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ABSTRACT In hemoproteins the relaxation mechanism of iron is Orbach for high spin (HS) and Raman for low spin
(LS). We found that in met-hemoglobin and met-myoglobin, under conditions in which the two spin states coexist, both
the HS and the LS states relax to the lattice through Orbach-like processes. Also, very short (-1 ns) and temperature
independent transverse relaxation times T2 were estimated. This may result from the unusual electronic structure of
mixed states hemoproteins that allows thermal equilibrium and interconversion of the spin states.

INTRODUCTION

The low temperature dependence of the spin lattice relaxa-
tion time T1 of the iron in ferric hemoproteins has been
extensively studied ( 1-4) and it is now well established that
the relaxation mechanism depends on the spin of Fe3". In
the high spin (HS) form the relaxation is dominated by an
Orbach process (1) whose characteristic energy, A, is
identified with the zero field splitting 2D of the 6Al state.
In the low spin (LS) form a Raman process is the dominant
relaxation mechanism. The unusual temperature depen-
dence 1/ T, T6 3 observed in this case has been explained
in terms of the fractal form of the protein (2-4).

In this letter we report on a new temperature depen-
dence of the spin-lattice relaxation time T, of the LS state
of the Fe3" ion in ferric methemoglobin (hb) and metmyo-
globin (mb) observed in powdered samples in which both
the LS and HS states coexist (5,6). Also an estimate of the
transverse relaxation time T2 of the two spin states in hb
and mb is given.

EXPERIMENTAL

The samples were prepared from lyophilized sperm whale mb (Sigma
Chemical Co., St. Louis, MO) and from hb obtained by hemolysis of
horse blood. The protein solutions were reduced with a 20-fold excess of
ferricyanide followed by dialysis against the adequate buffer. These were
a 0.1 M phosphate buffer pH 5.8 for mb and a 0.1 M sodium-potassium
phosphate buffer pH 7.0 for hb. Samples were dried by fluxing N2 gas
through the protein solution.
The electron spin resonance (ESR) measurements were performed in

the temperature range from 4.2K to 14K, using the continuous saturation
technique with an X-band electron spin resonance spectrometer of
conventional design. Two different cryostats: an Helitran (LTD-3-1 10;
Air Products & Chemicals, Inc., Allentown, PA) for temperatures higher
than 6K and a Wilmad dewar (WG-830; Wilmad Glass Co., Inc., Buena
NJ) for 4.2K were utilized. The Air Products APD-E temperature
controller was used to vary the temperature which was measured with two
Au-Fe 0.07% vs. chromel thermocouples. One of those was located at 2
cm above the sample. Calibration curves which related the temperature of
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the heater and the sample were also obtained. The g = 6 and g = 2 ESR
lines of the HS state and the g = 2.25 line of the LS state were monitored.
The half saturation power, P112, and the inhomogeneity parameter, b,
were obtained by fitting the experimental data with the expression (7)

Im (1)

r (1 + P/Pl12) ;2

where P is the incident microwave power, I is the intensity of the
derivative of the ESR absorption line and I,,, is the limiting value of Eq. 1
at very low power. T2 was estimated from the value of b and the line-width
measurements. We used Castner's curves (8) (with b equal to a) to obtain
the parameter K(a) = AHPP/AHL which relates the observed peak to peak
line width, AHpp, to AHL, the Lorentzian spin packet line width. T2 was
obtained from the expression

(2)2K(a)V2H= .I

#I3\yHpp
where y = gUB/ h. Here gB is Bohr's magneton and h is Planck's constant.
T, is calculated from the equation

(3)T Y=2P1l2T2
The error in K(a) due to the assumption that b = a is at most a factor of

two (8) which would increase the value of T2 by a factor of two and
decrease T1 by the same factor. Since our conclusions deal mainly with
the relative values of T, as a function of temperature, these uncertainties
are not very significant.

RESULTS AND DISCUSSION

The complete spectra of met-mb and met-hb are shown in
Fig. 1. They were both obtained at 170 mW Klystron
power, which is sufficient to partially saturate the low spin
spectra. The lines at g = 6 and g = 1.99 belong to the high
spin state, all the other lines to the low spin state.

In order to get the correct ratios of the two states, one
has to use low power conditions. Our data show that below
20K the high to low spin ratio in both proteins is practically
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FIGURE 1 EPR spectra of: (a) met-mb at 8.5K, 170 mW power, (b)
met-hb at 17K, 170mW power. Notice that the amplification of the g = 6
line of mb is much smaller than that of the remaining lines.

temperature independent, but depends on the cooling cycle
(5). For met-hb at a cooling rate of 30K/min that ratio is
-0.5, while for met-mb at 25K/min it is 1.7.
The parameter b varies only slightly with temperature.

