the presence of a few percent of unreduced 
FAD was suggested by the minor differences between this 
spectrum and that of reduced large domain (Figure 2B). 
Reduction of the large domain and intact N R  resulted in the 
appearance of CD couplets at the wavelengths of the Soret 
and a transitions. That these couplets were due to reduced 
cytochrome b was confirmed by potentiometry (see below). 
The shoulder in the CD spectrum of intact NR and large 
domain at 333 nm increased upon reduction. An increase in 
CD at this wavelength has previously been reported following 
reduction of the Mo-pterin domain from the related enzyme 
sulfite oxidase (Garner et al., 1982). These results suggested 
that all three prosthetic groups contributed to the observed 
CD spectrum of NR. 

Potentiometric Titrations. Previous work has provided 
values for the midpoint potentials (pH 7.0, 25 "C) of the heme 
(Kay et al., 1986) and Mo-pterin (Solomonson et al., 1984) 
centers in Chlorella NR. The heme midpoint potential was 
found to be -164 mV ( n  = 1) by visible potentiometric ti- 
trations, while the midpoint potentials for the Mo(VI)/Mo(V) 
and Mo(V)/Mo(IV) couples were found to be -34 and -54 
mV, respectively, by using low-temperature EPR potentio- 
metric titrations. 
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FIGURE 2: Visible and CD spectra of reduced intact NR and fragments 
obtained by limited proteolysis. (A) Visible spectra. (B) CD spectra. 
Spectra were recorded by using the same conditions given in Figure 
1 except that reduced visible spectra were recorded following addition 
of dithionite solution, while samples for CD were reduced by using 
MV". 
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FIGURE 3: Visible potentiometric redox titration of the NR FAD- 
containing fragment. FAD-containing proteolytic domain (1 2 pM 
FAD) in 50 mM MOPS and 0.1 mM EDTA, pH 7.0, in the presence 
of redox mediators (0.5 pM anthraquinone-2,7-disulfonate, 0.5 pM 
anthaquinone-2-sulfonate, and 1 pM benzylviologen) was poised at 
the indicated redox potentials by using methylviologen (20 mM MY+) 
as reductant. Flavin reduction was measured at 455 nm by using 515 
nm as a reference, and the data are fitted to the theoretical Nernst 
curve ( n  = 2, E,' = -286 mV). 

To obtain a preliminary estimate of the midpoint potential 
of the FAD center (FAD/FADH2), visible potentiometric 
titrations were performed by using the isolated flavin fragment. 
The results of a typical titration are shown in Figure 3. At 
pH 7, flavin reduction monitored at  450 nm corresponded to 
a single process with a midpoint potential of -286 mV (n = 
2), suggesting the formation of very little semiquinone species. 
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A 

- 10 
300 LOO 500 600 650 

WAVELENGTH i n m l  

FIGURE 4: Controlled potential and CD difference spectra obtained 
for NR. (A) CD spectra of NR (10 pM heme) were recorded at 
controlled potentials by using MV" reduction in the presence of dye 
mediators (10 pM). The spectra correspond to the potentials +115 
mV (-), -84 mV (---), -241 mV (---), and -341 mV (---). (B) 
CD difference spectra obtained for the reduced-oxidized forms of 
the three prosthetic groups: Mo-pterin (- .- -); heme (- - -); flavin 
(-). The difference spectrum for Mo-pterin is predominantly Mo(IV) 
- Mo(V1). The percentage of Mo present as Mo(V) at a potential 
of -84 mV, calculated from the room temperature midpoint potentials 
in Table I, would be between 9 and 15%. 

The wide separation of midpoint potentials for the three 
centers suggested it might be possible to poise N R  at successive 
intermediate redox potentials so that the Mo-pterin center, 
heme, and flavin prosthetic groups would be successively re- 
duced (Figure 4A), yielding the CD changes accompanying 
reduction of each individual chromophore. Optimum poten- 
tials were calculated by utilizing the midpoint potentials for 
the three centers given above such that each individual center 
would be maximally reduced while the remaining two were 
either maximally oxidized or maximally reduced according 
to the relation 

n1 (Em2 - Em1) 
nl + n2 

E = E,, - 

where the subscripts 1 and 2 denote the midpoint potentials 
and n values of each successive redox couple. At the inter- 
mediate potentials selected, the percentage of each center in 
the undesired redox state would be expected to be less than 
5%. 

