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1. Introduction

MAGNETIC CIRCULAR DICHROISM STUDIES OF HEMOGLOBIN

THE REDUCTION OF FERRIHEMOGLOBIN BY FERROCYTOCHROME 5; AND
CHARACTERIZATION OF THE HIGH-SPIN HYDROXY SPECIES OF MIXED-VALENCE
HEMOGLOBIN
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The final step in the erythrocyte methemoglobin reduction pathway, the transfer of an electron from cytochrome bs io
methemoglobin, has been studied using magnetic circular dichroism spectroscopy. Spectral analysis allowed us to determine
accurately the concentration of each redox species in mixtures of the two heme-proteins and to follow simultaneously the
kinetics of the appearance or disappearance of each of these species during reduction reactions. Our analysis detected a
substantial increase in the high-spin hydroxymethemoglobin species in the partially reduced bovine hemoglobin tetramer. This
species was sensitive to the degree of reduction and pH, and was spectrally similar to fluoride methemoglobin. At pH 7.8, 100%
of the hydroxide component of methemoglobin was in the high-spin form when two or more subunits were in the ferrous form.
Kinetic analysis of bovine methemoglobin reduction yielded values for the apparent first-order rates for the tetrameric species
possessing four, three, two, and one ferric subunit. Further analysis showed that the reduction kinetics can also be described by
an equilibrium state, pure competitive inhibition model for enzyme catalysis in which ferrous and ferric subunits of hemoglobin
compete for cytochrome b;. This analysis generated a K, that depends on icnic strength and hemoglobin tetramer
conformation, a V,, that was independent of these factors, and an inhibition constant that was equal to K. This model is
consistent with the hypothesis that the reduction of methemoglobin can be separated into two steps, the ionic interaction
between cytochrome b; and hemoglobin and the electron transfer.

trum contains a very sharp, .intense A term {2]
which allows smalil concentrations of this species

Magnetic circular dichroissm (MCD) spectros-
copy has been used to study a number of heme-
proteins, including cytochrome &5 and hemoglobin
[1-7]. The MCD spectra of these heme-proteins
have been shown to be very sensitive to spin,
oxidation, and ligand states of the heme. The
visible region of the reduced cytochrome by spec-
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to be detected in the presence of other heme-pro-
teins [3]. Hemoglobin MCD spectra show unique
differences with various ligands in both the
oxidized and reduced states [4--7].

Evidence that cytochrome b; and methemoglo-
bin form a complex has been provided by isoelec-
tric focusing studies {8), by kinetic studies of the
transfer of electrons from ferrocytochrome b5 to
methemoglobin [9], and by spectral perturbation
in the visible region of the ferric forms of hemo-
globin and solubilized liver microsomal cyto-
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chrome b, [10]. The significance of such a complex
lies with the observation that methemoglobin re-
duction by the enzymatic system of erythrocytes
proceeds through such a complex and that the rate
of methemoglobin reduction under physiological
conditions appears to be dependent on the con-
centration of the complex [9].

In this study we have further examined the
interaction of reduced cytochrome b5 with hemo-
globin and described the results in terms of two
models. A nonreversible first-order model fits the
data and yields values of the rate constants for
tetrameric hemoglobin species possessing four,
three, two and one ferric subunit. A Michaelis-
Menten equilibrium state model describes the data
well in terms of formation of a cytochrome b,-ferric
hemoglobin complex, electron transfer between
hemes of this complex, and competition between
ferrous and ferric hemoglobin subunits for the
cytochrome. During the reduction to deoxyhe-
moglobin, we observed in mixed-valence hemo-
globin the conversion of hydroxymethemoglobin
subunits to a pure high-spin species with an MCD
spectrum similar to that of fluoromethemoglobin.

2. Materials and methods
2.1. Matrerials

NAD. NADH., Bis-Tris, and Trizma base were
obtained from Sigma Chemical Co. Horse heart
tnyoglobin was obtained from ICN Biochemicals.
Bovine liver microsomal cytochrome b; reductase
was obiained by the method outlined previously
{11] and was solubilized with chymotrypsin by the
method of Spatz and Strittmatter [12]. Bovine liver
microsomal cytochrome b; was purified by the
method of Ozols [13]. The cytochrome b; was
incubated with bovine liver lysosomal cathepsin D
and the resulting solubilized cytochrome was
purified to near-homogeneity by chromatographic
procedures (Schafer, Peters and Hultquist, unpub-
lished data). Bovine hemoglobin was isolated from
fresh blood (purebred Hereford) by the method of
Antonini and Brunori [14] and was further puri-
fied on DE-52 cellulose. The hemoglobin was
bound to the column at pH 8.6 in a Tris-Cl buffer

of ionic strength 0.02 M. Bovine hemoglobin A
was then eluted with a decreasing pH buffer at
constant ionic strength.

Hemoglobin was oxidized with a 3—-4-fold ex-
cess of potassium ferricyanide in a buffered solu-
tion. The solution was then passed through Am-
berlite MB-3 (Sigma) mixed-bed ion-exchange re-
sin to remove all ions. Methemoglobin was stored
at 4°C at a concentration of about 2 mM and was
used within 5 days. All methemoglobin and hemo-
globin concentrations are expressed on a per heme
basis.

2.2. Apparatus and data collection

MCD spectra were taken on a Jasco J-40C
spectropolarimeter equipped with an electromag-
net capable of generating a field strength of 15 000
G. The spectropolarimeter was interfaced to a
Nova IIlI computer and a Tracor 1500N signal
analyzer. Spectra acquisition, storage and baseline
subtraction were facilitated by the computer/
signal analyzer pair. The spectra consisted of 1024
data points which were fed out to an Ohio Scien-
tific Challenger II microcomputer which then
stored the spectra on floppy disks. Each scan was
condensed to 128 points, for subsequent multiple
linear regress:on analysis, by averaging eight ad-
jacent points sequentially along the spectrum. All
spectral analysis and plotting was performed on
the Challenger II using basic programs and an
ADM 3a terminal retrofitted with the Retro-
Graphics plotting hardware.

