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Magnetization of the Sulfite and Nitrite Complexes of Oxidized Sulfite and Nitrite 
Reductases: EPR Silent Spin S = 1 / 2  Statest 
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ABSTRACT: The saturation magnetizations of the sulfite complex of oxidized sulfite reductase and the nitrite 
complex of oxidized nitrite reductase have been measured to determine their spin state. Each shows the 
saturation magnetization signal of a spin S = l/z state with Cg' = 16, which is typical of low-spin ferrihemes. 
However, the EPR spectra of these complexes lack the expected signal intensity of a spin S = state. 
Indeed, one of these complexes is EPR silent. The  reasons for this unexpectedly low EPR signal intensity 
are  considered. 

s u l f i t e  reductase (SiR)' and nitrite reductase (NiR) are 
water-soluble enzymes. Each is capable of catalyzing either 
the six-electron reductions of sulfite to sulfide and nitrite to 
ammonia or the two-electron reduction of hydroxylamine to 
ammonia. The holoprotein of NADPH-sulfite reductase of 
Escherichia coli (EC 1.8.1.2; hydrogen su1fide:NADP' oxi- 
doreductase) is a large ( M ,  685 000) oligomeric hemoflavo- 
protein (a8&) (Siegel & Davis, 1974). The p subunit ( M ,  
54 600), denoted the sulfite reductase heme protein (SiR-HP), 
is catalytically active when reduced methylviologen (MV') 
is used as the reductant (Siegel et al., 1982). Spinach NiR 
(EC 1.7.7.1 ; amm0nia:ferredoxin oxidoreductase) is very 
similar to SiR-HP, both in size ( M ,  61 000) and in the com- 
position of its active site (Lancaster et al., 1979). 

The active site of SiR-HP consists of a siroheme (Murphy 
et al., 1974) antiferromagnetically exchange coupled (Christner 
et al., 1981) to a [4Fe-4S] cluster (Siegel, 1978). Antifer- 

romagnetic exchange coupling is good evidence for a bridging 
ligand, provided the coupling is sufficiently strong (-2J > 10 
cm-'). ENDOR spectroscopy (Cline et al., 1985) argues 
against a nitrogenous base, such as a histidine imidazole group, 
as the bridging ligand between the heme and the [4Fe-4S] 
cluster. X-ray crystallographic studies (McRee et al., 1986) 
indicate that the bridge could be either a sulfur or an oxygen 
atom of an unidentified amino acid side chain. 

Mossbauer studies of 57Fe-enriched SiR-HP have established 
that the exchange coupling between the siroheme and the 
[4Fe-4S] cluster is maintained in each of three redox states 
and upon ligation with CN-, CO, NO, or S2- (Christner et al., 
1983a,b, 1984). These results, and the observations that the 
siroheme is five-coordinate (Cline et al., 1985) and near the 
surface of SiR-HP with the unoccupied sixth position exposed 
to solvent (McRee et al., 1986), lead to the idea that exogenous 
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ligands bind to the vacant sixth coordination position of the 
siroheme without disrupting the bridge. 

Detailed information is not available for NiR primarily 
because it is difficult to enrich spinach in "Fe for Mossbauer 
study. However, we may infer that the ligand-binding prop- 
erties of the SiR-HP and NiR are analogous, due to the sim- 
ilarity of the EPR and optical spectra of their ligand adducts 
(Wilkerson et al., 1983). 

The complexes of SiR-HP and NiR with their physiological 
substrates sulfite and nitrite are of particular interest in un- 
derstanding the catalytic mechanism(s) of the native enzymes. 
The sulfite complex of oxidized SiR-HP (and the sulfite 
complex of NiR that will not be covered here) is also inter- 
esting because it is rare that sulfite binds to an oxidized heme 
protein (Young & Siegel, 1988). 

Formation of the sulfite complex of oxidized SiR-HP 
(SiR-Hp-SOt-)2 by addition of sulfite to the oxidized enzyme 
causes the optical absorption spectrum to undergo changes 
indicative of a transition from high-spin ferric (S = 5/2) to 
low-spin ferric (S = siroheme (Janick et al., 1983). 
Surprisingly, the EPR spectrum of the sulfite adduct shows 
little evidence of the spin S = I / ,  state (Siegel et al., 1982; 
Young & Siegel, 1988). The shift in the optical spectrum of 
NiR upon formation of the nitrite complex of oxidized NiR 
(NiR0.NO2-) is similar to the shift in the optical spectrum of 
SiR-HP induced by the formation of S~R-HPOSSO~~-.  This 
species (NiRo.N02-), too, is EPR silent (Vega & Kamin, 
1977). 

