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ABSTRACT: The heme protein cytochrome P-450.,, from
Pseudomonas putida was investigated by Mossbauer spectros-
copy in both oxidized and reduced states. The oxidized
enzyme in the presence of the substrate, camphor, contains a
mixture of high-spin (S = %)) and low-spin (S = 1/;) ferric
heme sites. The high-spin fraction increases as temperature is
raised. Removal of camphor results in a conversion from
high spin to low spin. Hyperfine parameters that approxi-
mately describe the experimental spectra were calculated.
Anaerobic reduction of P-450.., in camphor solution pro-
duces a high-spin ferrous (§ = 2) state. Exposure of this

Cytochromes of the P-450 type are identified by a Soret
band near 450 nm when reduced anaerobically to the ferrous
form and complexed with carbon monoxide. These proteins
are found in many organisms, where they have various meta-
bolic functions. In mammals, these include fatty acid oxida-
tion, steroid hydroxylation, and drug detoxification. Gunsalus
and coworkers (Hedegaard and Gunsalus, 1965; Katagiri
et al., 1968) have described the role of a bacterial cytochrome
P-450 (designated P-450;,,,) in the methylene hydroxylation
of n(+)-camphor in Pseudomonas putida. This enzyme, the
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preparation to oxygen results in a new complex whose Mgss-
bauer spectra are similar to those observed for oxygenated
hemoglobin. Both proteins show large quadrupole splitting
and only moderate isomer shift relative to iron metal; no
paramagnetic effects are observed even in large applied
magnetic fields. Such spectra appear to be characteristic of
the heme group with an O, molecule as one axial ligand.
P-450.,., also forms a stable adduct with carbon monoxide.
The Mgssbauer spectra of this complex are very similar to
those of hemoglobin carbon monoxide.

subject of our study, has a molecular weight of 45,000 and is
composed of a single polypeptide chain, one ferriprotopor-
phyrin IX group, and a small carbohydrate unit (Tsai et al.,
1971). A proposed reaction mechanism, involving two other
proteins, is shown in Figure 1 (Gunsalus er al., 1971; Esta-
brook et al., 1971). All three enyzmes are present in the soluble
fraction of the bacterial cells, providing an easily accessible,
well-defined hydroxylase system. Knowledge gained in this
work will be a step toward understanding the operation of
analogous membrane-bound systems found in the mitochon-
dria and microsomes of higher life forms.

The proposed reaction mechanism involves transfer of re-
ducing equivalents to P-450,u, from reduced nicotinamide
adenine dinucleotide (NADH) via a flavoprotein and an iron-
sulfur protein (Gunsalus er al., 1971). The catalytic process
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starts with the binding of camphor to ferric P-450.4m, result-
ing in a conversion of heme sites from low spin to high spin
(Tsai et al., 1970). This enzyme-substrate complex accepts
one reducing equivalent ; the resulting ferrous species can then
bind molecular oxygen (Gunsalus et al., 1970). All complexes
described to this point have been isolated and identified by
optical absorption spectra (Gunsalus et al., 1971). We have
investigated the P-450.,,, in these four states, plus the ferrous
carbon monoxide adduct, by Mdssbauer spectroscopy.

The transition of P-450.., from one state to another in the
course of the hydroxylation reaction causes marked changes
in its optical absorption and its magnetic properties. Struc-
tural changes at the heme site are evidently involved in catal-
ysis. More information about the state of the heme iron at
each stage of the catalytic process is essential to a better under-
standing of the reaction mechanism. Md&ssbauer spectroscopy
of ’Fe is a sensitive and selective tool for probing the chem-
ical environment of the iron nucleus. This technique is useful
in the study of all charge and spin states of iron (Debrunner,
1969; Lang, 1970) and thus is especially valuable in the case
of P-450..,. The small amount of *’Fe (2.2 % natural abun-
dance) in a molecule as large as P-450,,,, necessitates isotopic
enrichment. For our investigations, P. putida was grown on a
medium enriched with *7Fe,.

Much of the previous work on P-450,,,, has focused on the
binding of camphor. Tsai et al. (1970) found from electron
spin resonance (esr) that the camphor-free protein contains
iron in a low-spin ferric (S = !/;) state, whereas in the presence
of this substrate 60 97 of the heme sites are in a high-spin ferric
(S = 9/,) state at 15°K. Our Méssbauer studies of P-450.qr, at
temperatures from 1.5°K to 215°K show that the spin popula-
tion in the presence of camphor is temperature dependent.