Spectra were obtained from the spectropolarim-
eter at 50 nm/ min, with the sensitivity scale set at
20 mdegree/cm, a 1.0 time constant, 1 nm spec-
tral bandwidth, 15000 G magnetic field, and the
sample temperature of 4-8°C. Baselines were
scanned four to six times, averaged, and then
stored in the Nova/Tracor. Anaerobic cuvettes
with path lengths of 1 cm and 2 mm were used. A
single spectrum containing MCD plus CD was
obtained at each time point during an enzymatic
reduction. The natural CD in the 670-470 nm
range was very small for hemoglobin, myoglobin,
and cytochrome b and did not interfere with the
analyses.
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2.3. Methemoglobin reduction

Methemoglobin was reduced by the electron-
transport chain consisting of NADH, protease-
solubilized microsomal cytochrome b; reductase
and protease-solubilized microsomal cytochrome
bs in 20 mM Bis-Tris (/= 3 mM), pH 7.3, in the
absence and presence of NaCl and inositol
hexaphosphate (IHP). We used concentrations of
components that maintained cytochrome &5 prim-
arily in a reduced form in the presence of methe-
moglobin. This allowed us to examine the transfer
of electrons from cytochrome b; to hemoglobin
with the proteins in the physiologically relevant
redox states. Hemoglobin concentrations were
maintained at 50 M or greater to assure a mini-
mum of 90% of the hemoglobin in the tetramer
form at the highest ionic strength used. We used
the value of 4 X 10°®° M~! for the dimer-tetramer
association constant of bovine hemoglobin [15]
(derived for an ionic strength of 0.225 M) to arrive
at this lower limit.

Under aerobic conditions, NADH was added to
a mixture of the proteins to start the reaction.
Under anaerobic conditions, hemoglobin was
placed in the sidearm of a Thunberg cuvette and
the remaining components placed in the main
body of the cuvette. The cuvette was then re-
peatedly evacuated and flushed with N, which had
been purified through an activated Ridox (Fisher
Scientific) column and then bubbled through dis-
tilled water. Any residual O, was scrubbed from
the system by the oxidation of ferrous cytochrome
bs. After approx. 1 h the methemoglobin was
tipped in and its recaction was followed by MCD
at 8°C. MCD spectra (duration of scan = 4 min)
were taken at 5-min intervals after the initiation of
the enzymatic reductions and were continued until
most of the methemoglobin was reduced.

2.4. Data analysis

The relative contributions of the ‘pure’ oxida-
tion states of the heme-proteins present in a sam-
ple spectrum were determined using multiple lin-
ear regression analysis. The spectra of the pure
states were used as the independent variable
(X,(7)) in the equation:

Y(j)=ag+a X (j)+ay Xo(j)+ ... +a,X,(/)
(1)

where j represents the number of data points in
each spectrum and therefore the number of data
sets (Y, X;, X;,...X,) used in the regression anal-
ysis.

Due to a slight drifting in the monochrometer,
the MCD signals were shified as a function of
time. It was necessary to analyze for this shift
because the standard spectra (X)) and sample
spectra were taken at times which differed by
hours or days. Since the shifts were small (< 2 nm)
we obtained a first-order approximation of the
shift of a standard spectrum by including its first
derivative in eq. 1 as an additional independent
variable. This led to the equation:

d X,
Y=a,+a, X, +a,X;,+ ...+blﬁ

dx,
2"an

The coefficient b, was divided by a, to determine
the shift, AX\,; the shift is determined from the
coefficient of the first decrivative of the contri-
bution of X, to the sample spectrum, which is
AM,d(a,X,)/dA. Since this term is equivalent to
AX,a,d X, /dA, b,=AAX,a,, and AA, = b,/a,. Anal-
ysis for shifts was routinely included only on the
standard spectra of reduced cytochrome b5 and
oxyhemoglobin because of the narrow, intense
bands in these spectra.

It was occasionally necessary to reduce the
number of independent variables in eq. 1. Since
the oxidized and reduced forms of a single protein
species are related to the total amount of that
protein by the equation ¢ = a; + a,, the value of
c—a, can be substituted for a, in eq. 1 or 2 where
the subscripts 1 and 2 represent oxidized and
reduced species of a single protein, respectively.
This substitution yields an equation with one less
independent variable and one less degree of free-
dom. The equation to be solved is then:

Y—cX,=as+a,(X;— X3)+a; X5+ ... (3)

+b

+ ... (2)

(This general form can be expanded for use when
more than one pair needs to be set equal to a
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constant.) The use of this equation can be ad-
vantageous when the spectrum of one of the pro-
tein species is of low intensity, or when it resem-
bles the spectral characteristics of a species from
another protein. If a low-intensity species has a
complementary redox state with a highly intense,
highly unique signal, then use of eq. 3 couples the
evaluation of the coefficients a; and a, to the
highly unique species and thereby gives a more
accurate determination of the less unique signal.
Even with hemoglobin present in a 10-fold excess,
the weak signal of oxidized cytochrome bs; was
successfully determined by coupling it to the highly
intense reduced cytochrome by signal.

The computer algorithm for the multiple regres-
sion analysis was adapted from that of Bevington
[16]. Incorporation of the first derivatives and the
coupled solutions originated with the authors.

2.5. Kinetic analvsis model I: A sequential, first-order
approach

A simple, first-order model was used to predict
the reduction of each subunit of the methemoglo-
bin tetramer. This model was based on the scheme:

A, L A k,

Hy— H,— H,— H, - H,
where the H, represent the concentrations of tetra-

mer with / subunits in the ferric state. Since each
step s first-order it follows, therefore, that

dH (r)/dt= —k,H (1) (4)
At time zero, all the hemoglobin is in the ferric
form (i.e.. #,, H,. A, and H, equal zero). The
amount of total ferric heme as a function of time
is represented by

Fe' (1) = XiH, (). i=432.1 )

7
The concentration of each tetrameric species can
be numerically estimated by the following set of
equations:

H(t+Aty=H (:)+AH/(r) (6a)
Ht+A)=H(1)+AH (1)—AH (1)

i =321 (6b)
and

Hy(t+Ar)=H,(t)—AH,(r) (6c)
where
AH (1)=—k;H((1)Aq, (6d)

Egs. 5 and 6 were used to generate the smooth
curves in fig. 3 after estimates of k, were obtained.