We have studied the saturation magnetizations of the sulfite 
and nitrite complexes of SiR-HP and NiR to determine the 
spin state of these adducts. In each case the spin is S = I / , ,  

and the form of the saturation magnetization curve indicates 
that Cg' = 16 with 3.5 > g, > 2.7. This is typical of low-spin 
ferriheme complexes (Salerno & Leigh, 1984). However, the 
typical low-spin ferriheme has an EPR signal intensity cor- 
responding to one spin per molecule. 

The nitrite complex of S i R - H p  and the sulfite complex of 
NiRo (not specifically considered here) are also EPR silent. 
The lack of an EPR signal for each of these spin S = I / ,  states 
of the sulfite and nitrite complexes of these siroheme metal- 
loproteins is difficult to understand. Several possible expla- 
nations for the missing EPR signal intensity will be examined 
and rejected under Discussion on the basis of combined 
magnetization and Mossbauer evidence. The most probable 
remaining explanation for the EPR silence of these complexes 
is extreme heterogeneity in g values ("g strain"), resulting in 
an EPR signal broadened beyond detection. This remains to 
be proven through simulation of the "base-line" EPR signal3 

MATERIALS AND METHODS 
Buffers and Reagents. The standard buffer was 0.1 M 

potassium phosphate plus 0.1 mM Na-EDTA at pH 7.7. This 
buffer was routinely deuteriated (to remove protons) and 
degassed (to remove oxygen) as described below. Analytical 
grade reagents were used throughout without further purifi- 
cation. 

Enzymes. NADPH-sulfite reductase holoenzyme and its 
heme protein subunit were isolated from E.  coli B12 with 
minor modifications4 of the procedure of Siegel and Davis 

The oxidation states of SIR-HP and NiR and their complexes are 
identified by the superscripts 0, 1-, and 2-, which refer to the oxidized, 
1-electron-, and 2-electron-reduced states, respectively (Christner et a]., 
1983b). 

This is being studied by W. R. Dunham, L. J. Young, L. M. Siegel, 
J. Peterson, J. J. Bonvoisin, and E. P. Day. 

L. J. Young, and L. M. Siegel, manuscript in preparation. 
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(1974). The bacteria were grown on minimal media (Grain 
Processing Corp., Muscatine, IA) and stored as 2.5-kg cakes 
at 77 K until used. Following isolation, the heme protein was 
concentrated to 100 pM in heme and kept at -20 OC in 
standard buffer. SiR-HP concentrations were determined by 
using = 1.8 X lo4 M-' cm-' (Siegel et al., 1982). The 
nitrite reductase from Spinacia oleracea was prepared by using 
fresh spinach leaves according to the procedure of Vega and 
co-workers (Lancaster et al., 1982). This procedure was 
modified slightly by substituting a phenyl-Sepharose column 
for the DEAE-Sephadex column. NiR concentrations were 
determined by using e386 = 7.6 X lo4 M-' cm-I (Lancaster et 
al., 1979). 

Removal of Spin I = ' I2  Nuclei. Samples were deuteriated 
to eliminate magnetization noise resulting from the slow re- 
laxation of the spin I = ' I 2  nuclear paramagnetism of the 
protons (Day et al., 1987). Deuteriation was accomplished 
by dilution with standard buffer prepared with 99.8% D 2 0  
followed by concentration using an Amicon unit. Controls 
were drawn from the filtrate of the final concentration step 
following deuteriation. Quartz sample holders were used to 
avoid the spin I = '1, nuclei common to plastics (e.g., protons 
in delrin or fluorine in Teflon). 

Enzyme Complexes. The sulfite complex of SiR-HP was 
prepared by reaction of a deuteriated sample of resting enzyme 
in standard buffer with 40 mM NaHS03 for 48 h. The nitrite 
complex of NiR was formed by reaction of a deuteriated 
sample of resting enzyme in standard buffer with 1 mM 
NaNO, for 1.5 h. 

Removal of Oxygen. Anaerobic samples were prepared by 
using standard freeze-pump-thaw techniques employing a 
rotary pump and highly purified argon (Alphagas UHP argon 
specified at 99.999% purity). 