To ensure efficient redox equilibration, a selection of dye 
mediators were added to samples of NR. Control titrations 
showed that while the mediators did not contribute to the CD 
spectrum at  the wavelengths used to examine N R  (Porras & 
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FIGURE 5: CD potentiometric titration of the Mo-pterin, heme, and 
flavin centers of NR at 25 ‘C. NR (20 pM heme) in 50 mM MOPS 
buffer, containing 0.1 mM EDTA, pH 7.0, was reduced or oxidized 
by additions of reduced methylviologen (20 mM) or K3Fe(CN)6 (20 
mM) in the presence of dye mediators. The degree of reduction of 
the Mc-pterin center was followed at 333 nm, the heme at (423-416 
nm), and FAD reduction at 460 nm: (0) 333 nm; (0) 423-416 nm; 
(0) 460 nm. Closed and open symbols represent oxidative and re- 
ductive titrations, respectively. 
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Palmer, 1982), they absorbed sufficient light to decrease the 
observed spectral S / N  ratio, precluding their use at  concen- 
trations above 10 FM each. Samples of N R  were poised by 
using reduced methylviologen as reductant to within 5 mV of 
the values given in the legend to Figure 4. During the 20 min 
required to record each spectrum, a slow oxidative drift of 
potential (typically <1 mV/min) made it necessary to occa- 
sionally repoise the sample and record the spectrum as over- 
lapping sections. Rescanning of the spectra indicated that this 
introduced minimal error, presumably because at these in- 
termediate potentials the degree of reduction of the centers 
is least sensitive to small perturbations in potential. 

Decreasing the redox potential from +125 to -84 mV, so 
that only the Mo-pterin center would be expected to become 
reduced, caused an increase in CD at 333 nm together with 
a broad decrease in CD in the wavelength range 400-600 nm 
(Figure 4A). Comparison of the CD difference spectrum for 
Mo-pterin and heme reduction (Soret region, Figure 4B) 
indicated that very little of these changes could be attributed 
to heme reduction. The CD changes for the Mo-pterin center 
of N R  reported here are similar to those reported for the 
isolated Mo-pterin-containing domain of sulfite oxidase fol- 
lowing reduction of the Mo center from Mo(V1) to Mo(1V) 
by sulfite (Garner et al., 1982). Decreasing the applied po- 
tential to -241 mV selectively reduced the heme (Figure 4A), 
causing the Soret and a negative CD bands to split into 
couplets with maxima at 413 and 557 nm and minima at 426 
and 566 nm, respectively. Similar results were obtained by 
sequential reduction of the Mo-pterin and heme components 
of the large domain (results not shown). Decreasing the po- 
tential to -341 mV resulted in the apparent complete reduction 
of all the centers, since lower potentials had no further effect 
on the observed spectrum and the FAD CD features at 375, 
460, and 487 nm were lost, as previously described for the 
reduction of the small domain. The similarity of the FAD 
environment in intact N R  and the small domain was further 
indicated by comparison of the small-domain CD (Figure 1 B) 
and the inverted difference spectrum for FAD reduction in 
intact N R  (Figure 4B). 

Potentiometric titrations of all three centers in both oxidative 
and reductive directions were performed by using the wave- 
lengths given in the legend to Figure 5. Using the wavelengths 
corresponding to the heme Soret transition couplet maximum 
and minimum, fully reversible redox behavior corresponding 
to a midpoint potential of -162 mV and n = 1 was observed, 
in good agreement with a previous determination using visible 
spectroscopy (Kay et al., 1986). The reduction of FAD to 

334 341 348 
MAGNETIC FIELD ( m i )  

FIGURE 6: Comparison of Mo(V) EPR spectra obtained at room 
temperature and 173 K. EPR spectra were recorded at room tem- 
perature (A) and low temperature (B) for sample of enzyme (12 and 
38 pM heme) poised at controlled potentials of +5 and -42 mV, 
respectively, in 50 mM MOPS buffer, containing 0.1 mM EDTA, 
pH 7.0. Spectra were recorded by using a microwave power of 5 mW 
and a modulation amplitude of 3.2 G. The field scale corresponds 
to a microwave frequency of 9.427 GHz. 