The axial ligands of the heme iron are of great interest.
Bayer et al. (1969) observed g values for some thiol complexes
of hemoglobin and myoglobin and found that they resemble
closely those of substrate-free ferric P-450...,,. They inter-
preted this as evidence that one of the axial ligands in the lat-
ter is thiol sulfur. Tsai et al. (1970), to explain their esr results,
proposed that the sulfur shifts away from the heme iron when
camphor is bound. This ligand was later tentatively assigned
to a cysteine residue (Tsai et al., 1971). Dus et al. (1970), on
the basis of optical studies, electrofocussing experiments, and
analogy to other heme proteins, suggested that the other axial
ligand is a nitrogen of histidine. The axial coordination of the
heme iron in the various states of P-450..,, is still an open
question.

The complex of P-450.,, with molecular oxygen has been
observed by optical spectroscopy (Gunsalus et al., 1970,
1973; Ishimura et al., 1971). Mdssbauer results described here
give evidence that the state of iron in this oxygenated com-
plex resembles that in oxyhemoglobin. We find the carbon
monoxide adduct of P-450.., to have Mossbauer spectra
much like the corresponding hemoglobin complex, although
the optical spectra for these two proteins are very different
(Gunsalus, et al., 1971; Hill et al., 1970).

Experimental Procedure

Materials. Pseudomonas putida, PpG786, was grown on an
inorganic salts medium (Conrad ez al., 1965) with camphor as
the sole carbon source and with 3.3 mg of *’FeCl;/1. The iron-57
was purchased from Oak Ridge National Laboratory (Oak
Ridge, Tenn.) as *"Fe,0; of 939 enrichment and converted to
57FeCl;. The residual iron content of the medium to which the
57FeCl; was added was lower than the equivalent of 0.5 mg of

P-450-5
Fe3* *
P-450-5
Fe2t
0
s 2
NADH  P-FAD 2P—(Fesf§>
NAD® p-FADH, “2P-(FeS),
*
P'f_u_‘5§7+ P-450-5 #P-450-5"
€ Fe>*:0; —Fe?*:0,
P-450-5
+, -
S-OH Fe' 0z
+H,0

FIGURE 1: Proposed reaction mechanism for the hydroxylation of
camphor in P. putida. Asterisks (*) designate species that have been
studied by Mossbauer spectroscopy and are discussed in this pub-
lication. P-FAD represents flavoprotein; P-(FeS), represents an
iron-sulfur protein. S and S-OH designate the substrate, p-cam-
phor, and the product, hydroxylated camphior, respectively.

FeCl;/l. as measured by atomic absorption and by tripyridyl-
s-triazine colorimetric assay (Fischer and Price, 1964). An
aliquot of whole bacterial cells grown in 10-1. fermenters (New
Brunswick Scientific Co., New Brunswick, N. J.) showed an
87 % %"Fe enrichment by mass spectroscopy on an iron acetate
derivative. The cells were lysed by freeze thawing, and the
P-450.,, was prepared as previously described (Gunsalus et al.,
1973). The purified enzyme, at 0.9 mg of protein/ml, con-
tained less than 397 P-420 impurity. It was stabilized with a
stoichiometric amount of p-camphor in 50 mMm potassium
phosphate buffer (pH 7) and stored in liquid nitrogen.

The protein solutions were concentrated by ultrafiltration
through a Diaflo UM 10 membrane (Amicon Corp., Lexing-
ton, Mass.).. Camphor-complexed samples were made by
adding sufficient camphor-saturated buffer to bring the con-
centration to at least 3.5 mm. Samples of camphor-depleted
P-450..., were produced by passing the protein solution
through a 2 X 50 cm Sephadex G-10 column which had been
equilibrated with potassium phosphate buffer. Reduced (fer-
rous) P-450,,,, was formed by dialyzing the sample uhder an
argon atmosphere against a buffer containing 3.5 mM camphor
and a fourfold excess of freshly prepared sodium dithionite.
The oxygenated complex was produced by introducing to the
reduced sample an equal volume of oxygen-saturated buffer
containing 3.5 mm camphor at 5°. The resulting mixture was
aerated with oxygen for a few seconds and quickly frozen with
liquid nitrogen. Approximately 709, of the P-450csm was
oxygenated; the remainder was oxidized to a ferric state. The
carbon monoxide complex was formed by allowing CO gas
to bubble through a solution of reduced, camphor-complexed
P-450..m. P-420 was produced by allowing a camphor-de-
pleted solution of P-450..,, to stand for approximately 2 hr
at room temperature.