Magnetization Data. Magnetizations of each sample and 
its control at  fixed fields (5, 2.5, 1.25, and 0.625 T) were 
collected over the temperature range 1.8-200 K by using a 
SQUID susceptometer (Quantum Design, San Diego, CA). 
Matched volumes (0.15 mL) of sample and control in separate, 
matched (by weight), acid-etched, open quartz holders were 
used. The Curie region of the difference data at  each field 
was used to find the intercept, which was then set to zero. This 
removes any mismatch between the sample and its control in 
their diamagnetism, temperature independent paramagnetism, 
or ferromagnetic impurities. 

The square of the magnetic moment in Bohr magnetons 
(ne,') was calculated from the observed slope of the Curie 
region (m' in nJ/T per sample), the sample volume ( V  in 
milliliters per sample), and the optically determined concen- 
tration (c in micromolar) by the equation 

neff2 = 0.537m'/cV 

Theoretical magnetization curves were calculated as described 
previously (Day et al., 1987). 

The magnetization data, presented in Figures 1, 4, and 5 ,  
have not been normalized on a per mole basis. Instead, the 
results are presented in SI units as nJ/T per sample (ordinate) 
versus the dimensionless quantity @H/kT (abscissa). Theo- 
retical curves have been scaled by using the measured amount 
of protein (cV in nanomoles per sample). This presentation 
separates the uncertainty in the magnetization measurement 
(seen in the scatter of the data) from the uncertainty in the 
protein concentration measurement used to scale the theoretical 
curves. For clarity, between 20% and 80% of the data points 
taken at individual fields have been omitted from these figures. 
This editing has been done without changing the apparent 
scatter in the data. 
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FIGURE 1 :  Magnetization of the sulfite complex of oxidized E .  coli 
sulfite reductase at three fixed fields: (0) 2.5 T; (A) 1.25 T; (A) 0.625 
T. The protein concentration was 0.21 1 mM. The theoretical curves 
were found by summing contributions of 97.6% spin S = and 2.4% 
spin S = * / 2  with the sum scaled to 32 nmol of spin. Both theoretical 
curves assume Cg' = 16 for the spin S = state. The solid curve 
assumes (1.7,2.3, 2.8) for the g values of the spin S = state, while 
the dashed curve assumes (0, 0, 4) for these g values. (Inset) 
High-temperature difference data for the sulfite complex of oxidized 
sulfite reductase. The results of the least-squares fits to the Curie 
regions are tabulated below: 

points slope intercept 
field included (pJ K/T2 per (kJ/T2 per 
(T) (from left) sample) sample) 

0 2.500 3-32 0.184 (3) -0.0802 (3) 
A 1.250 1-25 0.192 (2) -0.0796 ( 3 )  
A 0.625 3-4 1 0.187 (2) -0.0800 (3) 

All of the magnetization difference data at high tempera- 
tures are shown in the insets of Figures 1, 4, and 5. These 
data are plotted as sample susceptibility in SI units against 
inverse temperature. For clarity, the data at lower fields have 
been'offset successively by an additional + 10 nJ/T2 per sample 
each. The solid lines are least-squares fits to the linear region 
of the data at each field. The results of these fits are tabulated 
in each figure legend. The points omitted from the fits were 
affected either by ferromagnetic impurities in the quartz 
holders (at high temperatures) or by saturation (at low tem- 
peratures). 

Spectroscopy. EPR spectra were taken with a Bruker ER 
200D spectrometer a t  a modulation frequency of 100 KHz, 
modulation amplitude of 1 mT, and an operating frequency 
of 9.47-9.48 GHz. Sample temperature was controlled with 
an Air Products Heli-Tran refrigeration unit. The base-line 
signal found by running the appropriate buffer has been 
subtracted from each EPR spectrum presented in Figures 2 
and 6. Optical spectra were recorded on either an Aminco 
DW-2 UV-vis spectrophotometer or a Perkin-Elmer Lambda 
9 UV-vis-Nir spectrometer. 

