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MANGANESE HEMOGLOBIN: ALLOSTERIC EFFECTS IN STOPPED FLOW
FIASH PHOTOLYSIS AND SEDIMENTATION MEASUREMENTS
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Summary. Conformational differences between manganese hemoglobin and its

liganded derivatives are observed in the tetramer-dimer dissociation eaquilibrium,
in the binding of 8-hydroxy-1,3,6-pyrenetrisulfonate (an analogue of 2,3-
diphosphoglycerate) and bromthymol blue, and in the reaction with p-hydroxy-
mercuribenzoate. The reaction of manganese hemoglobin with NO is readily followed
by stopped flow, the resulting NO derivative is photodissociable, and rapid
kinetic measurements exhibit the hemoglobin allosteric interaction.

Introduction. The redox and ligand~binding equilibria of manganese
hemoglobin have been shown to exhibit the hemoglobin allosteric interactions (1),
We here report a series of observations which demonstrate that the conformational
properties of Mng5 differ from those of its derivatives and that these dif-
ferences are equivalent to those observed for the naturally occuring iron
protein. Furthermore, the time course of the reaction MoHb with NO can be
readily followed and the resulting MnHbNO is observed to be photodissociable.
Through the use of stopped flow and flash photolysis techniques, we. have

studied the kinetic allosteric effects in MnHb reactions.

Materials and Methods. The preparation and properties of MaHb and its

derivatives were given previously (1). Stopped flow kinetic determinations

were made with the apparatus of Gibson and Milnes (2) in the version manufactured

(1) Recipient of an NTH Career Development Award.

(2) Alfred P, Sloan Foundation Fellow.

(3) Abbreviations: Hb, ferrohemoglobin; MnHb, manganohemoglobiny THP,
inositol hexaphosphate; PTS, 8-hydroxy-1,3%,6-pyrenetrisulfonate; PMB,
p-hydroxymercuribenzoate; DPG, 2,%3-diphosphoglycerate.
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by Durrum Instrument Co., Palo Alto, California. Flash photolysis was
performed using apparatus similar to that described by Gibson (3). Sedimenta-
tion equilibrium experiments were performed with an analytical ultracentrifuge
equipped with a scanner and on-line computer system (k). Data were fitted to
a two-term exponential equation to obtain tetramer-dimer dissociation

constants (5).

Results

Sedimentation. Tetrameric liganded hemoglobin dissociates into dimers
with a dissociation constant (KH,E) of 1-2 x lO_6M, and this value is sensitive
to the presence of IHP. Although Hb is observed to dissociate with a constant
at least an order of magnitude lower than liganded Hb, the values are near
the limits of detection by direct methods and are independent of IHP. Recent
results based on CO binding equilibria indicate an actual value of KH,2 =
3 x 1072 for mw (6,7)-

Table I gives dissociation constants for MnHb and its derivatives. As
for Hb, the value of K

2

is so low as to lie at the limit of detection. In the absence of organic

of MnHb is insensitive to the presence of IHP and

Table I

Sedimentation Equilibrium Values

#*
for Tetramer-Dimer Dissociation Constants (Kh 2)
2

Form HP] = 100 (M P} =0

MuHb 6 x 10 M 5 x 1077
MnHBNO 6 x 107 M 5 x10°
1 - .
Mn© b 8 x 107 M 3 x 1070 M

*
20°C; 0.05 M Bis-Tris + 0.1 M NaCl, for
experimental details, see text.
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phosphates either binding of NO or, most noticeably, oxidation to MnIIIHb

increases Kh 5 Addition of IHP reduces the Kh 5 of both MnHbNO and MnIIIHb
2 >
by an amount similar to the reduction observed with HbCO (unpublished).

Conformational Probes. Conformational differences between hemoglobin

and its ligended forms are also manifested in the affinity and/or rates of
binding small molecules at sites other than the metalloporphyrin. PTS,
a fluorescent DPG-analogue (8), binds to MnHb and is partially released upon

NO binding, demonstrating that the affinity of MnHb for PTS, and therefore

DPG, is reduced upon ligation. In addition, as is true for hemoglobin (9),
bromthymol blue interacts reversibly with MnHb with the velocity of combina-~
tion and affinity considerably higher than for any of its derivatives.