Methods. The Mossbauer spectrometer was of the constant-
acceleration type (Kankeleit, 1964). Velocity was calibrated
with an iron metal absorber. The source was *'Co diffused
into Cu. Samples were mounted in a variable-temperature
cryostat for all experiments except the one involving a 39-kG
magnetic field; a larger dewar containing a superconducting
solenoid was then used. Sample temperatures were measured
with carbon resistors and thermistors.
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FIGURE 2: Mdssbauer spectrum of oxidized P-450¢am in camphor
solution (>>3.5 mm) at approximately 200°K. The sclid line repre-
sents a least-squares fit of two quadrupole doublets.

TABLE 1: High-Spin Fractions of Oxidized (Ferric) P-450.,m.

High-Spin Fractions

Protein
Concn Camphor Present Camphor
Temp (°K) (mm) (>3.5mm), 7 Depleted (%)
200 1.0 77 + 3¢
215 3.3 63 £ 5
215 2.5 35 £ 10
4.2 1.0 45 = 7b.¢
4.2 3.3 40 7
4.2 2.5 22 7

®*The error limits for high-temperature (200-215°K)
populations are standard deviations resulting from the least-
squares fitting procedure. ® The error limits for populations
at 4.2°K are based on visual comparison of calculated spectra.
¢ Results at 1.5°K are substantially those at 4.2°K.

Results

Oxidized P-450,,,. Mossbauer spectra of oxidized P-
450..m at or above 200°K exhibit two quadrupole doublets.
The spectrum shown in Figure 2 was obtained for a sample in
camphor solution at approximately 200°K. The doublet with
the smaller quadrupole splitting (AEq)! is attributed to iron in
the high-spin ferric state, the other to low-spin ferric iron.
The solid curve represents the result of a least-squares fitting
of four lines of Lorentzian shape under the constraint that
members of each doublet have equal areas. The ratio of the
areas of the two fitted doublets is taken as the ratio of the spin
populations, assuming that the recoilless fractions of iron in
the two spin states are equal (Lang, 1970). Spin populations
determined by this method are listed in Tabl& I for both high-
camphor (>3.5 mm) and camphor-depleted samples.

The quadrupole splittings and isomer shifts (§) resulting
from a weighted average of our measurements at 200°K and
215°K are: AEg = 2.66 = 0.10 mm/sec and 6 = 0.31 = 0.05
mm/sec for the low-spin doublet; AEq = 0.79 = 0.05 mm/sec
and § = 0.35 = 0.03 mm/sec for the high-spin doublet. All
isomer shifts are given relative to that of iron metal.

Abbreviations used arc: AEq, quadrupole splitting; 8, isomer shift:
EFG, clectric feld gradient; oxy-C-P-450c,m,, oxygenated camphor-
complexed cytochrome P-4300qy,.
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FIGURE 3: Mossbauer spectra of oxidized P-450c.m in (a) camphor
solution (>>3.5 mm) and (d) camphor-depleted solution at 4.2°K in
an applied field of approximately 120 G parallel to the observed ¥
rays. The solid curves superimposed upon the experimental data ave
composites of the computed spectra for (b) high-spin ferric iron and
(¢) low-spin ferric iron. Parameters used in these calculations are
given in Table IT1. The high-spin fraction is 0.45 in (a) and 0.20 in (d).

Spectra measured near 200°K consist of simple quadrupole
doublets because the spin-lattice relaxation time is short com-
pared to the nuclear precession time. The relaxation 1ate de-
creases as temperature is reduced, so that at 4.2°K the broad,
magnetically split spectra shown in Figure 3 are observed.
Preliminary results indicate that the spectrum in Figure 3a is
not substantially changed by lowering the temperature from
4.2°K to 1.5°K. As in the high-temperature experiments,
mixtures of high-spin and low-spin ferric sites must be as-
sumed to account for the data. The solid curves displayed
without data points are calculated spectra for pure high-spin
and low-spin ferric states, as explained in the legend. These
spectra are added together, with the required weighting fac-
tors, to fit the experimental results. The spin populations are
listed in Table I. The method of calculating spectra is outlined
in the next section.

Reduced P-450,,,,. P-450..,, after anaerobic reduction by
sodium dithionite in the presence of camphor gives a MQss-
bauer spectrum characteristic of high-spin ferrous iron
(Figure 4). The value of AEq decreases by less than 377 when
the temperature is raised from 4.2°K to 173°K, indicating
that the excited electronic levels are well separated from the
ground state. Quadrupole splittings, isomer shifts, and line
widths are given in Table II.

The addition of O to the anaerobically reduced, camphor-
complexed protein produces a complex whose Maéssbauer
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TABLE 11: Mossbauer Parameters for Complexes of P-450.,,, and Hemoglobin.