RESULTS 
The saturation magnetization of the sulfite complex of ox- 

idized SiR-HP is presented in Figure 1. Magnetization data 
were collected at each of three fixed fields (2.5, 1.25, and 0.625 
T). The fact that the data at three different fixed fields 
(isofields) lie on top of one another indicates the sample is 
predominantly spin S = Magnetization data of metal- 

100 200 300 400 

MAGNETIC FIELD (mT) 

FIGURE 2: (A) EPR spectrum of oxidized E. coli sulfite reductase 
sample before addition of sulfite. The protein concentration was 0.242 
mM. Sample temperature was 10 K (nominal). Spectrometer power 
was 20 mW, and receiver gain was 1.25 X lo4. (B) EPR spectrum 
for the sulfite complex of oxidized E. coli sulfite reductase whose 
magnetization is shown in Figure 1 .  The protein concentration was 
0.21 1 mM. Sample temperature was 10 K (nominal). Spectrometer 
power was 20 mW, and receiver gain was 5 .5  X lo4. 

loprotein samples in higher spin states will show a nested set 
of isofield curves due to zero-field splitting (Day et al., 1987) 
as is observed for oxidized SiR-HP (Figure 4). A diamagnetic 
sample (spin S = 0) will of course yield a horizontal line at 
all fields. 

The data in Figure 1 were collected on a sample containing 
only 32 nmol of protein (a volume of 0.15 mL at a concen- 
tration of 0.211 mM). This is 20 times less than that used 
previously (0.105 mL at 6.55 mM) in a study of a spin S = 
1 / 2  state of a metalloprotein (Peterson et al., 1980). High- 
quality data on low-concentration metalloprotein samples can 
now be acquired because a major noise source (spin I = 1 / 2  

protons) has been eliminated through deuteriation of the buffer 
(Day et al., 1987). 

The EPR spectrum of oxidized SiR-HP is shown in Figure 
2A, and that of the magnetization sample of the sulfite com- 
plex of oxidized SiR-HP is shown in Figure 2B. Integration 
of the spin S = signal of the oxidized protein in Figure 2B 
indicates that approximately 2% of the sulfite complex sample 
was in the uncomplexed state. The small, broad spin S = 1 / 2  

signal in Figure 2B that peaks at g, = 2.7 is difficult to 
quantitate without knowning g, and gv (Aasa & Vanngard, 
1975). If we assume values typical of low-spin ferrihemes with 
Cg' = 16 (Salerno & Leigh, 1984, and references cited 
therein), the integrated intensity of this signal is 0.08(2) 
electrons (De Vries & Albracht, 1979). The EPR spectrum 
of Figure 2B also contains a very weak signal at g = 4.3, 
indicative of spin S = impurity. 

Most samples of the sulfite complex of oxidized SiR-HP 
have shown no signal in the vicinity of g, = 2.7 nor any other 
attributable to a spin S = state. The weak signal at g = 
2.7 in Figure 2B is typical of samples prepared recently by 
using slightly modified isolation  procedure^.^ 

The Mossbauer spectrum of the sulfite complex of oxidized 
sulfite reductase at 4.2 K in a parallel field of 60 mT is shown 
in Figure 3.s The quadrupole doublet of the diamagnetic 

This Mossbauer spectrum was collected by J. Christner and E. 
Miinck on a sample prepared by P. Janick and L. Siegel. It appears in 
the Ph.D. thesis of J. Christner (Christner, 1983) and is presented here 
with her permission. 
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FIGURE 3: Mossbauer spectrum of an 57Fe-enriched sample of the 
sulfite complex of oxidized E. coli sulfite reductase taken at  4.2 K 
in 60" parallel field.s The quadrupole doublet indicated by the 
solid lines was calculated by assuming a quadrupole splitting of 0.97 
mm/s, isomeric shift of 0.43 mm/s, and line width of 0.36 mm/s. 
This doublet has been scaled to 80% of the observed area of the 
absorption signal. 

[4Fe-4SI2+ cluster corresponds to 80% of the absorption area. 
This is shown by the solid line that was calculated by assuming 
a quadrupole splitting of 0.97 mm/s, an isomeric shift of 0.43 
mm/s, and a line width of 0.36 "1s. The remaining 20% 
of the absorption intensity appearing as a pair of broad 
shoulders between -4.7 and +5.6 mm/s is due to the siroheme 
iron and is indicative of a paramagnetic, half-odd-integer 
(Kramers) state. 

The square of the magnetic moment of S~R-HPOSSO~~-  
determined from the slope of the Curie region of the 
magnetization data of Figure 1 (inset) and the optically 
measured protein concentration is neffz = 4.74. The fit to the 
Curie region of the data in Figure 1 was found by apportioning 
this observed moment between the spin S = 'I2 state (n,ff2 = 
4) and the spin S = state (new* = 35). (The choice of neffz 
= 4 for the spin S = 1/2 moment is based on the assumption 
that = 16.) The solid and dashed lines are each sums 
of 97.6% spin S = 'I2 and 2.4% spin S = 5 / 2 .  The differences 
between the solid and dashed lines are explained in the legend 
of Figure 1 and later in the text. The amount of spin S = 5 / 2  

found from the fit to the saturation magnetization data (2.4%) 
is consistent with that indicated by the EPR spectrum of 
Figure 2B arising from uncomplexed protein (2%) and im- 
purity iron (<1%). 