Its magnitude is 1.8 ± 0.4 for all samples at temperatures
between 4K and 14K. This yields the values of T2 given in
Table I.

With the exception of the results reported in reference 9
for HS hb and mb where a very similar value for b
(temperature independent between 3.5K and 20K) is
obtained, we are not aware of other measurements of T2 as
a function of temperature in hemoglobin. Blum and
Ohnishi (10) report T2 - 10-8 s is ferricytochrome c
between 6K and 25K; Pattison et al. (11) obtain T2 10-6
s in met-mb for both spin states at 2.1 K.

Typical results for met hb are shown in Fig. 2. Since we
are only interested in the temperature dependence of the
relaxation times and not in their absolute values, we have
normalized the vertical scale for an overlap of the values of
T, for HS and LS. This stresses the exponential behavior of
the relaxation of both spin states. The actual values of T, at
10K are: T, = 3.5 x I0- s for HS with g = 6, T1 = 5 x

TABLE I
VALUES OF T2 IN NANOSECONDS FOR DIFFERENT
HIGH SPIN AND LOW SPIN LINES OF MET-HB AND

MET-MB FROM EQ. 2

LS HS

Protein g= 2.25 g= 6 g= 1.99

Met-hb 0.81 + 0.1 0.74 + 0.02 1.38 + 0.15

Met-mb 0.90 ± 0.03 1.15 ± 0.15 1.36 ± 0.12

100

5

FIGURE 2 Temperature dependence of the relaxation time T1 in met-
hb. Data are normalized (see text). High spin g = 6 (-), g = 2 (O), low

spin g = 2.25 (x).

10-6 s for HS with g = 2 and T1 = 5 x 10-5 s for LS with
g = 2.25, and the characteristic energy is Ahb = 14.5 ± 1.7
cm-'. To facilitate a comparison with the temperature
behavior of Raman processes a T6 curve is also traced. In
the case of met mb (Fig. 3), Amb = 14.0 ± 2.0 cm-' and the
values of T1 at 10K are: 3.0 x 10-7 s for HS with g = 6,
7.0 x 10-6 s for HS with g = 2 and 5.5 x 10-5 s for LS
with g = 2.25. The results reveal, besides a temperature
independent T2, a T, that depends exponentially on tem-
perature (T, a exp [A/kT]) for both LS and HS states,
pointing to an Orbach process at the common dominant
relaxation mechanism. Our results for HS are in good
agreement with previous work (1, 7, 8). However, as men-

tioned above, for the LS state the Raman process is
expected to dominate since the closest excited state, neces-

sary for the operation of Orbach processes, is too far above
at -1,000 cm-'. In this sense it is noteworthy that the
Orbach-like behavior of the LS state is only observed in
samples where the HS state is also present as it has already
been noticed by Allen et al.2
The similarity of the results obtained in mixed state mb

and hb for the spin relaxation of Fe in the LS state suggests
that the relaxation mechanism is associated with single
heme complexes. This is expected because the magnetic
interaction between Fe ions of different heme groups,
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FIGURE 3 Temperature dependence of the relaxation time T, in met-
mb. Data are normalized (see text). High spin g = 6 (x), g = 2 (A), low
spin g = 2.25 (0).

which are -30A apart (12), is very small. An upper limit
for the cross-relaxation of LS Fe towards the HS Fe ions in
other heme groups can be estimated by the rate Wc of
mutual spin-flip between neighboring Fe ions in LS and
HS states. The order of magnitude of Wc induced by dipole
interaction is given by (13)

WC C__ W-r-3) R, (4)

where r is a mean distance between heme groups in hb or
mb crystals and

R Sg PHs(g) Ps(g) dg (5)
K lgLs AgPH

is the overlapping factor of the LS and HS EPR spectra
written in terms of the corresponding distribution functions
of the g-factors, PLS (g) and PHS (g), respectively. Here
K = AUBH/h, where H is the applied magnetic field. gLs is
the g-factor corresponding to the monitored ESR line and
LAg its line width in terms of the g-factor. Assuming an
ensemble of randomly oriented heme planes,' the calcu-
lation of PLS (g) and PHS (g) is straightforward (14, 15).
Using the values H = 3000G, r = 30A, gLS = 2.25, /g =

'A more sophisticated calculation taking into account a possible correla-
tion between the orientations of neighboring heme planes leads to
essentially identical results.