Quadrupole Splitting, Isomer Shift, 5% Line Width
Temp (°K) AEq (mm/sec) (mm/sec) (mm/sec)
P-450.sm + camphor, oxidized®
High-spin component ~200 0.79 = 0.05 0.35 = 0.03 0.62,0.82
Low-spin component ~200 2.66 = 0.10 0.31 & 0.05 0.53, 0.60°
1.4,1.0¢
P-450..;, + camphor, reduced 4.2 2.45 £ 0.02 0.83 =0.02 0.33
173 2.39 £ 0.02 0.77 £ 0.02 0.29
P-450,,, -+ camphor, reduced + O; 4.2 2.15 = 0.02 0.31 & 0.02 0.39
82 2.12 = 0.02 0.29 = 0.02 0.39
150 2.11 £ 0.02 0.28 £ 0.02 0.33
200 2.07 & 0.04 0.27 £ 0.03 0.45,0.507
Oxyhemoglobin® 1.2 2.24 = 0.05 0.24 = 0.05 ~0.4-0.5
77 2.19 = 0.05 0.26 = 0.05 =~0.4-0.5
195 1.89 £ 0.05 0.20 = 0.05 ~0.4-0.5
P-450.,m -+ camphor, reduced + CO 4.2 0.32 =0.02 0.29 £ 0.02 0.30
200 0.34 £ 0.02 0.25 = 0.02 0.33
Hemoglobin CO* 4.2 0.36 ® 0.05 0.26 £ 0.05 ~0.3
195 0.36 £ 0.05 0.18 £ 0.05

¢ Isomer shifts are given relative to iron metal. ® Average values of two samples. ° Measured in a 1.3-kG field perpendicular
to the observed v rays. ? No magnetic field applied. ¢ Lang and Marshall (1966). / The difference in line width may not be signifi-

cant, since the presence of ferric P-450.,,, complicated fitting.

spectrum measured at 4.2°K is shown in Figure 5. The quad-
rupole splitting and isomer shift of this sample are unusual for
a ferrous compound, but are quite similar to those of oxy-
hemoglobin (Table II) except for the weaker temperature
dependence of AEq.

To determine whether the oxygenated P-450.,,, is dia-
magnetic, like oxyhemoglobin, we have measured its Mgss-~
bauer spectrum in a 39-kG field, applied parallel to the ob-
served ~ rays. The resulting spectrum, shown in Figure 6, ex-
hibits only quadrupole splitting and the magnetic splitting
imposed by the externally applied field. The absence of para-
magnetic effects is characteristic of a diamagnetic complex.
Low counting statistics and an admixture of ferric P-450,m,
resulting from autoxidation of the oxygenated complex, pre-
clude determination of the individual components of the
electric field gradient.

The adduct of reduced camphor-complexed P-450.,,, with
carbon monoxide displays a single, sharp quadrupole doublet
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FIGURE 4: Mgssbauer spectrum of reduced camphor-complexed
P-450cam at 4.2°K..

at 4.2°K and at 200°K. The splittings and isomer shifts
(Table II) are typical of a low-spin ferrous heme site.

Theory

Many Madssbauer spectra of ferric iron can be adequately
explained in terms of the following spin Hamiltonian (De-
brunner, 1969; Lang, 1970; Lang et al., 1969; Wickman
et al.,, 1966; Oosterhuis and Lang, 1969; Miinck et al., 1972):

eQv..
s = PSgHex SAI + ——-[3I,2 - II+1
3, = BSgHu + SAL+ ot [ I+ 1)+

77(112 - 11/2)] - gﬂBnHext‘I (1)

The first term represents the Zeeman interaction of the
electron spin S with an externally applied magnetic field Hex:.
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FIGURE 5: Mgssbauer spectrum of oxygenated P-450c.n at 4.2°K in
an applied field of approximately 1.3 kG transverse to the observed

v rays.
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FIGURE 6: Mdssbauer spectrum of oxygenated P-450..., (sample
used for spectrum in Figure 5) at 4.2°K in an applied magnetic
field of 39 kG parallel to the observed v rays.

The second expresses the hyperfine coupling between S and
the nuclear spin I. The third term in JC, represents the inter-
action of the nuclear quadrupole moment, Q, with the electric
field gradient (EFG), where — ¥, is the largest component of
the EFG tensor and n = (V,, — V,,)/V,, is the asymmetry
parameter, The last term represents the nuclear Zeeman
effect. If the first term in 3C, is the dominant one, a condition
usually obtained by appiying an external field Hey+ of the
order of 100 G or more, it determines the electron spin eigen-
states. S can then be replaced by (S), and we are left witha
Hamiltonian expressed in terms of nuclear spin states only.