This reaction scheme can also be integrated into
an exact analytical form [17] that directly gives
each H, as a function of time. The integrated rate
equations were used in an iterative least-squares
method described by Olson [17] to arrive at esti-
mates of k, using the experimentally measured
data, Fe®*(t). The estimates of k, were obtained
by minimizing a computed error function contain-
ing kK, + Ak, and then solving for Ak;. This proce-
dure was performed iteratively until the &, terms
converged to stable values. This method required
initial guesses of &, and thev were often the critical
factor determining convergence. It was also ap-
parent that local minima existed in the ‘solution
space’ for the four k, terms that resulted in conver-
gence to slightly different values depending on the
initial guesses. We, therefore, cannot be sure that
the estimates of k; given here represent the true
global minimum for each data set but they are
adequate estimates because in all cases the dif-
ferences between the four &, terms of a solution
were very much greater thar the slighily different
values obtained for each 4, with various initial
guesses.

2.6. Kinetic analysis model I1: An equilibrium kinet-
ics, competitive inhibition approach

An equilibrium state, pure competitive inhibi-
tion formulation was also used to describe the
kinetic data for reduction of methemoglobin. This
model assumes that cytochrome b; takes the role
of enzyme, methemoglobin is the substrate, and
ferrous hemoglobin is a pure competitive inhibitor.
The velocity equation for an increase in the total
ferrous heme, @, can be constructed as the sum of
velocity components for each valence form of the
tetramer and is given by:

dQ _ Voo 4H, 3H,

+
ds 4 K K
Ko+-20+H, K,+=PQ0+H,
KI KI
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2H, . H,

Kp Kp
Kp+3PQ+H, Kp+2Q+H,

(7)
where V., is the maximum velocity for reaction
of cytochrome b; with a fully oxidized hemoglobin
tetramer, K, the concentrations of hemoglobin tet-
ramer with 7 oxidized subunits, K, the inhibition
constant arising from the nonproductive com-
plexation of ferrous cytochrome b with a ferrous
hemoglobin subunit, and K the dissociation con-
stant characterizing the complexation of ferrous
cytochrome b5 with a methemoglobin subunit. The
degree of inhibition by ferrous subunits increases
with increasing [Q] which is 2a common factor in all
terms while substrate concentration H, for each
term depends on the instantaneous amount of that
tetrameric form. The factors 4, 3, 2 and 1 are
incorporated because of the reactivity cross-sec-
tion of the various tetramer forms, thus, eq. 7
contains three unknown parameters, V.., K, and
K, each with an intrinsic meaning within the
framework of the model.

This model was derived using Michaelis-Menten
kinetics under equilibrium conditions as applied to
the following reaction scheme:

Kk
H+b" =Hbi" > H_,+b", i=432]1(8)
k'

where 62* and b2 ™* represent the ferrous and ferric
forms of the cytochrome. (Under the conditions of
this work, the concentration of b2* is negligible.)
Eq. 7 was derived from this reaction scheme under
the assumption that each rate constant in eq. 8 is
the same for all values of i and that equilibrium
conditions are appropriate. The latter assumption
requires that £” > k " and therefore yields a K
instead of a K,y as In the typical steady-state
kinetic expression. (Using the V. and K, values
derived in this work and a very conservative lower
limit estimate of A’=1X10° M~! s~ k" is
greater than & ”” by at least 2 orders of magnituds
for all the conditions studied.) The validity of
these two assumptions was examined by trying to
fit eq. 7 to the data using AQ/Ar and values of H,
generated by egs. 5 and 6 obtained with the best-fit

values of k,. Since the kinetic curves generated by
using k, (section 2.5) excellently reproduced the
actual data, they served as an ideal way to obtain
approximations to H, and to obtain more accu-
rately AQ /At by making At smaller than the time
interval between actual data points. The value of
V, ..« Was obtained from the Lineweaver-Burk plot
(fig. 4) and K, was set equal to K, repiesenting
the most simple case for the interaction of the two
proteins *. With V, fixed and A, and AG/At
generated for each time point, the test of cq. 7
simplified to the ability of a single K, vaiue to
satisfy the equaticn at all points in the reduction.
A K value can be generated for each time point
by solving eq. 7 for K. This was done by rewrit-
ing eq. 7 as a fourth-order polynomial in K and
determining the four roots at each time point. In
all cases examined, only one of the four roots was
positive and that was taken as the physically rele-
vant solution. The roots obtained are shown in fig.
5 and described in sectiva 3.2,

2.7. Elucidation of high-spin hydroxymethemoglobi::

Spectra taken during the course of reductions
were initially analyzed assuming that hemoglobin
was present only as deoxyhemoglobin and
methemoglobin, as represented by the spectra of
pure deoxyhemoglobin and pure methemoglobin
at the pH of the reduction. This type of analysis
yielded values for the contributions of these two
hemoglobin species at each point in the reduction.
The sum of methemoglobin and deoxyhemoglobin
at each point did not equal the total hemoglobin
present, however, and the residual specirum (the
sample spectrum, Y, minus the computed contri-
butions of known components) was not Tlat. These
observations indicated that at least one other
unique species was present in the MCD spectium
during reduction. The maximum deviation from a

* The inhibition constant, K;, incorporated in eq. 7 represents
a dissociation constant for the nonproductive complexation
of ferrous cytochrome b; with a ferrous hemoglobin subunit.
Since e£q. 7 was derived using equilibrium rather than
sieady-state kinetics, it contains Ky, which is the dissociation
constant for the productive complexation of the two pro-
teins. Both K| and Kp are equilibrium constants and there-
fore it is reasonable 1o test the case where K; = K.
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best fit resulting from the unknown species oc-
curied wmidway through the reduction under
anaerobic condiuons.