flavin hydroquinone (FADH-) was monitored by the disap- 
pearance of the negative CD bands of oxidized FAD at  460 
and 489 nm. In both reductive and oxidative titrations, FAD 
exhibited a midpoint potential of -272 mV and an n value of 
2 (Figure 5). In addition, the amplitude of the reoxidized FAD 
spectrum was often diminished following prolonged incubation 
of NR in the fully reduced state, suggesting partial dissociation 
of the reduced flavin from the enzyme. To examine the extent 
of FAD’- formation, samples of N R  were withdrawn anae- 
robically from the titration vessel, rapidly frozen in liquid 
nitrogen, and examined by EPR. Less than 1%3 of the FAD 
was present in the semiquinone form, suggesting that the 
flavosemiquinone is extremely thermodynamically unstable 
in partially reduced N R  in the absence of NAD(H). It has 
previously been shown that anionic flavosemiquinone is readily 
generated in N R  when NADH, but not methylviologen or 
dithionite, is used as the reductant (Solomonson & Barber, 
1984). 

The increase in CD at 333 nm that was indicative of changes 
in the redox state of the Mo-pterin center was potentiomet- 
rically titrated as shown in Figure 5. The resulting curve was 
too broad to be consistent with a single n = 2 process corre- 
sponding to the concerted interconversion of Mo(V1) and 
Mo(1V) but instead appeared biphasic, consisting of an initial 
wave, centered at positive potential and corresponding to the 
major portion of the overall signal change followed by a second 
wave of significantly lower amplitude centered at negative 
potential. Least-squares analysis, assuming two consecutive 
one-electron redox processes contributing unequally to the 
observed signal change, gave a best fit corresponding to E,,,,’ 
= +26 mV and E,,,; = -40 mV with the Em,’ couple con- 
tributing 80% of the overall signal change. This theoretical 
line is shown fitted to the data points in Figure 5. 

To confirm that the biphasic CD changes observed at 333 
nm were due to successive reduction steps corresponding to 
the conversion of Mo(V1) to Mo(V) and Mo(IV), we utilized 
room temperature EPR potentiometry to directly monitor the 
appearance and disappearance of Mo(V) during the titration. 

We have estimated the concentration of FAD’- as <1% by deter- 
mining the minimum signal amplitude that could be detected in low- 
temperature EPR potentiometric titrations using optimum spectrometer 
settings and maximum gain, using the flavoprotein xanthine oxidase as 
a reference standard at equivalent flavin concentration. 
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FIGURE 7: Behavior of the Mo(V) EPR signal during room tem- 
perature and low-temperature potentiometric EPR titrations. NR 
(12 and 38 pM heme) in 50 mM MOPS buffer, containing 0.1 mM 
EDTA, pH 7.0, was poised at controlled potentials in the presence 
of dye mediators ( 1  5 and 40 pM each mediator) by using either a 
modified EPR flat cell or standard titration vessel. In the former case, 
EPR spectra were recorded following attainment of equilibrium; for 
the latter case, samples were removed, frozen in liquid N2, and then 
subsequently analyzed by EPR spectroscopy. Data points were ob- 
tained for both room temperature (A) and low-temperature (0) 
titrations. Theoretical Nernst curves fitted to the data points cor- 
respond to the potentials for the Mo(VI)/Mo(V) and Mo(V)/Mo(IV) 
redox couples of +15 and -25 mV for the room temperature titration 
and -34 and -54 mV for the low-temperature titration, respectively. 
Closed and open symbols represent titration in the reductive and 
oxidative directions, respectively. 

Previous potentiometric titrations of N R  have involved poising 
the enzyme a t  controlled potentials a t  25 O C  followed by 
freezing to 77 K for subsequent EPR analysis. Representative 
Mo(V) spectra obtained during potentiometric titrations in 
50 m M  MOPS buffer (pH 7.0) involving either room tem- 
perature or low-temperature (1 73 K) EPR analysis are shown 
in Figure 6. At room temperature, the Mo(V) signal was 
significantly broadened and exhibited near-axial symmetry 
with no clearly defined superhyperfine structure. However, 
a t  low temperature, the Mo(V) species was considerably 
sharper and showed superhyperfine splitting due to the pres- 
ence of a single coupled proton. 

