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AssrRAcT Mossbauer spectra of anhydrohemoglobin establish the existence of
two ferrous iron spin states in anhydrohemoglobin. Magnetic susceptibility meas-
urements show that anhydrohemoglobin is paramagnetic and has an effective mag-
netic moment per iron atom of 3.5 i 0.1 M,, at low temperatures. In conjunction
with the susceptibility results, the Mossbauer spectra indicate that the iron in anhy-
drohemoglobin is distributed between high and low spin states in roughly equal
amounts.

INTRODUCTION

Mossbauer spectroscopy provides an interesting tool for studying biological mole-
cules which contain iron. The main advantage of this type of spectroscopy is that
it singles out the iron atoms and avoids complications often caused by overlapping
spectra from the rest of the molecule.

In the present article we have used M6ssbauer spectroscopy and magnetic suscep-
tibility measurements to investigate dehydrated deoxyhemoglobin (anhydrohemo-
globin). The dehydration of deoxyhemoglobin has been studied previously using
conventional spectroscopic techniques (1, 2). Drying of the deoxyhemoglobin pro-
duces a marked and reversible change in the optical spectra which was interpreted
as being associated with the removal of a bound water molecule coordinated in the
sixth position of the heme iron. However, recent x-ray studies (3) of deoxymyoglobin
indicate that no water molecule or other group is attached to iron in the sixth co-
ordination position. Since deoxyhemoglobin is expected to be quite similar to de-
oxymyoglobin, the change in the optical spectra is apparently an indirect result of
the dehydration process. To investigate this question further, the present study was
undertaken. The results presented here indicate that two ferrous iron spin states exist
in anhydrohemoglobin.
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EXPERIMENTAL

The main difficulty in using Mossbauer spectroscopy to study hemoglobin derivatives is the
extreme dilution of the resonant 57Fe atoms (2.2% natural abundance) in naturally occurring
specimens. We have employed the fructose chelate of Charley et al (4) to enrich the iron
in rat hemoglobin to 15-20% 57Fe as estimated from the intensity of the Mossbauer absorp-
tion lines. The method involves injection anemic rats intramuscularly with solutions of the
trivalent iron (57Fe) fructose compound for a month. Aliquots of blood were obtained when
needed by cannulating the optic sinus; the red cells were separated by centrifuging, and were
then hemolyzed in hypotonic solution. The cell wall debris was precipitated by centrifugation
at 10,000 g for 15 min, and the salts were removed by dialysis against distilled water.

Deoxyhemoglobin, Hb, was first prepared by repeated flushing of a hemoglobin solution
with nitrogen. Later samples were prepared by also adding small amounts of sodium hydro-
sulfite, Na2S204, to the solution in an oxygen-free atmosphere. Samples prepared by both
techniques yielded identical Mossbauer spectra.
The anhydrohemoglobin, AHb, was prepared by vacuum distillation of the above solution

(containing small amounts of Na2S2O4) at room temperature in a sealed evacuated U-tube,
one end of which was immersed in liquid nitrogen. The Na2S2O4 present prevented the forma-
tion of Fe3+ which occurs readily at low oxygen pressures. To be sure that the dehydration
of AHb was complete, we have varied the length of time for the dehydration process from 1 to
7 days and observed no change in the Mossbauer spectrum. When dehydration was com-
plete, as determined by visual inspection, the tube containing the hemoglobin was sealed
off from the frozen water and opened in a nitrogen gas atmosphere dry box.
The samples of both Hb and AHb were placed into airtight copper holders before removal

from the dry box. The Mossbauer sample holders had beryllium end windows. The tempera-
ture of the samples was measured with Cu-(Au-2% Co) thermocouples attached to the sam-
ple holders. The samples were allowed to equilibrate for several hours before measurements
were made and the constancy of low temperature susceptibility and Mossbauer measurements
after several hours indicated that thermal equilibrium was established. Mossbauer and sus-
ceptibility measurements were made on identical samples. The Mossbauer spectra were ob-
tained with a constant velocity mechanical spectrometer described elsewhere (5). The source
for all Mossbauer measurements was 57Co in Pt at 295°K. The isomer shift of this source
relative to a room temperature metallic iron absorber is -0.343 mm/sec. The magnetic
susceptibility was determined from force measurements on a sample in a constant gradient
magnetic field (6).