The spectrum of the unknown species was de-
termined by manipulation of the contributions of
met and deoxy forms of hemoglobin in such a way
that the following equations were satisfied at each
time point in the reduction:

1€ e ( A) = aledcu\_\ ( A) + a3€nn ( A) = Aab~( }‘) (9)
a, + as + az= [Hb]lnlul (10)

where the €(A) terms represent the MCD spectra
(in units of [#],,) for each species and A4, is the
observed MCD spectrum at each time point. Since
a,. a,, a; and €, (A) were not known, an iterative
approach was used by varying 4, and a, and using
the residual spectrum from the previous iteration
as €, (A). This proceeded until the €, (A) ob-
tained plus €, (A) and €,4.,.,(A) could be used to
fit all the time points of the reduction while
simultaneously satisfying eq. 10.

Since the unknown spectrum resembled high-
spin fluoromethemoglobin, the latter spectrum was
routinely used in all spectral analyses reported
here.

3. Results
3.1. MCD spectra of hemoglobin and cytochrome bs

The MCD spectra of various ligand and valence
states of bovine cytochrome b; and hen.oglobin
arve shown in fig. 1 for the wavelength regions
370-470 and 470-670 nm. The spectra illustrate
the sensitivity of MCD to ligand and spin state of
the heme-proteins. For all of the protein states
shown, the visible region has more characteristic
band features than the Soret region. The spectra in
the visible region were used. therefore, in the mul-
tiple regression analysis to determine relative
oxidation state contributions of hemoglobin and
cytochrome b5 during reduction.

3.2. Methemoglobin reduction

Reduction of methemoglobin was carried out
under conditions which kept the cytochrome b; in

80
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o
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B
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Fig. 1. MCD spectra of various forms of hemoglobin and
cytochrome bs. Final concentrations: 10 uM cytochrome by
and 40 pM hemoglobin in 20 mM Bis-Tris (pH 7.3) at 8°C.
Ferrous species were obtained by addition of dithionite.
Methemoglobin was prepared as described in section 2.1. Top:
reduced cytochrome bs; (— — —). oxidized cytochrome by
( ). Middle: oxyhemoglobin ( ). deoxyhemoglobin
(— — —). Bottom: aquomethemoglobin ( ). fluoro-
methemoglobin prepared in the presence of 100 mM NaF
(-=-=- ). mixed-spin hydroxide methemoglobin at pH 10
(———)

6
al b .
2 . - %ﬂ% A 1

.

]

- 6 =
660 620 580 540
Wavelength (nm)

. 1 2

500

Fig. 2. MCD spectral analysis of methemoglobin reduction. (a)
Spectra at selected times during reduction in the absence of
oxygen. Arrows indicate spectral changes with time. Specific
data are listed in table 1. (b) Residual spectra at the same time
points computed after best-fit analysis by linear regression.
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Table 1
Results of the multiple regression analysis of reduction of methemoglobin and ferricytochrome b, under anaerobic conditions

Reaction conditions: 8°C, pH 7.4; final concentrations: 0.1 M NaCl, 7 mM Bis-Tris buffer. 1 mM NADH, and 0.05 unit cytochroms
bs reductase/ml.

Time (min) Concentrations ( xM) Shift (nm) F~-Fe** Hb
2 of cytochrome b. * 100 (%)
H,O-Fe>* Hb F~-Fe’*Hb Fe?* Hb O,-Fe?* Hb Total Hb Fe?* b S Total Fe** Hb
2 36.1 19 6.7 0.66 45.4 4.41 —-0.17 5
7 274 4.8 13.2 0.42 45.8 4.68 —0.12 15
12 230 54 17.0 0.44 45.8 4.83 —0.15 19
17 20.6 58 194 0.47 46.3 4.87 —0.16 22
32 15.8 54 24.1 0.55 458 4.97 —0.02 25
52 13.8 4.2 28.0 0.57 46.6 5.01 —0.31 23
97 9.5 3.3 332 0.87 46.9 4.99 —0.19 26
147 6.7 1.6 36.2 1.20 45.7 496 —-0.19 19
virtually a completely reduced state as demon- only if this condition was strictly met. The com-
strated in fig. 2a. The intensity of the signal of the plete analysis of the reduction of fig. 2a is given in
reduced cytochrome b5 (near 555 nm) remained table 1. Using fluoromethemoglobin as an analog
approximately constant as methemoglobin under- of the high-spin hydroxymethemoglobin species
went complete reduction to deoxyhemoglobin. (see sections 2.7 and 3.3), a self-consistent analysis
Maintenance of cytochrome b5 in the ferrous form resulted, with total hemoglobin constant to within
was crucial to the study of the final step in the 1.1% standard deviation. The correction for the
electron transfer to methemoglcobin and the kinet- shift of the reduced cytochrome bs spectrum wa:
ics described in this section were interpretable small but necessary for a good fit. The residual
T ] L] L } T T T T T T T
a b C
- .
or / -1 10 q110F 1/ 1
o hd /.
= / . . /
5 s & 1 sf 15t [ .
3} / o a
= /* _—A ® - / / .
'y A
\ /. / // i o /
= | A "« P P -
T 5 _/ /“A 4 > ‘/g‘/ 45l 7 l:1/ |
— &~
o & / st
k=] & /l/ "//L - a2
=2 / 4 ) a—"
! 1 ! I ! | 1 ] I : | Eﬂ' T, L A L
40 80 40 80 40 80

Time (min)

Fig. 3. Reduction of methemoglobin and metmyoglobin. The course of reaction is plotted such that slope is directly proportional to
rate. Final concentrations: 0.01 unit of cytochrome b5 reductase/ml. 1 mM NADH, and 20 mM Bis-Tris (pH 7.3). (a) Anaerobic
reduction of methemoglobin. Final concentrations: 50 pM methemoglobin and 5 uM cytochrome bs. No addition (@ @), 0.1 M
NaCl (a a)- (b) Aerobic reduction of methemoglobin. Final concentrations; 5S¢ pM methemoglobin and 5 uM cytochrome bs.
No addition (® ®), 0.04 M NaCi (= m), 0.10 M NaCl (a a). (c) Reduction of horse heart metmyoglobirn. Final
concentrations: 20 uM metmyoglobin and 1 pM cytochrome bs;. Anaerobic, no NaCl (X X); anaerobic, 0.03 M NaCl
@ 0); aerobic, no NaCl (@ @®); aerobic, 0.03 M NaCl (m m); aerobic, 0.1 M NaCl (~ A).
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spectra resulting from this analysis were essentially
flat, except for some deflections in the 560 nm
region which were due to a slight narrowing
(0.5-1.0 nm) of the ferrocytochrome b4 signal dur-
ing reduction (fig. 2b). The use of MCD and our
analysis provided a suitable method to follow the
various spevies involved in the reduction.