0.02 we obtain KR = 0.016 and Wc < 140s-'. Since W, <<
1 / T,, cross-relaxation cannot account for the observed spin
lattice relaxation of the LS state. In sum, the large distance
between the hemes together with the small overlap
between the spectral functions of the LS and HS states
make cross-relaxation processes negligible. Thus, cross-
relaxation between different paramagnetic centers, of the
kind found in other biological systems (Calvo, R., W. F.
Butter, D. R. Fredkin, M. Y. Okamura, and G. Feher.
1984. The electronic structure of FE2, in reaction centers
of Rhodopseudomonas sphaeroids. IV. Iron-assisted spin-
lattice relaxation of the reduced primary quinone. Unpub-
lished work.) is very improbable in this case.
An upper limit for the relaxation rate, W,, of a LS state,

induced by the time dependent magnetic dipole field of a
neighboring HS state that relaxes through Orback pro-
cesses is given by Eq. 4 with R replaced by To/
[1 + (wTo)2] 1l/w<2To), where 1/To is the Orbach relaxa-
tion rate. This yields Wi - 6 x 10-8/To, which is also
negligible compared to the observed relaxation rate
(_ 10 -2/ To). Spin susceptibility measurements showing
that the Curie law remains valid down to temperatures of
the order of 20 mK (17) are consistent with these results.
The magnetic interaction between an Fe ion and its
neighboring nuclear spins is also too small to account for
the observed relaxation rates (18, 19). We speculate,
therefore, that in mixed state hemoproteins the dominant
relaxation mechanism of LS Fe is induced by a local
dynamic low spin-high spin interconversion rate (20). This
interconversion rate must be less than the Larmor fre-
quency (- 1010 s-') since discrete high and low spin spectra
coexist. This idea seems also to be supported by M6ssbauer
measurements in mixed state met-mb where fluctuating
hyperfine fields with characteristic times in the range
10-810 -9 S were observed (21).

In mixed state Fe compounds the crystal field is close to
a critical value such that the LS and HS states have
comparable free energies and can coexist (22). It is a
situation of dynamical equilibrium where small variations
of the crystal field (produced by vibrational modes)
together with the spin-orbit interaction induce the inter-
conversion of LS and HS states of Fe. Dynamic spin
interconversion has been studied in ferric mb hydroxide
(20) and in other six coordinated complexes of Fe (23, 24),
where rates of the order of 107-108 s-1 were measured at
about room temperature. Since the g-factors of the LS and
HS states are quite different, the dynamic interconversion
would produce a phase smearing of the precessional spins
leading to a relaxation time T2 of the order of the reciprocal
interconversion rate. There are no independent measure-
ments of interconversion rates of low temperatures to allow
for a direct comparison with our surprisingly short values.
However, the fact that a mixed state is present in the whole
temperature range considered in this work, indicates that
the activation energy for interconversion is small and
therefore an almost temperature independent T2 of the
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order of those measured at room temperature may also be
expected.

Although a LS-HS transition may always relax the
transverse magnetization through the difference in g-
factors, it will not in general relax the longitudinal magne-
tization. An interconversion transition with conservation of
the longitudinal magnetization is already spin forbidden
(S = 1/2 - S = 5/2) and it must be assisted by the
spin-orbit interaction. Thus, interconversion with longitu-
dinal relaxation would involve terms of higher order in the
spin-orbit interaction. More probably, the LS state relaxes
to the lattice by interconversion to a HS state which
subsequently suffers an Orbach relaxation before intercon-
verting back to the LS state: this is suggested by the
observation of similar activation energies A for the two spin
states. Within this picture one would expect the relaxation
rate of the LS state in mixed state hemoproteins to be given
by

1 aQlTo l/TR (6)
T1 1+Q 1+Q'

where Q = NH/NL is the ratio of the concentrations NH and
NL of HS and LS states, respectively, in thermal equilibri-
um. 1/TR is the Raman relaxation rate corresponding to
pure LS states. In the temperature range considered in this
work (between 4K and 14K) Q is a slowly varying function
of T of the order of one, and T1 is dominated by the
exponential temperature dependence of To. However, since
the magnitude of T1 for LS states is 100 times larger than
To for HS, the efficiency of this process must be substan-
tially smaller than one and we take this into account
through the additional factor a. As the interconversion
transitions involve small displacements of the iron in and
out the plane of the heme', it could happen that the
interconversion transition leaves the HS Fe in an excited
vibrational state from which Orbach relaxation is less
probable than from the ground vibrational state. In that
case the longitudinal relaxation rate would not simply
depend on the time the Fe spends in the HS state.

Although at present these considerations are purely
speculative, they are susceptible of being tested experimen-
tally and introduce aspects of the problem that necessarily
will have to be taken into account in an elaborate model.
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