RESULTS

In the absence of a paramagnetic hyperfine interaction, the Mossbauer spectrum of
an atom in a unique chemical site is usually characterized by only two parameters,
the isomer shift, 5, and the quadrupole splitting (peak separation), AEQ . (The origin
of these parameters is discussed in many references, e.g. references 7 and 8, or for
particular emphasis on iron-containing biological compounds see references 9 and
10.) The presence of an electric field gradient at the 57Fe nucleus splits the absorption
line into two components with line positions at 5 i AEQ/2.
The Mossbauer spectrum of rat deoxyhemoglobin at 5°K is shown in Fig. 1. The

deoxyhemoglobin absorber was in the form of a frozen aqueous solution. This
spectrum, which essentially consists of one quadrupole split doublet with AEQ =
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2.38 i 0.03 mm/sec and 8 = 0.60 i 0.02 mm/sec, is in good agreement with pre-
vious studies (10, 11) of this molecule and indicates the chemical similarity of the
four iron sites in Hb. Mossbauer spectra of rat anhydrohemoglobin at several tem-
peratures are shown in Fig. 2. The absorber in this case was a fine powdered speci-
men. The most obvious difference between the spectra of Hb and AHb is the ap-
pearance of the very pronounced absorption line at - +0.65 mm/sec in the spectra
of the latter. The spectrum of AHb consists of two quadrupole split doublets with a
ratio of peak separations '-- 2: 1. We will show that these two sets of lines correspond
to iron in high and low spin states. The two lower energy lines (smaller Doppler
velocity) accidentally overlap as can be seen from the relative line intensities. At
16°K the experimental values for the isomer shift and quadrupole splitting associ-
ated with the spectra of high and low spin ferrous iron in AHb are AEQ = 2.2 :=
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FIGURE 1 Mossbauer absorption spectrum of deoxygenated rat hemoglobin at 5°K.

0.1 mm/sec, 8 = +0.61 d 0.06 mm/sec and AEQ = 1.1 ±L 0.1 mm/sec, 8 = +0.08
i 0.06 mm/sec, respectively. At room temperature the quadrupole splittings for the
two spectra decrease to 1.6 - 0.1 mm/sec and 1.0 d 0.1 mm/sec, respectively.
Several spectra at temperatures intermediate to those shown in Fig. 2 were taken
but showed no additional interesting features. Samples of human anhydrohemo-
globin were also prepared and, aside from a large decrease in absorption intensity
(because of the much lower 57Fe concentration), they were similar within experi-
mental error to the spectra in Fig. 2. The reversibility of the reaction in both rat
and human hemoglobin was checked by rehydrating the AHb and reproducing the
spectra in Fig. 1. Subsequent dehydration again produced the spectra in Fig. 2. The
reproducibility of the M6ssbauer spectra at -85°K was also checked after cycling
the AHb absorber between room temperature and 16°K.
The spectra in Fig. 2 permit a rough estimate to be made regarding the relative

amounts of iron in the two ferrous iron spin states which are observed. If the recoil-
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free fraction is the same for both states and no preferential orientation exists in the
absorber, the relative absorption areas of the two quadrupole split doublets would
directly measure the relative amounts of the two states (in the thin absorber approxi-
mation). The small temperature dependence of the relative absorption areas which
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FIGURE 2 Mossbauer absorption spectra of dehydrated deoxygenated rat hemoglobin at
several absorber temperatures.

correspond to the two states in AHb suggests that the recoil-free fractions of these
two states cannot be greatly different unless the distribution of iron between the
high and low spin states is changing considerably. The absorption line, centered at
about -0.45 mm/sec, consists of two overlapping components and has only a
slightly larger line width below --220°K than the two resolved absorption lines at
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higher energies. Thus these two overlapping lines must have very nearly the same
position.

Since we are unable to resolve the two lines centered at -~- -0.45 mm/sec, we
have used only the absorption areas of the two higher energy lines to estimate the
relative amounts of the two iron states. The spectra in Fig. 2 indicate that to within

i 10% the iron is present to an equal extent in both states. The absorption area of
the highest energy line (-..1.5 mm/sec) is somewhat larger at low temperatures than
the absorption area of the line at --' 0.65 mm/sec, but this may be due to preferential
orientation effects.
To further characterize the nature of the iron in AHb, the magnetic susceptibility

was measured from liquid helium to liquid nitrogen temperature. The molar para-
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FIGunm 3 The measured molar magnetic susceptibility of anhydrohemoglobin. Data were
taken in an inhomogeneous magnetic field H -_ 4.4 kG, dH/dx 680 G/cm. Note that at
3000K xM is negligibly small relative to the low temperature values.

magnetic susceptibility, XM, of AHb was assumed to obey the Curie law

xM = xao + 0.496 /,EFF/T (1)
where T is the absolute temperature, xc the temperature-independent susceptibility,
and ,UEFF is the effective magnetic moment per iron atom. The numerical factor
0.496 incorporates the assumption that the temperature-dependent susceptibility
results from each of four independent and equivalent Fe atoms per formula unit.
Fig. 3 shows the temperature dependence of the measured molar susceptibility and
its reciprocal, XM-1, in the temperature range 4-600K. From the slope of the
straight line drawn through the reciprocal susceptibility data, we obtain the value
AEFF = 3.5 i 0.1 AB (Bohr magnetons) per Fe atom in AHb. By determining IAEFF in
this way we have neglected x. as being negligibly small relative to XM in this tem-
perature range. This is justified by the room temperature value of XM (300°K) = 0.02
(see Fig. 3).
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DISCUSSION