In Hb the sulfhydryl groups at position B-9% undergo a change in

reactivity upon heme ligation, the rate of reaction with PMB being much higher
in the liganded form (10). When MnHb (~ 1UM, in tetramer) is mixed with

25uM PMB in phosphate (0.05M, pH 7, 20°), reaction with these sulfhydryl
groups occurs with a half-time tl/2 ~ 200 msec. When a similar experiment

is performed with MnHbNO, t ~ 5 msec. This increase in sulfhydryl reactivity

1/2

upon ligand binding is comparable to that for Hb.

Ligation by Stopped Flow. Both Hb and MnHb bind NO. The association
-1

reaction for Hb is very rapid (k = 1.7 x 10 b sec (11)), and is only
observed with difficulty by stopped flow. However, NO binding to MnHb is

readily followed (Fig. la) and, as expected, the association velocity is
proportional to [NO]. The reaction is homogeneous, except for variable small

amounts of rapidly reacting material which seem largely associated with the
reduction procedure.

In these prelimimary measurements, we have not yet reliably observed an
acceleration in rate during the time course of reaction. Such acceleration,

observed in the combination of Hb with Os and C0, is interpreted as one

expression of homotropic linkage or "cooperative'" ligand binding (12).
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Figure 1. Time course of the reaction of MnHb (1UM in monomer) with
NO(~LOOUM). a) Stopped flow; b) Upon flash photolysis of the final solution
after flow. Conditions are 0.05 M P;, pH 7.0, 20° and 2 cm path length.

However, the rate of combination of MnHb with NO is appreciably reduced
(~1/5) by the addition of THP, thus kinetically demonstrating that ligand
binding is linked to the binding of organic phosphates.

Flash Photolysis. MnHbNO is readily photodissociated, in sharp contrast

to HbNO which under most conditions cannot be observed to photodissociate.

Fig. la gives the results upon mixing MnHb (1M monomer after mixing) with

NO and Eig. 1b the result after flash photolysis of the preformed MnHbDNO.

The absorbance excursions (AA at t = 0) are identical in both cases, indicating
100% photodissociation. However, unlike the flow experiment, association after
flash-dissociation is markedly biphasic with roughly 70% of the absorbance
change occuring rapidly and the remainder at the same rate as in the flow
experiment. The amount of rapid reaction depends upon [MnHb] and is reduced

to -20% at 15uM (monomer), Fig. 2a. This concentration-dependent rapid
reaction thus appears to be related to the dissociation of MnHbNO into dimers,
implying that unliganded dimers react more rapidly than do unliganded
tetramers.

NO binding to MnHb after flash dissociation gives further evidence of
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Figure 2. Reaction of MnHb (15uM, monomer) with NO(~7OUM) after full (upper
curve) and partial (lower curve) flash photolysis of MnHbNO. The actual OD
excursion upon partial flash was only ~15% that upon full flash, but excursions
in the lower curve are scaled to give the same initial A as after full flash.
Conditions are as in Fig. 2, but the path length is 2mm.

homotropic linkage similar to that of Hb. Fig. 2a.shows the progress of

the recombination of MnHb with NO after total photodissociation. Fig. 2b

is the recombination reaction after only partial dissociation; the initial
excursion (AA) was 15% that of the full flash, but the curve has been scaled
to give the same value at zero time as in that upon full flash. The binding
of NO to MnHbNO which is partially (~ 15%) dissociated is substantially faster
than that after full dissociation. This increased rate of binding for the
"last" NO demonstrates cooperative ligand binding to MnHb, analogous to

results for Hb (1%).

Discussion. Despite the fact that MnHb cannot reversibly bind molecular
oxygen, the preliminary results presented here and elsewhere (1) indicate
a high degree of similarity between the molecular properties of MaHb and
those of Hb. Allosteric effects have now been observed both in ligand binding
and oxidation equilibria and in the kinetics of ligand binding. These results,
plus the sedimentation and PTS, PMB, and bromthymol blue binding studies
demonstrate that Mallb undergoes a conformational change upon ligation equi-
valent to that of Hb. The ability to observe combination of NO both in

flow and after photodissociation gives an added dimension to our ability to
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use MnHb as a means of probing the mechanism of hemoglobin function.
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