Combined, the magnetization data of Figure 1 and the 
Mossbauer spectrum of Figure 3 determine that the sample 
is essentially (97.6%) spin S = ll2. Any alternative inter- 
pretation of the magnetization data of Figure 1 would require 
that a substantial fraction of the siroheme iron be diamagnetic 
since the observed neff of 4.74 is less than the moment from 
any sign higher than spin S = ll2. (For example, for spin S 
= 1, neffz = 8.) However, since only 80% of the absorption 
area of the low-temperature Mossbauer spectrum of Figure 
3 is in the form of quadrupole doublets, integer spin for the 
siroheme iron (including spin S = 0) is ruled out. 

The interpretation that the sample is predominantly (97.6%) 
spin S = is strongly supported by the superposition of the 
magnetization isofield curves in Figure 1, justified by the close 
match between the theory (solid line) and the magnetization 
data of Figure 1 ,  required by the magnetic Mossbauer spec- 
trum of the siroheme iron in Figure 3, and consistent with the 
optical changes indicating a transition from spin S = 5 / 2  to 
spin S = upon formation of the sulfite complex (Janick 
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FIGURE 4: Magnetization of oxidized E.  coli sulfite reductase at three 
fmed fields. (0) 5 T; (0) 2.5 T (A) 1.25 T. The protein concentration 
was 0.248 mM. The three solid lines through the data are magne- 
tization curves calculated from the spin Hamiltonian given in the text 
for spin S = s /2  with D = 8 cm-I and E / D  = 0.029. The theoretical 
curves have been scaled to correspond to 37 nmol of spin. (Inset) 
High-temperature difference data for oxidized sulfite reductase. The 
results of the least-squares fits to the Curie regions are tabulated below: 

points slope intercept 
field included (pJ K/T2 per (pJ/T2 per 
(T) (from left) sample) sample) 

0 5.000 1-5 1.48 (1) +O.OOOO (3) 
0 2.500 1-5 1.57 (3) +0.0008 (5) 
A 1.250 1-8 1.61 (1) -0.0003 (2) 

et al., 1983). Given this overwhelming evidence for the spin 
S = 1/2 state of the sample, it is striking that the EPR spec- 
trum of Figure 2B lacks an appreciable EPR signal attrib- 
utable to this spin S = state. 

For completeness and as a check on the new magnetization 
techniques being used here (Day et al., 1987), we have mea- 
sured the saturation magnetization of oxidized SiR-HP (Figure 
4). Previous EPR (Siege1 et al., 1973) and Mossbauer studies 
(Christner et al., 1981) have established that oxidized siroheme 
is spin S = 5 / 2  with D = 8 f 1 cm-' and E / D  = 0.029 and 
that the [4Fe-4S] cluster is in the diamagnetic (S = 0) oxidized 
state but is exchange coupled to the siroheme. The solid lines 
of Figure 4 are theoretical curves calculated from the spin S 
= Hamiltonian 

H = D([S,* - 3712] + ( E / D ) ( S ?  - S,")) + go@H 

with go = 2 and the stated zero-field parameters for oxidized 
SiR-HP. The protein concentration [0.252 (8) mM] found 
by optimizing the fit of the theory to the data was within the 
uncertainties of that measured optically [0.248 (5) mM]. 

It is clear from the quality of the fit of the theory to the 
data in Figure 4 that saturation magnetization data give results 
consistent with EPR and Mossbauer spectra and can be used 
to measure the spin and zero-field splitting of unknown me- 
talloprotein states. 