Time courses for the reduction of methe-
moglobin and metmyoglobin as a function of
oxygen and ionic strength are shown in fig. 3. The
data, plotted as In([total subunits]/[ferric sub-
units]) vs. time, would yield straight lines for those
reactions that follow first-order kinetics. The plots
of methemoglobin reduction do not yield straight
lines but rather lines with slopes that decrease as a
function of time (fig. 3a and b). The slopes de-
crease with increasing ionic strength and there is a
distinct biphasic nature to the anaerobic reduc-
tion. The plots for metmyoglobin, in contrast,
appear to be first order with similar rates for
aerobic and anaerobic conditions.

Analysis of the methemoglobin reduction kinet-
ics using model 1 (as described in section 2.5)
yielded four apparent first-order rate constants
(destignated k. k;. k, and k) for the reduction of
tetrameric hemoglobin possessing four, three, two,
and one ferric subunit, respectively (table 2). These
derived rate constants decreased in magnitude as
the hemoglobin tetramer became more reduced.
The smooth curves drawn through the data points
in fig. 3a and b were generated from the derived
rate constants k, using eqs. 5 and 6a-d. The
derived curves show an excellent fit to the experi-
mental data. The average deviation of these curves
from the data points is approx. 0.2%.

Table 2

Yor (uM/min)

-Q.1 (o] ot 0.2

1/[Hb tetramer] (M)

Fig. 4. Effect of methemoglobkin concentration on the rates of
clectron transfer from ferrocytochrome b5 to hemoglobin with
100 or 10% of the subunits in the ferric form. Reduction was
carried out in the absciice of oxygen with final concentrations
of 1.0 mM NADH, 20 mM Bis-Tris buffer (pH 7.3), 0.05 unit
cytochrome bs reductase/ml. 5 pM cytochrome bs. and total
hemoglobin concentrations varying from 12.5 to 50 uM hemo-
globin tetramer. Lineweaver-Burk plots are shown for the ini-
tial velocities (O O) and for the velocities at 90% reduc-
tion (@ @®). At 90% completion, the calculation of con-
centration of tetramer containing one ferric subunit was based
on the assumption that no more than one ferric subunit was
present per tetramer.

The kinetics of reduction (fig. 3) were also
analyzed using model 11 (as described in section
2.6) and values were obtained for K5, K, and V.,
which satisfied eq. 7 and reproduced the data.
Values for V,, were obtained from the Line-
weaver-Burk plots (fig. 4) which represent veloci-
ties taken from the initial and final regions of

reductions carried out with different total hemo-

Apparent first-order rate constants for reduction of each valence species of tetrameric methemoglobin

For conditions and concentrations see fig. 3.

O, lonic strength (M) Apparent rate constants (min~ )

Ky ks ka ky
+ 0.003 0.985 0.600 0.285 0.099
+ 0.043 0.317 0.110 0.085 0.010
+ 0.103 0.269 0.050 0.034 0.004
- 0.003 1.25 0.800 0.092 0.039
- 0.103 0.312 0.080 0.013 0.011
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globin concentrations at low ionic strength in the
absence of oxygen. These data are not sufficiently
accurate to establish that 1 is constant but do
suggest that V,_, is relatively stable while the
apparent K, values for the early and late stages of
the reduction are vastly different. ¥, was, there-
fore, assumed to be constant and taken to be equal
to 30 uM/min, K; was set at K, and the value of
K, that satisfied eq. 7 was determined at various
theoretical time points in each reduction.

Plots of K, vs. the fraction of ~educed heme, ¥,
are given in fig. 5. At low ionic strength (7 = 0.003
M) and in the presence of oxygen, a relatively
constant value of K, was obtained throughout the
reduction of methemoglobin (fig. 5a). This sug-
gests a constant affinity between cytochrome by
and each tetrameric form of hemoglobin. In con-
trast, analysis of reductions in the absence of
oxygen resulted in two values for K, a low value
early in the reduction and a high value late in the
reduction. These two values are approximately an
order of magnitude apart and are connected by
intermediate values of K which define a fairly
abrupt transition that occurs at the midpoint of
the reduction. In the early part of the reduction
the first two terms in eq. 7 predominate and,
therefore, the lower value of K in this region

X ). (b) Higher tonic strength. p=0.1 M. aerobic conditions
X ) u=0.043 M, aerobic conditions (&

=).

characterizes the first two steps of the reduction.
Similarly, the high values of K characterize the
final two steps in the reduction. It follows, then,
that the affinity of cytochrome b for H, and H, is
high while the affinity for 4, and H, is low. Each
intermediate value of K, is not a meaningful value
but is simply the best single estimate to the
fourth-order polynomial representation of eq. 7
when significant amounts of H; and H, are pres-
ent simultaneously. When reductions were carried
out at higher ionic strength, all values of K, were
increased (fig. 5b) due to the diminished ionic
affinity between the two proteins.