The behavior of both the room temperature and low-tem- 
perature EPR signals during potentiometric titrations is shown 
in Figure 7. At  room temperature and a t  potentials more 
positive than 120 mV, no Mo(V) signal was detectable. 
However, as the potential was decreased, the signal was ob- 
served to appear, reach a maximum amplitude a t  approxi- 
mately -5 mV, and then decrease in intensity as the potential 
was further decreased. Similar behavior was observed when 
titration was performed in an oxidizing mode. Comparison 
of the room temperature behavior with that obtained for frozen 
samples showed two significant differences. At room tem- 
perature, the integrated intensity of the maximum signal 
corresponded to approximately 0.52 spin/Mo, in contrast to 
an integrated intensity for the frozen samples of 0.46 spin/Mo. 
In addition, the potential for maximum signal formation was 
shifted approximately 40 mV more positive than that for the 
frozen samples. Best-fit values for the midpoint potentials for 
the Mo(VI)/Mo(V) and Mo(V)/Mo(IV) couples obtained 
with room temperature EPR were found to be +15 and -25 
mV, respectively, compared with the values of -34 and -54 
mV, respectively, obtained following EPR analysis of frozen 
samples. 

DISCUSSION 
The objective of this study was to characterize the C D  

spectral properties of the prosthetic groups of assimilatory 
nitrate reductase from Chlorella to facilitate measurement of 
the oxidation-reduction midpoint potentials of the flavin, heme, 

Table I: Comparison of Oxidation-Reduction Midpoint Potentials 
for Chlorella Nitrate Reductase” 

redox visible CD room low microcou- 
couple spec spec EPR EPRb lometryC 

Mo(VI)/Mo(V) +26 +15 -34 +16 
Mo(V)/Mo(IV) -40 -25 -54 -27 
Mo(VI)/Mo(IV) -7 -5 -44 -6 
heme,x/rd -164d -162 -1 72 
FAD/ FAD‘- -372 
FAD’-/FADH2 -172 
FAD/FADHI -286‘ -272 -283 
“All titrations were performed in 50 mM MOPS and 0.1 mM 

EDTA buffer (pH 7.0) in the presence of dye mediators. Microcou- 
lometry, visible, CD, and room temperature EPR titrations were per- 
formed at 25 O C .  For low-temperature EPR titrations, samples were 
poised at the desired potential at 25 O C  and then frozen in ,liquid N2 
for EPR analysis. bData from Solomonson et al. (1984). cData from 
Spence et al. (1987). dData from Kay et al. (1986). CProteolytic 
small domain. 

and Mo-pterin centers a t  room temperature. The strong 
absorbance of the heme group has previously precluded study 
of FAD and Mo-pterin in intact NR by visible spectroscopy. 
While valuable information concerning the nature of the flavin 
semiquinone and Mo(V) species of NR has been gained by 
using low-temperature EPR spectroscopy, midpoint potentials 
measured a t  cryogenic temperatures may differ significantly 
from those determined at room temperature (Porras & Palmer, 
1982) since midpoint potentials are inherently temperature 
dependent. 

In the present study limited proteolysis of NR into FAD- 
and heme/Mo-containing fragments and selective reduction 
of the prosthetic groups have allowed features of the C D  
spectrum to be assigned to each redox center. The isoall- 
oxazine ring of free FAD is planar in the oxidized state (Dixon 
et al., 1979) and Fe protoporphyrin IX is inherently symme- 
trical (C,, or &), preventing significant optical rotation by 
either chromophore a t  visible wavelengths when separated from 
the apoprotein (Schellman, 1969). The C D  spectra are in- 
duced by the protein environment, which causes asymmetry 
in the environment of the chromophore, and the spectrum is 
also sensitive to the redox state of the center. 

The FAD-containing small domain of NR includes the 
NADH-binding site and catalyzes NADH-linked ferricyanide 
reduction (Solomonson et al., 1986). Proteolytic cleavage of 
N R  into FAD- and heme/Mo-containing domains did not 
appreciably alter the flavin CD, suggesting that the protein 
environment of FAD was unchanged. This view was supported 
by the similarity of the flavin midpoint potentials for intact 
N R  and the FAD-containing proteolyzed domain (-272 and 
-286 mV, respectively, Table I) .  Also, the C D  spectrum of 
intact NR was close to the sum of those of the large and small 
domains combined, indicating little perturbation of the en- 
vironment of the heme or Mo-pterin centers by proteolysis. 
This is consistent with the observation that the heme midpoint 
potential was unaltered by limited proteolysis (Kay et al., 
1986). 

