


TECHNICAL REPORT SERIES
* B B &£ B8 &

The ABCC Technical Reports provide the official bilingual statements required to meet
the needs of Japanese and American staff members, consultants, advisory groups, and
affiliated government and private organizations. The Technical Report Series is in no way
intended to supplant regular journal publication.

ABCC i H 58513, ABCC O I RHMBE, WM, HMEWL S oGS L CRNO [

Bl O BERCEF220 OB EN B SN MG TS 7, MM E Sk T i {1
DFEEEEEFLINDIEDO TR0




TECHNICAL REPORT
37-72

¥ B B & #

THE LIGAND BINDING PROPERTIES OF
HEMOGLOBIN HIROSHIMA (&g 85 4© o%P)

146
AR 28 OB e Hiroshima (@, 8, asp)c’)ﬁﬂﬁﬁéiﬂﬁa

JOHN S. OLSON

QUENTIN H. GIBSON, M.D., Ph.D., D.Se.
RONALD L. NAGEL, M.D.
HOWARD B. HAMILTON, M.D.

A‘sﬁcc

ATOMIC BOMB CASUALTY COMMISSION
HIROSHIMA AND NAGASAKI, JAPAN

A Cooperative Research Agency of
U.S.A. NATIONAL ACADEMY OF SCIENCES —NATIONAL RESEARCH COUNCIL
and
JAPANESE NATIONAL INSTITUTE OF HEALTH OF THE MINISTRY OF HEALTH AND WELFARE

with Funds Provided by
U.5.A. ATOMIC ENERGY COMMISSION
U.S.A. NATIONAL CANCER INSTITUTE
U.S.A. NATIONAL HEART AND LUNG INSTITUTE
U.5.A. ENVIRONMENTAL PROTECTION AGENCY
JAPANESE NATIONAL INSTITUTE OF HEALTH

B o® B F #H E F B £

gl B SR S

KB B — 2 1l 2 i & B A (B ko (B S B o R o
& FL A ] 3 2 0 5 B B

E BTN S B O IR
HFRE ST & & U H A
DEFRRCE S

TR - AR B 2 9
16 3. 5 B 0 L 9




A paper based on this report was published in the following journal:

FEEGCEICRTBRTEoBE B0,

Journal of Biological Chemistry 247:7485-93, 1972



CONTENTS

B X
Summary R N, WS, VT S e " ST L e e LS e i 1
Thirodietion S S E S N R i e R s sl LRI 9
Methods I T e e e o e il o Sty 3
Results R e S e e B i s b ettt L e SO 4
Discussion B BT e R B T R R R e R 9
References T NG S e el Ve S i el endil oiiedseane i Samle anaeiined 27
Table 1. Replacement of oxygen from saturated oxyhemoglobin by carbon monoxide
# BEMEANOATYOE Y LB T ABEO—BREL DEIR  oeeeecrrveersrosseesssessssmssnnsserss LT
2. The reaction of stripped deoxyhemoglobin with co in the absence & presence of inositol
hexaphosphate
Inositol hexaphosphate @ /KiNE L EETF I BT A Y vEEliEEE L ~s Y0 v L COED
it & BIG 17
3. Equilibrium properties of the reaction of n-butyl isocyanide with hemoglobin
AE T OV ¥ L n - butyl isoeyanide £ OFESEIEOEHICMT S3ME . 18
4. The binding of the last molecule of n-butyl isocyanide to hemoglobin in 0.1 MP;, pH 7.0, 20°
0.1 MP,, pH 7.0, 20° 2 & 5AE7 0 Y LREO n — butyl isocyanide & D E 18
Figure 1. Normalized time courses for the reaction of oxyhemoglobin with excess dithionite in the
[ absence & presence of inositol hexaphosphate
Inositol hexaphosphate MR M HF EFRET o H T 28~ 7o » L BEEEM L - dithionite
L0 R DAERAEE MR i s s e e s i 19
2. Normalized time courses for the reactions of strippeéi hemoglobin A, Hiroshima, & Bethesda
with carbon monoxide in 0.05 M bis-tris, pH 7.0, 20
0.05Mbis —tris, pH 7.0, 20° & a0 Y EEBEA~x YO L A, ~E 0O Y Hiroshima
HFEWANEYOY » Bethesda » —®{LRE & QRGO EMARERMNEE o 20
3. Normalized time courses for the reaction of stripped hemoglobgn Hiroshima with carbon
monoxide in the absence & presence of inositol hexaphosphate at 20
Inositol hexaphosphate M Ml 3 & VSR FTO20% 284 2 »&8EE T 70 » Hiroshima
e S LR R e s RN |
4. Normalized time courses for the reaction of hemoglobin with n-butyl isocyanide at 20°
Wit E~NEYTE » &0 — butyl isocyanide & O EIG O EBACRERTO9EE Ll 22
5. The effect of inositol hexaphosphate on the reaction of carbon monoxide with stripped

deoxyhemoglobin Hiroshima at 20°
0N HITA Y rEEER: U R L ORI IZE L T inositol
e T L




6. Static difference spectra observed on mixing inositol hexaphosphate with stripped deoxy-
hemoglobin Hiroshima

oy EEREETA AT S0 E L Hiroshima & inositol hexaphosphate iR & 125 5 13§ h5
g S S

7. The effect of ligand concentration on the normalized time course for carbon monoxide
binding to stripped deoxyhemoglobin Hiroshima in 0.05 M bis-tris, pH 7.0, 20°
0.05Mbis — tris, pH 7.0, 20°(Z& (13 U > @A 52 e+ 2 17+ » Hiroshima & — & (k5

