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SUMMARY
The temperature-induced transition in aquo-methemoglobin, which is

attributed to the spin transition on the basis of the kinetic dif-
ference spectrum, is investigated from -20 to +20 °¢ by tempera-
ture-jump experiments, Reaction and activation enthalpies of the
transition are determined., The equilibrium is almost fully on one
side, suggesting that two kinds of spin-equilibria exist in this
temperature range., The presence of inorganic ions (Cl ) should be
avoided since these ions exhibit additional effects.

Spin transitions play a central role in the function of hemoglo-~
bin and have therefore been subject to detailed magnetic and opti-
cal investigations (1-6), The aquo-complex of methemoglobin exhi=
bits special characteristics: A temperature-independent mixed

spin state is found above OOC (1) but at low temperatures several
anomalous effects were observed and attributed to the specific
influence of the freezing of the solution and further phase
transitions in ice at lower temperatures (2,3).

A clear analysis of the temperature-induced optical changes is
only possible if the various processes can be separated on the
time axis, Schwartz & Schimmel (7) have found a rather slow re-
laxation process in temperature-jump experiments and suggested a
correlation with the spin equilibrium, These experiments were per~
formed at a single temperature (13°C) but no detailed difference
spectrum and no thermodynamic analysis were given. Here we report

on temperature-~ and pressure-jump experiments of the transition
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1
of human MetHb-Hzo( i)n water and water/ethyleneglycol mixtures in the

temperature range from =20 to +20% leading to a thermodynamic

and kinetic characterization of the transition in liquid solution,
We extended the temperature range to subzere values in order to
study the system under conditions where ancmalous magnetic effects
occurred in the frozen state (2). Moreover, it turned out that low

temperatures are required to obtain reliable values of the thermo-

dynamic parameters,

METHODS

Human hemoglobin was prepared from blood-bank samples as described
in ref.(8). Oxidation was performed with about fivefold excess of
potassium ferricyanide, Organic phosphates and oxidation agents
were removed by passing the solution through a Sephadex G25 co-
lumn, equilibrated with maleate buffer,

For adjustment of a definite pH at subzero temperatures in 50Vol%
water/ethyleneglycol mixtures calibration curves were used; these
were obtained by extrapolat%ng the pH vs, 1/T curves of maleate
buffers, determined above 0 C with a glass-electrode, to lower
temperatures, The validity of this procedure has been proved (9).
The temperature-jump was brought about by electrical condenser
discharge; For pressure-jump experiments a cell with a bursting
brass membrane was used, Kinetic difference spectra were de-
termined with an optical bandwidth of 14 nm, Photomultiplier
signals were recorded on a Data-Lab transient recorder and punched
on a paper tape for further computer analysis,

RESULTS

Effect_of chloride: In T-jump experiments of MetHb'Hzo in maleate/

0.,1M NaCl buffers a fast optical density jump is followed by 2 re~
laxation processes with time constants of about 1 ms and 20 ms
(19°Cc, pH 5.9). Using different buffers and different salt concen—
trations it turned out, that the slower relaxation process is en-
tirely due to interactions with chloride ions, At room tempera-
ture the chloride-relaxation is even dominant, Both relaxation ef-
fects have different wavelength dependences (Fig.l). Other ioms,

such as nitrate, have a similar effect,

(1) MetHb-Hzo aquo-~complex of methemoglobin; ITHP inositol-
hexaphosphate; DPG 2,3-diphosphoglycerate
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igs.l Kinetic temperature difference spectra of agquo-MetHb
%a? Cl- dependent relaxation (b) fast jump (c) slow relaxation
Conditions (a) 0.17mM heme, 20mM maleate, 0.1M C1~, pH 5,9, 19°C
(byc) 0.17mM heme, 20mM maleate, pH 6,1, 5°C

Kinetic_difference_spectra: Fig, 1lb shows the kinetic difference

spectrum of the fast not time resolvable optical extinction change
after the temperature-jump (time constant < 10 usec), and Fig, lc
presents the difference spectrum of the slow relaxation process in
agqueous chloride~free solution, The slow transition can be obw-
served in both T- and P~jump experiments and will be attributed,

on the basis of the difference spectrum, to the spin transition of
the ferric irom, Iﬁcrease in temperature results in decreasing op-
tical absorbance at 550nm (more high~spin) while increase in press-
ure shifts the equilibrium to the opposite direction (more low=spin),

gggggE_gf_gggzleneglzcoai The properties of the transition are ba-

1013



Vol. 87, No. 4, 1979 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

sically the same in aqueous solution and in water/ethyleneglycol

mixtures. The relaxation amplitude remains unchanged, the time
constants are about a factor of 2 faster in the presence of 50Vol%

ethyleneglycol,

cess_in 50Vol% water/ethyleneglycol: The relaxation data can be

described by a simple monomolecular transition, For the reaction

h <1 (h,1, denote the high temperature/high~spin and low tempera-
ture /low-spin forms respectively) one obtains:

() 1/t =k +k, ; (2) 6= AecoTT§E72 5InK ; K = 1/h
Notation: T relaxation time; k rate constants; SE optical absorbance
change for lcm lightpath; Aec difference of extinction coefficients;
CoMetHb concentration; K equilibrium constant.