At least three optically active visible transitions occur in 
flavoproteins, centered roughly at 450, 375, and 310 nm (Song, 
1969). The transition centered at 460 nm is a T-T* transition 
(Weber, 1966; Edmondson & Tollin, 1971) that is partially 
resolved into three vibronic bands in many flavoproteins 
(Penzer & Radda, 1966). Increased resolution of these bands 
and a blue shift in peak wavelengths have been reported for 
flavin derivatives upon transfer from aqueous to nonpolar 
solvents (Harbury et al., 1959; Kotaki et al., 1967). The degree 
of resolution of C D  bands observed in the present study and 
the comparatively pronounced band at 487 nm in the visible 
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spectrum suggest a hydrophobic rather than hydrophilic en- 
vironment for this chromophore. The band at 375 nm is also 
a ir-ir* transition, with some n-ir* character consistent with 
the large solvent-induced shifts reported (Eweg et al., 1980). 
The transition typically shows little resolution into vibronic 
components, as in this work. A transition at 31 1 nm is ob- 
served in some flavoproteins, but not others (Edmonson & 
Tollin, 1971; Scola-Nagelschneider et al., 1972), and has been 
suggested to be either a weak flavin transition not readily 
resolved by visible spectroscopy (Song, 1969) or alternatively 
a tryptophan residue that may interact with the flavin (An- 
anthanarayanan & Bigelow, 1969). 

The loss of optical activity of FAD in both N R  and the small 
domain upon reduction may be relevant to the redox properties 
of this center. In solution, oxidized isoalloxazine is planar but 
assumes the “butterfly” conformation when reduced, with 
approximately a 15’ bend along the N5-Nlo axis (Fox et al., 
1967; Dixon et al., 1979). Theoretical calculations suggest 
a barrier for the flattening of reduced flavin of some 10-17 
kJ/mol (Dixon et al., 1979). Enforced flattening of the re- 
duced form, by protein-FAD interaction, may enhance the 
reducing power of the flavin for one- and two-electron transfer 
(Tauscher et al., 1973). Distortion of reduced isoalloxazine 
could account for enhanced rates of reduced flavin dissociation 
from several flavoproteins (Dixon et al., 1979). Flavin dis- 
sociation, detected as a reduction in the amplitude of the FAD 
CD spectrum, was apparent following prolonged incubation 
of N R  in the reduced state. In the present study the midpoint 
potential for reduction of FAD (n = 2) was determined to be 
-272 mV. This is approximately 50 mV more negative than 
unbound FAD (Em’ = -220 mV). This difference indicates 
that oxidized FAD is bound to N R  apoprotein more tightly 
than the fully reduced hydroquinone by approximately 10 
kJ/mol. Less than 1% of the FAD anionic semiquinone 
(Solomonson et al., 1984) could be detected by EPR analysis 
during potentiometric titration, suggesting that the two one- 
electron midpoint potentials for FAD reduction are widely 
separated and reversed, such that &’(FAD/ FAD’-) is lower 
than &’(FAD’-/FADH-) by at least 200 mV. Interestingly, 
N R  from Chlorella has been reported to follow a rapid- 
equilibrium random-order sequential kinetic mechanism 
(Howard & Solomonson, 1981). This mechanism implies that 
neither product (NAD+ or nitrite) is released before nitrite 
formation has occurred. It is therefore feasible that fully 
reduced flavin and a vacant NAD(H) binding site never occur 
simultaneously, precluding enhanced flavin dissociation. 

The visible and CD spectra of the Mo-pterin prosthetic 
group has been reported for the related molybdoenzyme sulfite 
oxidase, following limited proteolysis of native enzyme into 
separate heme and Mo-pterin-containing peptides (Johnson 
& Rajagopalan, 1977; Garner et al., 1982). In the oxidized 
state, weak visible absorbance bands were observed at ap- 
proximately 360 and 480 nm, which were lost following re- 
duction by sulfite (Johnson & Rajagopalan, 1977). The sim- 
ilarity of the spectrum to those of Fe-S proteins led Johnson 
and Rajagopalan (1977) to suggest that the absorbance bands 
were mainly due to coordination of Mo with sulfur-containing 
ligands. Evidence for two to three sulfur ligands of Mo has 
been obtained by EXAFS for both sulfite oxidase (Cramer 
et al., 1981) and N R  from Chlorella (Cramer et al., 1984). 
Fragmentation and isolation of a Mo-pterin-containing peptide 
of N R  that is free of heme has not yet been reported. The 
visible spectrum of the Mo-pterin is therefore unknown; 
however, the Mo-pterin contributions to the CD spectra for 
the two enzymes appear similar. Selective reduction of N R  