For P-450..,, in the low-spin ferric state, the principal axis
components of the g tensor are known from esr measurements
(Tsai er al., 1970).2 Electronic wave functions that fit these g
values can be calculated, following work by Griffith (1957),
Lang and Marshall (1966), and Oosterhuis and Lang (1969).
The wave function of lowest energy, the only state signifi-
cantly populated at 4.2°K, can be used to calculate values for
the components of A and the EFG tensor (Oosterhuis and
Lang, 1969). Since esr measurements have not been made on
single crystals of P-450..,,, the g values cannot be assigned to
particular directions relative to the heme plane.

We have made the simplifying assumptions that the prin-
cipal axis systems of A, g, and the EFG tensor coincide and
that the reduction of orbital angular momentum (owing to
loss of electron density from the 3d states) is isotropic. The
parameters resulting from our calculations must therefore be
considered approximations. Their values predict Mossbauer
spectra of the same general type as the experimental spectra.
We have improved the agreement between theory and experi-
ment by adjusting our parameters by amounts ranging from 6
to 2597. The spectra shown in Figure 3 reflect these changes.
In view of the simple model used and the imperfect fits, our
parameters do not accurately describe the iron site. The cal-
culated spectra are useful principally for estimating spin pop-
ulations. (See note Added in Proof.)

In high-spin ferric heme proteins, the zero-field splitting
lifts the degeneracy of the ¢S ground state of the free ion to
produce three Kramers doublets. We assume that at 4.2°K
only the lowest doublet is substantially populated in P-450.a.
The Mossbauer spectra arising from the ground state doublet

can be described by eq 1 with an effective spin § = . We

2 The low-spin specics in the camphor-free and camphor-complexed
protein do not have significantly ditferent g values (Tsal e «l, 1970)
i we have therefore assumed that their Massbauer spectra are
indistinguishable
NoO. 2. 1973
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make the usual assumption that g,,/4.; = g,/4yy = &22/Az
(Wickman er al., 1966). Since the g values (g;; = 8, g,y = 4,
g:: = 1.8)are known from esr data (Tsai et a/., 1970), the com-
ponents of A are determined except for a common scaling
factor. The latter is found from the overall splitting of the ob-
served spectra. The magnitudes of the components of A imply
a saturation field of 448 kG, a very low value compared to
those commonly observed in high-spin ferric heme proteins
(Lang, 1970). (The saturation field is defined by He =
—5A4,,/(g::8:3,), where/ = x,y,orz.)

For high-spin ferric iron, the EFG parameters are generally
not temperature dependent. Therefore we have taken the value
of AEq = (eQV3:,/2)(1 + 1%/3)" " from our best resolved high-

emperature (77 >~ 200°K) quadrupole doublet. The observed
quadrupole splitting in the spectra at 4.2°K reflects the com-
ponent of the EFG along the greatest component of the A
tensor (in this case A,,). From these two pieces of data, we
have estimated the components of the EFG tensor. The param-
eters used in calculating the spectrum of high-spin ferric
P-450.4:, are shown in Table I1I.

The general features of the computer program used to
generate spectra from the parameters discussed above have
been described elsewhere (Minck er al., 1972).

Discussion

Oxidized P-450.,,. Our experimental values for the spin
populations in oxidized P-450.,,, (Table I) confirmi that the
binding of camphor to the protein causes a partial conversion
from low spin to high spin, as stated by Tsai et a/. (1970). The
data also show that the spin population is temperature depen-
dent; the high-spin fraction measured at 200°K or 215°K is
approximatdy 1.6 times that at 4.2°K for cach sample
studied.? Since the high-spin material (22 = 797 at 4.2°K)*
in our camphor-depleted P-450.,» shows a temperaturc de-
pendence like that seen in samples of high camphor concen-
tration, we attribute most of it to residual camphor-complexed
protein. We thus agree with the conclusion of Tsai er al.
(1970) that camphor-free P-450c, is predominantly (= 9097)
in the low-spin state.