Eqn,(2) predicts a maximum of the relaxation amplitude when K = 1,
We hoped to observe the maximum in the accessible temperature range
since the susceptibility data (2) indicated that the high-spin/low=
spin transition which occurs in the range of the freezing tempera-
ture is completed at about -25°, However, this is not found., We
have therefore made the approximation that K<< 1, leading to

(3) §E T° = A exp(-8HC/RT) ; A = ae coégg §T exp (AS°/R)

It is obvious from eqn.(3) that in this case the reaction enthalpy
can be obtained independent of the knowledge of the actual value

of the equilibrium constant. The experimentally determined quanti-
ty 1n?aET2) is indeed linearly dependent on 1/T. From measure=-
ments at 9 different temperatures in the range from =20 to +20°C

we obtain under the conditions: 0.,27mM heme, 20mM maleate, 50Vol%

ethyleneglycol, pH 5,9, 545 nm, §T h.8°c

Hl=

2
In(8E(555) ") = -26.0 (+0.9) + 5.81(+0.23)-10°-
(correlation coefficient 0,99; T in Kelvin)
The reaction enthalpy for the transition yields AH = =11.5 (=4%)

kcal/mole, Equilibrium constants can be calculated from these
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amplitude data and eqn.(3) if the extinction coefficients are
known (see discussion).

The temperature-~dependence of the time constants yields the ac-
tivation parameters far 1 to h transition, since kh1<< klh'
From the experimentally determined dependence

1273)

n (3 (55) 1

= 70.3(+1.8) = 1.77(40.05)-10" %

the activation enthalpy and entropy result
+

Ath = 35(+3%) kcal/mole, Asfh = 81(+£3%) e.u.

P-jump_experiments: Pressure-jump experiments have been performed
at 2% in the aqueous solution; The time constant of the re-
laxation process is the same as in the T-jump experiments, The
optical extinction changeiis SE = 5010—h for AP = 77 bar, under
the conditions stated above. Reaction volumes can be calculated
by incorporating the equilibrium constant (see discnssion).
Influence of pH _and allosteric effectors; The appearance of the
relaxation process is strongly dependent on pH and can only be ob-
served in the pH range around pH = 6, The properties of the trans-
ition are also dependent on the.allosteric effectors, In the pre~
sence of a 10fold per heme excess of IHP(l) the amplitude of the
effeect is increased by a factor of 4-=5 at 3°C while the relaxation
time becomes slower by the same factor, A less pronounced change

is observed in the presence of DPG(l). The kinetic difference

spectrum is identical in the absence and presence of IHP,

DISCUSSION:

The temperature difference sSpectrum of the relaxation process
(Fig.1lc) agrees with the difference spectrum of the highw~spin/low-
spin tramsition given in ref.(h), which was calculated by corre-
lating the spectral properties of MetHb-hydroxide with magnetic
susceptibility data. The temperature difference aspectrum of the

fast jump (Fig.lb) shows no correlation with the spin state., It
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was pointed out that similar difference spectra as in Fig.lc can
also be observed without a change in spin state if a guaternary R
to T transition occurs, which can be induced with IHP (5). This
holds especially for the thiocyanate and imidazole complex, but
there is no direct correspondence for the agquo~complex. Very slow
kinetic effects are reported on magnetic studies (2). This is to
be expected from the high activation enthalpies of 35 (23,5) kcal/
mole for the 1 to h (h to 1) tramsition, and is a further indi-
cation that the observed transition correlates with the spim state,
Since the equilibrium constant cannot be calculated from the re-
laxation data alone (the maximum according to egqn.2 is not ob-
served) we used the extinction coefficients given in (4), ac(545)=

3, =1 1 . .
jM cm .+ Applying this value together with eqn,(3) yields a

4e10
regaction entropy of AS°= =50 e,u. The use of thisAe value is an
approximation, but yields certainly close estimates of the equili-
brium constant, One obtains K = 0,005, 0,02, 0,12 at temperatures

of 20,0,-20o respectively, The relative amount of low-spin forms
turns out to be very small above OOC, it should, however, become
strongly populated at lower temperatures., From the above thermo-
dynamic values one computes a compensation temperature (equal po=-
pulation of h and 1 states) of T, = - 43°C, Further kinetic and mag-
netic data are needed to test that prediction, The above estimate

of K shows that at room temperature the equilibrium is almost ful-
ly on the high temperature, i,e, high-spin side. Since the magnetic
data indicate ~ although not generally agreed upon -~ that a sub-
stantial amount of low=spin form is present at room temperature
(high~-spin state only 90% (6) or 78% (1)), one would have to con=-
ciunde that only a certain fraction of MetHb'HZO is involved in the
observed transition, i,e., that two kinds of spin equilibria exist.

The system is then characterized by a temperature-independent trans-
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ition ( AH = 0) of the aquo-complex (1) and another temperature-
dependent equilibrium ( AH = -11.5kcal/mole). The latter equili-
brium then reflects a process to which a spin transition is coupled
and probably involves the binding of the distal imidazole, as has
been proposed on the basis of ESR data (3). The large AH value is
in fact reasonable for the latter reaction and agrees almost quan-
titatively with the reaction enthalpies characteristic for low-spin
ligand binding to MetHb (10). The reaction volume of AV = =7ml/mole
calculated from the amplitude in the P-jump experiments and the
estimated equilibrium constants is also of the same order as for
low-spin ligand binding (11), The coupling of the transitien to

a protonated group in the protein at acid pH is a further proper-

ty common to ligand binding to myoglobin and hemoglobin (12), The

effect of IHP indicates that the transition occurs in the R- as

well as in the T guaternary structure forms.
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