Reduction in the presence of oxygen at high
ionic strength is more complicated. When hemo-
globin is primarily in its ferric form, the K, value
is similar to the low K, observed in the absence of
oxygen. However, the K, value steadily increases
as Y increases. This is apparently due to the
increasingly significant role of auto-oxidation of
cytochrome b5 as the overall rate of methemoglo-
bin reduction decreases during the course of the
reaction. The auto-oxidation is mathematically
equivalent to an increased inhibition of the inter-
action of methemoglobin with cytochrome b5 and
is manifested as an increasing K in the calcu-
lation.
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3.3. Detection of high-spin hydroxymethemoglobin

Using the multiple regression analysis technique
(sections 2.4 and 2.7), a previously unrecognized
increase in high-spin hydroxymethemoglobin was
discovered in partially reduced hemoglobin in the
absence of oxygen. The MCD spectrum of this
species is shown in fig. 6. The spectrum is distinct
from those of aquomethemoglobin and mixed-spin
hydroxymethemoglobin at pH 10, but there is a
striking similarity to the spectrum of fluoro-
methemoglobin. The presence of this species can
be seen as a skewing of the 640 nm trough of the
high-wavelength charge-transfer band which is
normally due to aquomethemoglobin. An enlarged
view of the high-wavelength region taken from the
midpoint of the reduction in fig. 2a is shown in fig.
7 (dotted line). There is clearly a negative deflec-
tion near 620 nm due to the contribution of a
signal with a negative maximum at a lower wave-
length than that of aquomethemoglobin and close
to that of fluoromethemoglobin. Since this species
shows charge-transfer bands in sin.ilar regions to
those of fluoromethemoglobin it is very likely a
high-spin form of methemoglobin. In contrast to
methemoglobin reduction, metmyoglobin reduc-
tion proceeds with a simple monotonic decrease in
the 640 nm trough with no skewing in the 610-630
nm region (data not shown).

Analysis of a reduction of methemoglobin at
pH 7.8 for mixed-spin hydroxymethemoglobin,
aquomethemoglobin, and fluoromethemoglobin
(fig. 8) led to tentative identification of the high-
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Fig. 6. Calculated MCD spectrum of the high-spin species of
mixed-valence hemoglobin. Spectrum calculated as described in
section 2.7 (------ ). spectrum of fluoromethemoglobin de-
termined as described in fig. 1 ( ).
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Fig. 7. MCD spectrum of partinlly reduced methemoglobin
showing the contribution of the high-spin species. Methe-
moglobin was brought to approx. 50% reduction by incubation
for 17 min (see fig. 2 and table 1). Low-en=rgy region of the
MCD visible spectrum of the partially reduced methemoglobin
(------ ). aquomethemoglobin ( ) and fluoromethe-

spin component as high-spin hydroxymethe-
moglobin. As reduction proceeded, the mixed-spin
hydroxide signal of methemoglobin decreased and
the pure high-spin signal increased in a 1:1 rela-
tionship. while the fraction of aquomethemoglobin
remained constant. Further evidence that the
high-spin species is high-spin hydroxymethe-
meglobin was provided by a study of the effect of
pH on levels of high-spin form generated during
methemoglobin reduction. A plot of the maximum
value for the fraction of methemoglobin present as
the high-spin form vs. pH (fig. 9) yielded a set of
points that lie along a theoretical titration curve
with a pK of 7.78. This is close to the pK, ex-
pected for the aquo-to-hydroxy transition of
methemoglobin [18).

During methemoglobin reduction, the absolute
amount of high-spin hydroxy derivative is initially
zero, increases to a maximum at approximately the
midpoint of the reduction, and then declines to
zero, paralleling the decrease in total methe-
moglobin. The fraction of total methemoglobin
present as high-spin hydroxide derivative remains
constant once the midpoint is reached. The amount
of high-spin hydroxide varies with the conditions.
At low ionic strength and in the absence of oxygen,
the high-spin hydroxide reached a maximum of
10% at 50% reduction (fig. 10a). In the presence of
0.1 M NaCl, a maximum of 12% is reached at 45%



D.A. Juckest, D.E. Huliquist /MCD of ferrocytochrome bs / ferrihemoglobin 331

1 i i I i 1 1 i b
a — x
400 L osok X Tx—— X—x—— —0.50
0 —
— T x
= 300} N = 2 = A =
= Ly x
= b= s
T, 200X, — T 0.5 —o.25
N °\<,\ = 3
gy 2 2
100 \ .g — — b=
\!\ ~ g 2
O\ RN [ <C
TE=JI =
| a1 l I 2
0.2 0.4 Y 1.0 = 0.25 0.5
Y High-spin hydroxymetHb/ Total metHb

Fig. 8. Changes in the levels of the various species of ferric hemoglobin during the course of methemoglobin reduction. Reduction was
carried out in the absence of oxygen at pH 7.8 and 8°C. Final concentrations; 400 ©M methemoglobin, 4 pM cytochrome bs, 0.05 unit
cytochrome bs reductase/ml, 1 mM NADH, and 10 mM dimethylglutaric acid (pH 7.8). In this multiple regression analysis,
methemoglobin at pH 10.0 provided the spectrum of mixed-spin hydroxide methemoglobin, methemoglobin at pH 6.6 provided the
spectrum of aquomethemoglobin, and fluoromethemoglobin was used to approximate the spectrum of the high-spin, mixed-valence
methemoglobin species. Values for each species were calculated as described in section 2.4. Y is the fraction of hemoglobin subunits in
the ferrous form. (a) Computed values for concentrations of the various species. Total ferric hemoglobin (O O), aquomethe-
moglobin (% ), mixed-spin hydroxymethemoglobin (@ @), high-spin methemcglobin (&8 m). (b) The fraction of
total methemoglobin present as the mixed-spin hydroxide species (@ ®) and as the aquomethemoglobin species (X ———— X))
plotted vs. the fraction of total methemoglobin present as the high-spin species.