Titration of oxidized P-450.,,, with camphor has indicated
that one molecule of camphor is bound per molecule of pro-
tein, and that complete substrate binding results in a high-
spin population of approximately 60%, at 12.5°K, as mea-
sured by esr (W, H. Orme-Johnson, private communication).
The spin mixtures observed by Mossbauer and esr spectros-
copy cannot be ascribed to incomplete substrate binding. It
appears that the camphor-complexed P-430..,, may exist in a
thermal equilibrium of high-spin and low-spin states. Such
equilibria have been observed in a number of ferric heme pro-
teins and cxplained in terms of Boltzmann distributions
{lizuka and Kotani, 1969a). It should be noted, however, that
the spin state may be influenced by changes in the ligand field
resulting from strains or distortions imposed by the frozen

A The coexistence of two spin states (Yoshida and Kumaoka, 1972)
and partial, temperature-dependent conversion from low to high spin
upon addition of substrate (Peisach et al.,, 1972) have also been observed
in P-450 from other sources.

 The high-spin fractions in the camphor-depleted P-450c.,, as deter-
mined by Méssbauer effect (22 = 79 at 4.2°K; 35 == 1097 at 215°K)
contrast with the abscrvation that 15 = 539 of the optical absorp-
tion at room temperature could be ascribed 1o camphor-complexed
P-450u.. This discrepancy may be partly caused by the [00-fold
dilution of material from the Masshauer sample before measurement of

its optical absorpuon,



CYTOCHROME P-450,.m~MOSSBAUER SPECTRA

TABLE II: Parameters Used in Calculating Méssbauer Spectra for High-Spin Ferric P-450q4m.

eQ Line Width
g A® (mm/sec)® 2 Ve (mmfsec) 17 8% (mm/sec) (mm/sec)
8z 8 A, —8.532+0.12
2 4 A, —4.27 = 0.06 0.77 £ 0.10 0.63 = 0.30 0.43 = 0.10 0.30
822 1.8 4,, —1.92 + 0.03

* The values given here for components of A refer to the ground state of the $’Fe nucleus (I = !/;). For the excited state (I =
3/2), A must be multiplied by ~0.103/0.180, the ratio of the nuclear magnetic moments. ® Isomer shift relative to iron metal.
¢ A Doppler shift of 1 mm/sec corresponds to an energy shift of 4.8 X 10-8 eV, ¢ The uncertainties shown represent the sensitivity

of the calculated spectrum to changes of the parameters.

TABLE 1v: Comparison of High-Spin Fractions from Calculation and Experiment.

Temperature (°K) 1.5 4,2 15 94 200 253

Calculated 50 51 61 72 74 74
high-spin fraction (%)

Experimental 45 (estimated)® 45 £ 7° 60? 76°¢ 77 £ 3° 76°

high-spin fraction (%)

¢ From Madssbauer spectroscopy, this publication. ® From Tsai ef al. (1970). ¢ From Peterson (1971).

medium (lizuka and Kotani, 1969b; Yonetani er a/., 1972).
If thermal equilibrium is assumed, our result that camphor-
complexed P-450..., is approximately 45 %7 high-spin at 1.5°K
and 4.2°K5 suggests that the low-spin state of the heme com-
plex and the lowest Kramers doublet of the high-spin state
differ very little in enthalpy. If this difference is taken to be
zero and the values of Tsal et al. (1970) assumed for the zero-
field splitting (11.7°K between the first and second Kramers
doublet; 21.5°K between the second and third),6 thermal
equilibrium predicts spin populations in agreement with the
esr results at 15°K (Tsai et al., 1970) and, within experimental
uncertainty, with our Mossbauer data at 1.5°K, 4.2°K, and
200°K. The proposed level scheme also accounts reasonably
well for the result of Peterson’s magnetic susceptibility mea-
surements, i.e., 769 high-spin between 94°K and 253°K
(Peterson, 1971). (See Table IV.) This high-temperature limit
suggests that there is very little entropy change associated with
the spin transition, except for that due to the change of spin
multiplicity (lizuka and Kotani, 1969a). Although the low-
spin state and the lowest doublet of the high-spin state appear
to be at very nearly the same free energy, they may well repre-
sent different conformations of the heme site. The observa-
tion of distinct doublets, with only moderately broadened
lines, indicates that the transition rate between the two spin
states is at most of the order of 107 sec!, This is compatible
with the involvement of a conformational change, e.g., the
loss of one axial ligand, in the spin transition.

Reduced P-450,,,. The Mdssbauer parameters of reduced
camphor-complexed P-450.., like those of deoxyhemoglobin,

3 Our two samples of high camphor concentration showed somewhat
different high-spin fractions. The higher value should be considered
more representative of camphor-complexed P-450.5m.