The inset of Figure 4 contains all of the high-temperature, 
Curie region magnetization data plotted on an expanded scale 
as susceptibility (x = M / H )  versus inverse temperature. These 
data are linear up to 200 K (the highest temperature mea- 
sured), indicating that any excited states populated at this 
temperature have the same spin as the ground states for both 
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FIGURE 5: Magnetization of the nitrite complex of oxidized spinach 
nitrite reductase at three fixed fields: (0) 5 T; (0) 2.5 T; (A) 1.25 
T. The protein concentration was 0.293 mM. The theoretical curves 
are as described in the legend of Figure 1 except there is now 97% 
spin S = ’/* and 3% spin S = 5 / 2  with the sum scaled to 44 nmol 
of spin. (Inset) High-temperature difference data for the nitrite 
complex of oxidized nitrite reductase. The results of the least-squares 
fits to the Curie regions are tabulated below: 

points slope intercept 
field included (pJ K/T2 per (pJ/T2 per 
(T) (from left) sample) sample) 

0 5.000 6-12 0.256 (3) -0.0165 (2) 
0 2.500 2-16 0.266 (4) -0.0133 (5) 
A 1.250 4-28 0.286 (4) -0.0163 ( 6 )  

the spin S = siroheme and the spin S = 0 [4Fe-4S] cluster. 
This sets a lower limit6 on the exchange coupling within the 
[4Fe-4S] cluster of -2J > 290 cm-’. 

The saturation magnetization of the nitrite complex of ox- 
idized NiR is given in Figure 5 .  A similar procedure to that 
used in fitting the Curie region of Figure 1 (for the magne- 
tization of the sulfite complex of sulfite reductase) has been 
used to determine that this sample is 97% spin S = and 
3% spin = 

The EPR spectrum of this sample of the nitrite complex of 
oxidized NiR is given in Figure 6B. Figure 6A is the EPR 
spectrum of oxidized NiR before the nitrite is added to form 
the complex. The EPR spectrum of Figure 6A was run at 
approximately half the concentration and twice the gain as 
Figure 6B. Each spectrum contains approximately 13% spin 
S = with g values (“1.81”, 2.33, 2.70).7 This low-spin 
species is often present in the isolated oxidized protein and does 
not form a nitrite complex. There is no other spin S = ‘I2 
species in the EPR spectrum of the nitrite complex of NiR 
shown in Figure 6B. Integration of the spin S = species 
gives approximately 0.5% for the high-spin oxidized signal and 
4% for the impurity iron signal a t  g = 4.3. 

The spectrum of states in the spin manifold of a [4Fe-4SIZ+ cluster 
is not known. If we assume that the electrons in the two delocalized pairs 
are strongly delocalized (Aizman & Case, 1982), then the spin manifold 
is well-defined with the integer spin states ( S  = 0, 1, 2, ..., 9) ordered 
in increasing energy. The first excited state is then -25 above the ground 
state. With this assumption, the Curie behavior to 200 K sets a lower 
limit of 290 cm-’ on the antiferromagnetic exchange coupling (-2J). ’ The g, value in  quotation marks was not observed in the EPR 
spectrum. It was calculated from the observed values and the assumption 
that 12 = 16. 
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FIGURE 6: (A) EPR spectrum of oxidized spinach nitrite reductase. 
Protein concentration was 0.0558 mM. Sample temperature was 16 
K. Spectrometer power was 2 mW, and receiver gain was 5 X lo5. 
(B) EPR spectrum of the nitrite complex of oxidized spinach nitrite 
reductase whose magnetization is shown in Figure 5 .  Protein con- 
centration was 0.118 mM. Sample temperature was 16 K. Spec- 
trometer power was 2 mW, and receiver gain was 2.5 X lo5. 

The magnetization (3%) and EPR (4.5%) results are con- 
sistent in indicating a spin S = contribution of approxi- 
mately 3% for this sample of the nitrite complex of oxidized 
NiR. The EPR spectrum indicates another 13% of the protein 
is in the low-spin uncomplexed state. The dramatic difference 
in the two results is that the magnetization data of Figure 5 
indicate that the nitrite complex itself (the remaining 84% of 
the signal) is spin S = while the EPR spectrum shows no 
signal for this spin S = state. 

DISCUSSION 
When the EPR signal of an expected spin S = ‘I2 state is 

not detected, this is usually evidence for a neighboring spin. 
The neighbor can either broaden the expected spin S = 
EPR signal beyond detection by relaxation effects or it can 
effectively remove the spin S = state through exchange 
coupling to form a different system spin. Both of these pos- 
sibilities can be ruled out as explanations for the EPR silence 
of the sulfite complex of oxidized SiR-HP. 
On the one hand, relaxation broadening by a neighboring 

spin is excluded (1) by the low-temperature Mossbauer 
spectrum of the siroheme iron in Figure 3 that is magnetic 
(indicative of a Kramers system and slow relaxation) and (2) 
by the magnetization data of Figure 1 that limit the total 
magnetization of the sample to less than neffZ = 4.74. 
Mossbauer transitions occur on a slower time scale ( s) 
than EPR ( s) transitions. Thus, when relaxation is slow 
on the Mossbauer time scale, it is most certainly slow on the 
EPR time scale. In addition, the magnetization data “has 
room for” just slightly more than one spin S = ‘Iz state in the 
sample. It cannot accommodate the moment of the hypo- 
thetical neighbor in addition to that of the spin S = ‘I2 state 
of SiR-HP and the 2% of the sample in the spin S = 5 / 2  state 
of uncomplexed protein. 