K A Y  E T  A L .  

molybdenum was accompanied by a broad decrease in CD in 
the wavelength range 410-650 nm and a pronounced increase 
in CD at 333 nm (Figure 3). Reduction of the Mo-pterin 
domain of sulfite oxidase by sulfite or dithionite also caused 
a broad decrease in CD between 430 and 600 nm, and an 
increase in CD in the wavelength range 340-420 nm occurred 
upon reduction to Mo(V) by sulfite (Garner et al., 1982). 

Further indications that the optical activity at 333 nm may 
be due to asymmetry of Mo-S coordination rather than from 
optical activity of the ligands themselves come from an EX- 
AFS study showing low symmetry of the Mo-pterin center 
(Cramer et al., 1984) and from model Mo complexes, e.g., 
MOO,[ (R)-cysOMeI2, which has both a visible absorbance 
band at 350 nm and a shoulder in the CD spectrum at 330 
nm (Garner et al., 1982). 

This work provides the first complete determination of the 
oxidation-reduction midpoint potentials for all the redox 
couples of N R  at room temperature. A comparison of all the 
values obtained for Chlorella N R  by using optical and EPR 
potentiometry and microcoulometry (Spence et al., 1987) is 
given in Table I. These results provide the first example of 
the use of CD potentiometry to determine the midpoint po- 
tentials of the Mo-pterin center in a Mo-containing hy- 
droxylase enzyme (Bray, 1980). Comparison of the CD and 
room temperature EPR results shows that both methods yield 
equivalent midpoint potentials, within experimental error, and 
confirm our assignments of the two waves in the CD titrations 
as being due to the successive formation of Mo(V) and Mo- 
(IV). In addition, the values obtained for the Mo couples are 
in good agreement with the results obtained by microcoulo- 
metry. In contrast, the values obtained from the CD and room 
temperature EPR titrations for the Mo(VI)/Mo(V) and 
Mo(V)/Mo(IV) couples are significantly different from the 
values obtained for the previously published potentiometric 
titrations involving low-temperature EPR analysis. For both 
couples, the values obtained by using low-temperature EPR 
were more negative, by approximately 30-50 mV. These shifts 
in potential can be due to the effects of temperature on redox 
potentials, changes in the pH of the medium between 25 OC 
and the frozen state, or a combination of both. While the 
previous low-temperature EPR titrations were performed in 
zwitterionic buffers, which have been shown to minimize pH 
changes upon freezing (Williams-Smith et al., 1977), results 
for xanthine oxidase have shown that Mo potentials are pH 
dependent, and thus small shifts in pH would be expected to 
perturb the observed redox potentials. However, the pH shifts 
in MOPS buffer are generally in the direction of lower values 
(ApH/OC = -0.01 l) ,  which would tend to shift Mo potentials 
to higher values upon freezing. Similarly, lower temperatures 
usually result in the shift of midpoint potentials to higher 
values. Comparison of the midpoint potentials obtained at low 
and room temperature for N R  indicates that EPR analysis 
of frozen samples yields lower potentials than room temper- 
ature measurements. A similar conclusion has been obtained 
from redox studies of the Mo center in xanthine oxidase 
(Porras & Palmer, 1982). 

The midpoint potentials obtained for the flavin center show 
this to be the most negative group in the enzyme, however, 
with a potential still more positive than that of the NAD+/ 
NADH couple, the physiological donor. In addition, the flavin 
center is more negative than the cytochrome. Thus, reducing 
equivalents are able to be effectively transferred from NADH 
to flavin, from reduced flavin to heme, and from reduced heme 
to Mo with final transfer to nitrate. Our results suggest that 
FAD acts as an obligatory two-electron acceptor, which then 
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presumably transfers reducing equivalents sequentially to heme 
for reduction of Mo(V1) to Mo(1V). Thus, these results in- 
dicate that electron transfer between prosthetic groups during 
enzyme turnover is thermodynamically highly favorable. 
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