& Since the temperature dependence of the spin populations was not
taken into account by Tsai and coworkers (1970) their zero-field split-
tings should be considered approximations.

are characteristic of iron in the high-spin ferrous state. The
very slight temperature dependence of the quadrupole split-
ting of P-450.,,, suggests that the excited electronic levels are
at higher energies than those of deoxyhemoglobin, which
shows a pronounced temperature dependence of AEq (Traut-
wein ef al., 1970) (see Table II), The high-spin ferrous assign-
ment of this species has also been indicated by proton mag-
netic resonance (Keller e al., 1972).

Oxygenated camphor-complexed P-450.am (0xy-C-P-450.4m)
shows a remarkable similarity to oxyhemoglobin. Both pro-
teins are diamagnetic; both have Mossbauer spectra whose
isomer shifts are approximately 0.2-0.3 mm/sec (relative to
iron metal) and whose quadrupole splitting is greater than
2.0 mm/sec at 4.2°K (Table II).

This unusual combination of features is not readily asso-
ciated with any of the well-known charge and spin states of
iron, and appears to be characteristic of heme iron with O, as
an axial ligand, as in oxyhemoglobin. This conclusion is sup-
ported by the observation in our laboratory of similar Moss-
bauer spectra for heme model compounds having O, as one
axial ligand (Marchant et al., 1972, and further, unpublished
observations). These spectra were obtained by Mossbauer
emission spectroscopy, using 3’Co-labeled cobalt analogs of
the desired iron complexes.

The Mossbauer spectra of oxy-C-P-450.,, could be ex-
plained by assuming that the heme iron is in a low-spin ferric
state, with the sixth 3d electron largely transferred to O,. Spin
coupling of the resulting Os~ (S = !/») with the ferric iron
(S = 1/;) would then result in a zero net spin. The observed
quadrupole splitting and isomer shift are within the ranges
observed for low-spin ferric iron, and the spin-coupled dia-
magnetic site accounts for the absence of magnetic inter-
action.

Weiss proposed the Fe(I111)-O,~ model of oxygen binding
in 1964 to account for the diamagnetism, the acid dissociation
properties, and the optical absorption spectrum of oxyhemo-
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globin (Weiss, 1964). He noted that its optical absorption is
very similar to that of alkaline low-spin ferric hemoglobin.
Corresponding spectral relationships have been pointed out
for several heme proteins (Wittenberg et af., 1970). Further
support has been given to the model, for the case of hemo-
globin, by recent X-ray fluorescence spectroscopy (Koster,
1972). Lang and Marshall (1966) proposed a molecular orbital
scheme providing for the assignment of approximately five 3d
electrons to the iron (Fe(1II)) to account for their Mdssbauer
spectra.

Alternative models for oxyhemoglobin have been proposed
and must be considered for the case of oxy-C-P-450.,, (Traut-
wein and Schretzmann, 1971; Gray, 1971; Halton, 1972).
Further data, particularly a well-resolved spectrum measured
in a large magnetic field, are needed to decide which model
best describes oxy-C-P-450.,,,.

It must be noted that oxy-C-P-450.,,, does not show the
pronounced decrease of quadrupole splitting with increased
temperature that is observed in the case of oxyhemoglobin
(Table 1I). This discrepancy implies that the heme sites of the
two proteins differ in some respect. The difference could be
due to some interaction of the heme plane, perhaps with the
camphor molecule, or there may be an axial ligand other than
histidyl nitrogen opposite the O, in oxy-C-P-450..,,,.

The carbon monoxide complexes of P-450..,, and of hemo-
globin have quadrupole splittings and isomer shifts that agree
within experimental uncertainty (Table 11), The agreement on
AEq may be accidental, since the values of » and the signs of
V.. for the two compounds have not been determined. (Ob-
taining this information would require well-resolved Moss-
bauer spectra measured in large magnetic fields.) The optical
spectra, including the Soret bands, of the two materials are
very different (Gunsalus er «f., 1971; Hill er af., 1970). Pre-
liminary results indicate that the CO adduct of P-420 has
values of AEq and 6 that are very similar to those of the cor-
responding P-450.,., and hemoglobin complexes.” Our Moss-
bauer data also show that the reduced P-420 contains low-spin
ferrous iron, with AEq = 1.13 = 0.05 mm/sec and ¢ = 0.47
=+ 0.05 mm;/sec (relative to iron metal). These values agree,
within experimental error, with those for pyridine hemo-
chrome (Marchant et al., 1972).
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Added in Proof

Recent work has yielded well-resolvad spectra for the low-
spin ferric P-450.,,,. They can be approximately fit using the
following parameters: g,, = 2.45, g,, = 2.26,g,, = 1.91, A,,
= 2.28 mm/sec, 4,, = 1.02 mm/sec, 4,, = —5.24 mmy/sec
(these A;; are for the ground state of the 5"Fe nucleus),
eQV.,/2 = 2.85 mm/sec, n = 0.0, 5 = 0.29 mm/sec (relative
to iron metal), and a line width of 0.30 mm/sec. The fits can
almost certainly be improved by departing from the simple
model described in the text.