On the other hand, exchange coupling of the siroheme to 
the spin S = 0 [4Fe-4S] cluster does occur. This exchange 
interaction leaves the coupled system in a spin S = state 
as evidenced by the saturation magnetization data of Figure 
1. To determine whether this coupling can result in the EPR 
silence of the system spin S = ‘ I 2  state, we will first examine 
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FIGURE 7: Theoretical magnetization curves for low-spin ferrihemes 
at H = 5 T. In each case, x2 = 16. The lowest (dashed) curve 
has g = (0, 0,4). The middle (solid) curve has g = (0.93, 1.89, 3.45). 
The top (solid) curve has g = (1.72, 2.22, 2.80). 

the effects of the coupling in oxidized SiR-HP. 
The coupling model used to explain oxidized SiR-HP has 

been discussed at length (Christner et al., 1981; Munck, 1982; 
Christner, 1983). For the present purposes, the crucial ob- 
servation is that the magnetic properties (measured by EPR, 
Mossbauer, and saturation magnetization data) of the system 
spin S = 5 / 2  state of oxidized SiR-HP are typical of high-spin 
ferric hemes. In this case the coupling has not measurably 
affected the magnetic properties of the siroheme. The coupling 
does affect the properties of the cluster dramatically by mixing 
its spin S = 1 excited states with its spin S = 0 ground state. 
The result is a polarization of the spins of the cluster iron sites 
proportional to the spin of the siroheme. This results in 
magnetic Mossbauer spectra for the cluster at low tempera- 
tures despite the fact its spin is S = 0. The reason for this 
intrinsic asymmetry (the cluster is affected but the siroheme 
is not) in the impact of the cluster-siroheme coupling is the 
low-lying excited states of the cluster (100-400 cm-’) com- 
pared with the relatively large gap (2000-10000 cm-I) between 
the ground state and the first excited state of the siroheme. 

Now consider the sulfite complex of oxidized SiR-HP and 
a hypothetical, uncoupled, but otherwise similar complex. For 
the observed system spin S = state to differ from that of 
the analogous complex of uncoupled siroheme, there must be 
a low-lying excited state of the siroheme sulfite complex. The 
coupling to the cluster would mix this excited state with the 
ground state, changing the EPR properties of the system state 
from that of the uncoupled siroheme complex. 

There is evidence that this does not occur. For example, 
the expected spin S = EPR signals occur at full intensity 
for the cyanide complexes of the oxidized and doubly reduced 
states of SiR-HP and for the carbon monoxide complex of the 
doubly reduced state (Siegel et al., 1982; Janick & Siegel, 
1983). In these cases, one or the other of the siroheme or 
[4Fe-4S] cluster is diamagnetic (spin S = 0) and coupled to 
its partner in a spin S = 
system state (Christner et al., 1983b). It is only the physio- 
logical substrate complexes with the oxidized metalloproteins 
that are EPR silent (Vega & Kamin, 1977; Janick et al., 1983; 
Young & Siegel, 1988) when the system spin is S = 

There are at least two other possible explanations for the 
EPR silence of the spin S = ’/* state of the SiR-HP complexes: 

state to produce a spin S = 

either (1) the spin state has a well-defined set (g,., gu, g,) of 
g values that is so anisotropic it cannot be detected using EPR, 
as would be the case, for example, with g = (0, 0 ,4 )  (in this 
case there is no g strain, but there is extreme anisotropy) or 
(2) the sample is heterogeneous having a wide range of g values 
(g strain), resulting in an EPR signal broadened beyond de- 
tection under standard conditions. The shape of the saturation 
magnetization curve differs significantly in these two situations 
as shown in Figure 7, where three 5-T magnetization curves 
for spin S = states having different sets of g values are 
depicted. In each case Cg’ = 16. The dashed curve has g 
= (0, 0, 4). The upper two solid curves have quite distinct 
g, values of g, = 3.45 (middle curve) and g, = 2.80 (upper 
curve) despite the fact the curves themselves are very similar. 
The magnetization curves for all spin S = states with Cg‘ 
= 16 and g, < 3.5 lie in the vicinity of the two, nearly identical, 
upper curves. 