The isomer shift observed in Hb is just slightly less than is usually observed in most
high spin ionic ferrous compounds (12, 13) in agreement with the conclusion, based
on the observed large effective magnetic moment (14) that the iron atoms in Hb are
in the high spin divalent state. The isomer shift of the widely split quadrupole pat-
tern in the spectrum of AHb also is characteristic of high spin divalent iron. How-
ever, a for the pattern with the smaller AEQ in AHb is much too small for a high
spin state and falls in the range usually observed for low spin divalent iron (12)
For comparison the isomer shifts of 02-Hb and CO-Hb at 5°K and relative to the
same source are -0.08 and -0.07 mm/sec respectively (10). This indicates the
existence of two ferrous iron spin states in AHb.
The ferrous atom has six electrons to fill the 3d shell. The high spin state is asso-

ciated with four unpaired electrons and the low spin state with no unpaired elec-
trons. There also exists the possibility of an intermediate spin state with 2 unpaired
electrons. Energetic arguments suggest that the coexistence of all three spin states
in a hemoprotein is unlikely (15). Also the spectra in Fig. 2 do not seem to require
more than two sets of lines for an explanation although the absorption lines are
about twice natural width. Therefore, three possible mixtures of spin states exist to
account for the iron in AHb: high-intermediate, high-low, or intermediate-low.

In most 3d transition metal compounds the orbital contribution to the magnetic
moment is quenched and one observes moments close to the spin only value. The
spin contribution to the magnetic moment for n unpaired electron spins is

/lBpin = [n(n + 2)11/2. (2)

Therefore, for 0, 2, and 4 unpaired electrons, effective magnetic moments of 0, 2.83,
and 4.90 OB, respectively, should result. In hemoglobin compounds one may also
observe an orbital contribution to the moment, but this contribution is usually
small (16). We can, therefore, distinguish between the three possible mixtures of
spin states mentioned above. The value of M4EFF should be related to the magnetic
moments of the two states, ;z and 12, by

YrFF = fi12 + (1 - fi),22 (3)

wheref1 is the fraction of iron with moment,01 . A mixture of intermediate-low spin
states would require that virtually all the iron is in the intermediate spin state to pro-
duce an effective moment of 3.5 uB, even considering a sizable orbital contribution
to the moment. Similarly, a mixture of high-intermediate spin states would have to
be more than 73% intermediate spin to produce the observed moment. Thus, to be
consistent with the data in Fig. 2, anhydrohemoglobin must be a mixture of high
and low spin states. If the spin only values for the magnetic moments of iron in the
high and low spin states are assumed, the observed magnetic moment EFF = 3.5 i
0.1 MB would indicate approximately 50% high spin and 50% low spin ferrous iron
in AHb in reasonable agreement with the spectra of Fig. 2.
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At least two explanations seem possible for the coexistence of high and low spin
ferrous iron in AHb. The fact that the iron atoms are distributed almost equally be-
tween the two spin states may reflect a difference in the ligand field at the iron atoms
associated with the a- and ,B-globin chains in the anhydrohemoglobin molecule. On
the other hand, if the energy difference between the high and low spin states is very
small, a thermal equilibrium between the two states in AHb of the type discussed
by George et al (16) may exist. Similar high and low spin states have been observed
in hydrated and dehydrated (ferric) metmyoglobin by several techniques (16-18).

If a thermal equilibrium does exist, the spectra in Fig. 2 set a lower limit on the
transition frequency between the high and low spin states. If this frequency were fast
compared to the lifetime of the first excited nuclear state in 57Fe, one would observe
only a single quadrupole split doublet with a time-averaged value for AEQ and 6.
The presence of two well-resolved quadrupole split doublets indicates that this fre-
quency must be smaller than 107 sec-'.
To be consistent with the present results, the interpretation of Haurowitz's optical

data (2) requires some modification. Anhydrohemoglobin was observed to have two
relatively narrow absorption bands at 559 m,u and 530 msA similar to the diamagnetic
hemochromogens while Hb has a rather wide absorption band in this spectral region.
Pauling and Coryell (19) have considered the origin of the characteristic hemo-
chromogen spectrum and concluded that the spectrum is to be correlated with a
structure in which the four porphyrin nitrogen atoms form covalent bonds with the
central iron atom. Thus the large fraction of low spin iron in anhydrohemoglobin
probably accounts for the two narrow absorption bands.
A careful inspection of the data in Fig. 1 for Hb suggests the presence of a very

weak line at +0.65 mm/sec. A suggestion of this line has appeared in all the
spectra which were taken with sufficient statistics for the line to be observable; and
it also is observable in the spectrum of Hb in reference 11. This line may indicate
the presence of a few per cent of low spin iron and suggests that both high and low
spin states may be present in Hb as well as in AHb.
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