7 The carbon monoxide adducts of hemoglobin and P-420 have been
found (Hill er al., 1970) to have very similar optical absorption spectra.
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Spectroscopic and Magnetic Studies of Iron(IIT) Gastroferrint

John Webb,} Jagir S. Multani, Paul Saltman, and Harry B. Gray*

ABSTRACT: The spectroscopic and magnetic properties of
samples of iron(III) gastroferrin (mol wt 2.6 X 10%) contain-
ing 180-190 iron atoms have been investigated. The observed
positions of the ligand field absorptions of iron(III) gastro-
ferrin indicate that the vast majority of iron(III) coordina-

Gastroferrin is an iron(IlI)-binding glycoprotein that
can be isolated from human gastric juice and from pig gastric
mucin (Davis et al., 1969; Multani et al., 1970). The glyco-
protein, which is 859, carbohydrate and 159 polypeptide
by weight and has a molecular weight estimated by a variety
of techniques as 2.6 X 105, is of particular interest because of
its possible role in the regulation of intestinal absorption of
iron (Spiro and Saltman, 1969).

Recent studies in our laboratories have been concerned
with the nature of the bound iron(IIl) in the glycoprotein.
In this paper we report the results of spectral and magnetic
studies of iron(lII) gastroferrin and discuss their structural
implications.

Materials and Methods

Preparation. Gastroferrin was prepared from pooled human
gastric juice by the procedure of Multani er al. (1970). Iron-
(IT1) gastroferrin was prepared by the addition of 54.1 g
(0.2 mol) of FeCl;-6H,0 in 200 ml of water to gastroferrin
(120 mg in 100 ml, pH 2.0). The solution was dialyzed for
7 days against Tris buffer (0.001 M, pH 8.0) to remove salt.
Any suspension was removed by centrifugation (10,000 rpm,
30 min) and the clear supernatant retained as the soluble
iron(III) gastroferrin complex. Iron was determined by atomic
absorption.

Spectroscopic Studies. Absorption spectra in the near-
infrared and visible regions were recorded with Cary-14RI
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tion sites are octahedral, [Fe!'IOs]. Magnetic susceptibility
studies have further characterized these sites as antiferro-
magnetically coupled. A structural model featuring a poly-
nuclear iron(III) cluster bound to the hydroxyl groups of the
glycoprotein is proposed.

and Cary-17 spectrophotometers fitted with the absorption
scales 0-0.2 and 0-2.0. Solutions of iron(III) gastroferrin
prepared as described above were used to record the spectra
at ambient temperature in quartz cells of 1, 5, and 10 cm path
lengths.

Magnetic Susceptibility Studies. The magnetic suscep-
tibility of iron(III) gastroferrin was determined in solution
and in the solid state. Solution measurements employing
the Evans method (1959) were performed on a Varian HR-
220 nuclear magnetic resonance (nmr) spectrometer (Live
and Chan, 1970). The sample and reference solutions were
contained in the outer and inner compartments, respectively,
of coaxial nmr tubes (Wilmad Glass Co.). The reference
signal was provided by tert-butyl alcohol present in 59 con-
centration (v/v).

Solid state measurements on freeze-dried powders of iron-
(ID) gastroferrin .(100-200 mg) wete carried out over the
temperature range 300-80°K on a vibrating sample mag-
netometer (Princeton Applied Research, Model FM-1) that
had been modified as described elsewhere (Schugar et al.,
1972). The raw data were corrected for the diamagnetism
of the sample holder and of the iron-free gastroferrin, both
measured directly, and of the gaseous coolant. Room tem-
perature data used to calibate the variable temperature data
were themselves calibrated with mercury(Il) tetrathiocyan-
atocobaltate(11) and a sample of high purity annealed nickel
metal. Magnetic field measurements were made using a trans-
verse Hall probe (E. W. Bell 600 gaussmeter).

Results

Electronic Absorption Spectroscopy. The absorption spec-
trum of a solution of iron(IIl) gastroferrin from 1050 to 450
nm is shown in Figure 1. Three weak shoulders, at 490, 620,
and 960 nm, are observed on the side of an intense absorption
that extends from the ultraviolet into the near-infrared.
No other spectral peaks or shoulders have been resolved
down to 300 nm. Iron-free gastroferrin exhibits a featureless,
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