The magnetization data of Figure 1 rule out extreme an- 
isotropy as an explanation for the EPR silence of the spin S 
= ‘ / 2  state of the sulfite complex of oxidized SiR-HP since 
the dashed curve with g = (0, 0, 4) does not match the data. 
On the other hand, a spread in g, values from 3.5 to 2.8 is 
compatible with the magnetization data (solid line). This 
explanation for the lack of EPR signal is at least consistent 
with the observed, but small, EPR signal intensity in the vi- 
cinity of g, = 2.1. 

By analogy with the SiR-Hp.S032- complex, the absence 
of a spin S = ‘ / 2  signature in the EPR spectrum of NiRo.NOF 
is not a consequence of relaxation broadening or exchange 
coupling to the [4Fe-4S] cluster. 

Several explanations have been advanced to account for the 
low intensity (or absence) of EPR signals attributable to nitrite 
complexes of ferric heme proteins. Most of these explanations 
can be ruled out in the present case by the magnetization data. 
For example, the formation of the diamagnetic ferric nitrosyl 
complex (through either autoreduction or some other pro- 
tein-mediated process) is ruled out by the fact the spin S = 

state is observed and accounts for more than 95% of the 
total protein. As for SiR-HP.SO,”, an extremely anisotropic 
spin S = ‘ /2  system [g = (0, 0, 4)] can also be excluded for 
NiRo.N02- since this does not fit the data (dashed lines of 
Figure 5). This again leaves extreme heterogeneity (g strain) 
as the remaining explanation for the “missing” EPR intensity. 

Whether such a spread in g values leads to an EPR signal 
broadened beyond detection (at least under standard recording 
conditions) remains to be shown. A thorough study of the EPR 
spectrum of the SiR-HP%032- complex at various microwave 
frequencies and employing different instrument recording 
modes, together with spectral simulations, is under way.3 The 
significance of the present observations will remain whatever 
the outcome of the EPR study. Namely, the absence of EPR 
signal intensity can no longer be taken as evidence for the 
absence of a spin S = 1/2 state-especially in the case of the 
sulfite or nitrite siroheme adducts. 
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Effect of Unfolding on the Tryptophanyl Fluorescence Lifetime Distribution in 
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ABSTRACT: Proteins exhibit, even in their native state, a large number of conformations differing in small 
details (substates). The  fluorescence lifetime of tryptophanyl residues can reflect the microenvironmental 
characteristics of these subconformations. We  have analyzed the lifetime distribution of the unique indole 
residue of tuna apomyoglobin (Trp A-12) during the unfolding induced by temperature or guanidine 
hydrochloride. The  results show that the increase of the temperature from 10 to 30 OC causes a sharpening 
of the lifetime distribution. This is mainly due to the higher rate of interconversion among the conformational 
substates in the native state. A further temperature increase produces partially or fully unfolded states, 
resulting in a broadening of the tryptophanyl lifetime distribution. The data relative to the guanidine-induced 
unfolding show a sigmoidal increase of the distribution width, which is due to the transition of the protein 
structure from the native to  the random-coiled state. The  broadening of the lifetime distribution indicates 
that, even in the fully unfolded protein, the lifetime of the tryptophanyl residues is influenced by the protein 
matrix, which generates very heterogeneous microenvironments. 

G u a n i d i n e  hydrochloride is a powerful denaturing agent for 
proteins. Native globular proteins usually undergo a marked 
structural transition in the presence of guanidine. Generally, 
the transition is completed at a denaturant concentration 
ranging between 6 and 8 M at room temperature, except for 
some exceptionally stable proteins (Pace, 1975). When the 

* Universitl di Napoli. 
$University of Illinois at Urbana-Champaign, 

transition is completed, proteins are found to be random coiled, 
without any residual ordered structure (Tanford, 1968). In 
these conditions, the spectroscopic properties of the aromatic 
residues are supposed to be similar to those of the monomeric 
amino acids in water (Demchenko, 1986). 

A protein molecule, in a particular conformational state, 
can assume a very large number of substates, rapidly inter- 
converting at room temperature, having the same coarse overall 
structure but differing in small structural details. For example, 
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