- : T i - : T v —
o . .\. c
a 1.0 T T T T AS |t O\ E
I L ]
-
® [oR]eN 3 b
153 - . .,
= oos} \_ .
2
S )
:.".:: 05 [ — T * * *
= —
2 =] T T T T T T - T
> [e]
§ — — N ol15 b
2 | 1
2 % %
.g ./. v 010+ 4
@ 1 ] ! 2 o
=) 6 8 10 005} - ]
I pH .é x/. L
Fig. 9. Effect of pH on the maxitaum fraction of methemoglo- = . L N : N s .
bin present as high-spin species during reduction. Conditions j?__"
and procedures were the sare as those described in fig. 8, T i i j j j
except for different pH values. The smooth curve is a titration a
curve for an acid with pK, = 7.78, calculated from the Hender- 0.5+ E
son-Hasselbalch equation. d
10+ 2 _ - i
0.10 o... = JRDR ..\-.K .
L]
Fig. 10. Relationship between high-spin signal and valence 0.05} ° * ¢ .i.\.‘. i
state of hemoglobin. Reduction was carried out in the absence o °
of oxygen as described in fig. 3a. Y is the fraction of hemo- & . . . L . . e
globin subunits in the ferrous form. (a) No addition; (b) 0.1 M (o] o2 04 06 o8 1.0

NaCl; (c) 50 pM IHP, with and without NaClL. Y



332 D.A. Juckeut, D.E. Hultquist / MCD of ferrocytochrome b / ferrihemoglobin

reduction (fig. 10b) and in the presence of IHP at
either fow or high ionic strength, a maximum of
19% is reached at 35% reduction (fig. 10c). In the
presence of oxygen. high-spin hydroxide is de-
tected only in the presence of IHP; under these
conditions, a maximum concentration of 12% is
seen at 30% reduction (data not shown).

4. Discussion
4.1. MCD spectra of bovine hemeproteins

The observed MCD spectra of the various
oxidaticn and ligand states of bovine hemoglobin
are very similar to those reported for human he-
moglobin at this pH [5-7]. The spectra of the
oxidized and reduced forms of bovine cytoclirome
b, (fig. 1). however, differ in intensity in the visible
region from those reported by Dolinger et al. [2]
for rat liver cytochrome b5 and by Vickery et al. [3]
for pig liver cytochrome b;. The Scret region does,
however. agree with that obtained by Vickery et al.
[1] for calf liver cytochrome b;, for which the
visible region was not reported.

4.2. Reduction kinetics

MCD proved to be an effective way to study
the kinetics of methemoglaLin reduction. It al-
[owed us simultaneously to follow methemoglobin
reduction and to monitor the level of ferrous cyto-
chrome b;. The intense signal of ferrous cyto-
chrome b, allowed such studies to be carried out at
low ratios of cytochrome bs; to hemoglobin con-
centrations. Multiple regression analysis yielded
concentrations of all the species present during the
reduction in a reliable and self-consistent manner.
The spectrum of each species, taken in the pure,
isolated form, adequately represented that species
when other forms were present, except in the case
of cytochrome bs.

The a-peak of the spectrum of ferrous cyto-
chrome b5 showed a narrowing in the presence of
forms of hemoglobin. At low ionic strength in the
absence of oxygen, the narrowing was approx. 1
nm at the beginning of methemoglobin reduction
and 0.5 nm at the completion of the reduction.

Under these conditions, the K, changes by an
order of magnitude (see fig. 5a) which results in
about twice as much cytochrome b; complexed to
hemoglobin at the beginning of the reduction than
at the end. This is coincident with the 2-fold
change in the narrowing of the cytochrome b,
signal. The significance of this finding has yet to
be explored.

The results of section 3.2 demonstrate that the
reduction of methemoglobin tetramer can be inter-
preted in terms of four apparent first-order rate
constants. one for each of the four possible levels
of oxidation of tetrameric methemoglobin. These
four rate constants were derived in the context of a
mc-del that assumed four sequential, nonreversible
steps with each step being characterized by a
first-order process. The model contains the expec-
tation that the ratio k4: k31 k51 &, should follow
the pattern 4:3:2:1, which represents the num-
ber of available ferric subunits on each of the four
possible tetrameric forms [16]. This expectation
follows from the hypotheses that the intrinsic reac-
tion rate of ferrous cytochrome b; with a ferric
hemoglobin subunit is constant for each tetrameric
species and that ferrous cytochrome b interacts
only with the ferric subunits of hemoglobin. The
observed ratio pattern decreased more rapidly than
the 4:3:2:1 pattern in the case of reduction
under oxygenated conditions and therefore did not
support the hypotheses. Reduction under aerobic
conditions is an important test for the hypotheses
because there should be no conformational changes
in the protein to influence the rate. It is clear that
the derived rate constants. while they can generate
a curve that fits the data, are not easily interpreta-
ble in terms of the assumptions of the model. One
is forced to postulate further that nonspecific
changes occur as the tetramer passes through each
step of the reduction which leads to decreases in
the intrinsic ferrous cytochrome bs-ferric subunit
reaction rate. If such changes do occur, this model
offers no insight into their origins.

In order to analyze the reduction kinetics from
a more realistic approach we formulated the equi-
librium state model II. This model postulates the
formation of an intermediate, in the form of a
protein-protein complex, and the ability of ferrous
cytochrome b5 to form nonproductive complexes
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with ferrous hemoglobin subunits. The equilibrium
formulation (eq. 7) is based on Michaelis-Menten
kinetics incorporating competitive inhibition, an
approach used for enzymatic reactions where an
enzyme-substrate complex is assumed. Although
the electron transfer between cytochrome &; and
hemoglobin is considered a nonenzymatic step, the
separation of this reaction into complexation (k})
and then electron movement (k,”) justifies the
use of this kinetic approach.

Eq. 7 was able to describe satisfactorily the data
for the reductions using the assumptions of a
single V.. and with K, equal to K. In the
presence of oxygen, a constant vaiue of K was
obtained. This supports the reaction scheme of eq.
8 as well as the assumptions of the model. Al-
though mechanisms cannot be definitively de-
termined by kinetics analysis, this analysis is con-
sistent with the following conclusions: (1) the rate
constants of eq. 8 are independent of i; (2) ferrous
and ferric hemoglobin subunits have the same
affinity for cytochrome b5; and (3) reaction is a
two-step process with the rate of electron move-
ment, k", being approximately equal to 0.1 s~ .
In the absence of oxygen a dramatic increase in
K for the last two subunits in the reduction was
observed. This implies that the ionic interaction
between the two proteins is very sensitive to the
R-to-T conformational change of hemoglobin.
Therefore, the equilibrium competitive model fits
the data and yields parameters that are interpret-
able and consistent with known facts.

The data presented in sections 3.2 and 3.3 make
1t reasonable to assume that the structural transi-
tion, which occurs when two subunits of the tetra-
mer are reduced, alters the structure of the two
ferric subunits both externally and at the heme
centers. The external changes in conformation re-
sult in iowered affinity for cytochrome bg, as rep-
resented by the increased K. The change at the
heme results in the complete conversion of the
hydroxide methemoglobin component to a high-
spin form. Whereas the external change affects the
rate of reduction, the change of spin state does not
seem to alter the electron-transfer step in the re-
duction, since V,,, is the same before and after
this structural transition (fig. 4). Therefore, the
ionic interaction between the two proteins is sensi-

tive to tertiary structure and is the primary modu-
lator of the reduction rate.

Results of reductions performed in the presence
of IHP were difficult to interpret. In the presence
of THP and at 0.1 M ionic strength under anaerobic
conditions, the transition point from low to high
K occurred prior to 50% reduction, but neither
model I nor II was capable of satisfactorily fitting
the data. In agreement with published data [19],
the a- and B-subunits appear to show a marked
difference in affinity for cytochrome b; in the
presence of THP, with the result that eight rate
constants in model I or eight terms in eq. 7 for
model II are needed to describe tt:2 reduction.

4.3. High-spin hydroxymethemoglobin

The high-spin methemoglobin that occurred in
increased amount during reduction appeared to be
a form of hydroxymethemoglobin. Hydroxy-
methemoglobin exists as a thermodynamic mixture
of high- and low-spin states [20] both of which are
represented in the MCD spectrum of hydroxy-
methemoglobin at pH 10.0 (fig. 1). The band at
575 nm is a characteristic low-spin band, while the
negative deflection at 620 nm is part of a band
centered near 600 nm representing the high-spin
component. During the reduction of bovine
methemoglobin the intensity of the low-spin band
decreases and that of the high-spin band increases.
When we analyzed the data, using hydroxy-
methemoglobin at pH 10 to represent the mixed-
spin species and fluoromethemoglobin to represent
the pure high-spin hydroxymethemoglobin, the
mixed-spin species was found to be replaced by
the high-spin species in a 1:1 relationship during
the reduction. This demonstrates that the spectra
of fluoromethemoglobin, the high-spin component
of mixed-spin hydroxymethemoglobin, and the
high-spin species generated during the reduction,
are all very similar and supports our hypothesis
that the generated species is high-spin hydroxy-
methemoglobin. This hypothesis is further sup-
ported by the increase in absolute level of this
species at high pH.

The occurrence of the maximum concentration
of the high-spin component near the midpoint of
the reduction suggests that this component was the
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result of ferric subunits being driven to a higher
spin state by structural changes induced by the
ferrous subunits. The percent of ferric hemoglobin
present as the high-spin hydroxide species reached
a stable maximum beginning near the midpoint of
the reduction (table 1). This indicates that a con-
stant conformational ‘pressure” was present during
the second half of the reduction and is consistent
with the transformation of the tetramer to the
T-state. The effect of the allosteric effector, IHP,
to increase the amount of high-spin hydroxide at
earlier points in the reduction (fig. 3c) supports the
above hypothesis since IHP can induce a T-like
state in methemoglobin. The data support the
model of Perutz et al. [21] that links spin state to
structural conformation.

The existence of the high-spin hydroxide form
as a component of methemoglobin has been dis-
cussed by Antonini and Brunori [14] and the ex-
pected absorption spectrum of pure high-spin hy-
droxymethemoglobin has been calculated by Geo-
rge et al. [22]. Near neutral pH, however. the
predominant methemoglobin form is the high-spin
aquo species with smaller contributions of low-spin
aquo, low-spin hydroxide, and high-spin hydrox-
ide forms. In partially reduced hemoglobin, Perutz
[23] detected an increase in methemoglobin spin
state and attributed it to an increase in the high-
spin hydroxide form. Moreover, Perutz et al. [18]
have shown that T-state methemoglobin, induced
by IHP, exhibited a hydroxide component of higher
spin. The spectrum of this species was not ob-
tained, however, because IHP does not bind at
high pH where the hydroxide component pre-
dominates and methemoglobin thus remains in the
R-state. In the current study, we establish an
approximate MCD spectrum of this species (fig. 6)
which resembles the spectrum of fluoromethe-
moglobin. The differences in the two spectra. which
occur at the prominent charge-transfer bands at
620 and 500 nm [24,25], may have arisen from the
analytical procedures used to determine this spec-
trum. In fact, a closer similarity to the fluoro-
methemoglobin spectrum may be inferred from
the excellent fit to the data (table 1 and fig. 8)
generated by the use of fluoromethemoglobin as
the putative high-spin hydroxide form. A similar
agreement was calculated by George et al. [22] for

the absorption band components of fluoro- and
high-spin hydroxymethemoglobin. The MCD
spectrum of high-spin hydroxymethemoglobin,
being similar to that for the fluoride methemoglo-
bin, thus verifies this calculated spectrum and
indicates that the high-spin hydroxide species, like
the fluoride derivative, exists completely in a spin
state of 5/2.

The detection of the high-spin hydroxide species
was made possible because the mixed-valence state
that is generated during anaerobic reduction in-
duces a T-state conformation in bovine hemo-
globin that results in the conversion of the hy-
droxymethemoglobin component to the com-
pletely high-spin state. The tetramer-dimer associ-
ation censtant for bovine her.oglobin (4 x 10°
M ~1) [15], which is an order of magnitude greater
than that for human hemoglobin, may be responsi-
ble for this. In limited experiments we detected a
smaller increase in high-spin hydroxymethe-
moglobin during the reduction of human methe-
moglobin. The subunit interactions that give rise
to the different association constants are possibly
responsible for the observed difference in the
amount of high-spin hydroxymethemoglobin, mak-
ing bovine hemoglobin an interesting protein for
future work.
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