FLOEGOER LS b 2f LB TR0 RIE

T 4_\
T2

8. The effect of ligand conccntration ~0n the normalized time courses for nbut}-’l isocyanide
binding to stripped (1eoxyhemoglobm Hiroshima in 0.05 M bis-tris, pH 7.0, 20°
0.05Mbis — tris, pH 7.0, 20%2& 11 5 Y » Brldfg =8
isocyanide & 3 &GO FHLEEMMEB DM L T Rl B

U~ 40 » Hireshima & n — butyl
D RAET R

25

26



Research Project B2 2-64 Technical Report ¥R EE 37-72

Approved R32 14 September 1972

146 asp
THE LIGAND BINDING PROPERTIES OF HEMOGLOBIN HIROSHIMA (272 )

AT 5 0OE L Hiroshima (4,8, P o megene

JOHN S. OLSON!" : QUENTIN H. GIBSON, M.D., Ph.D, D.Sc.'”” ; RONALD L. NAGEL, M.DA
HOWARD B. HAMILTON, M.D.?

Section of Biochemisiry and Molecular Biology, Cornell University’s Department of Medicine, Albert Einstein College of Medicine 2
Department of Clinical Laboratories, ABCC?

Cornell Jop A {5 T4 M7 #c3 1 Albert Einstein EfPRKFMNF 5 *; ABCC R BAEL T

SUMMARY

Hemoglobin Hiroshima is a B chain variant of
human hemoglobin in which aspartate is substituted
for histidine at position 146. From chemical and
crystallographic studies, it has been postulated that
the histidine normally found at this position
stabilizes the deoxy conformation by both inter-
and intra-chain salt linkages and releases Bohr
protons during ligand binding. Previous equilibrium
studies had shown that hemoglobin Hiroshima does
exhibit an increased oxygen affinity and a reduced
alkaline Bohr effect. Kinetic studies of the carbon
monoxide and n-butyl isocyanide binding reaction
show that deoxyhemoglobin Hiroshima in low ionic
strength buffers exhibits behavior intermediate
between that of the isolated chains and that of
deoxvhemoglobin A at neutral pH. At pH 7.0, the
time course of both of these reactions exhibited
little or no wavelength dependence, suggesting that
the @ and [ chains within deoxyhemoglobin
Hiroshima react with ligands at similar apparent
association rates. This result is in contrast to
previous studies both with isolated chains and with
deoxyhemoglobin A at this pH. However, similar
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behavior has been observed for deoxyhemoglobin A
at pH 9.1 and des (his 146 §) deoxyhemoglobin at
pH 7.0. Further analysis of the available kinetic
and spectral data indicates that the intermediate
ligand binding behavior of deoxyhemoglobin
Hiroshima is not a result of an equilibrium
distribution of deoxy A-like and liganded A-like
conformations, but rather represents the properties
of a new and distinct protein conformation which
results from the disruption of the salt linkages at the
COOH-terminus of the § chains by either deproto-
nating, physically removing, or substituting aspartate
for histidine 146 §.

INTRODUCTION

Recently Perutz"? has proposed a specific stereo-
chemical mechanism for ligand binding* to
hemoglobin which includes a detailed description of
those regions of hemoglobin structure which are
necessary for the expression of cooperativity and
its various linked functions. Of particular
importance in his model is the C-terminal residue of
the [ chains, histidine 146, which appears: 1o
stabilize the deoxy conformation through the
formation of salt linkages with lysine 40 a by its
carboxy group and with aspartate 94 f by its
imidazole side chain. The fact that both of these
linkages are missing in liganded hemoglobin led to
the suggestion that the pK of the imidazole should
be a function of the degree of ligand saturation.
This, in turn, led Perutz and co-workers™? to
postulate that histidine 146 g contributes to the
alkaline Bohr effect, an idea which is supported by
the reduced Bohr effect of des (his 146 ()

hemoglobin A.*> This conclusion is further sup-
ported by the fact that hemoglobin Hiroshima
(a,B,'® 2P)* 7 in which the aspartate residue
prevents an intra-subunit bond to asp 94 f, also
exhibits a substantially reduced Bohr effect and an
increased oxygen affinity, these two effects being
necessarily linked.

While from a qualitative standpoint, an explanation,
in terms of structure, of the functional properties of
hemoglobin Hiroshima is evident from Perutz’s
model, several important questions remain concern-
ing the dynamics of ligand binding, If, as Perutz
postulates, the various salt linkages which help to
stabilize the deoxy structure are successively broken

MOBREGBIMTE2, Lol, BRlAT I OP Y
AiXpH 9.1T, &7, B (his 1466 ) @ATAEr0EY
Fs TOTZhEWEOBELRTZEAEB AT
. AFes T3 HInEERNE LTS ENoEs
EELSICHEL 2SS, 8T8 AE YO Y Hiroshima
DT lirézmﬁiﬁulrfz.ﬁ:‘;ﬁhr&ai, MR A RO &
B EGRIABROMEO PHSMOERTIIE <, L
A, HLWINEL & » A2 BSOS T 3407
H Y, Z4L histidine 1468 O HIEF, £ C’)?Z'fff-{ﬁ"]'@“
& %\ (L aspartate B I L - T SO COOH 3 3 12 &
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*Ligand: Gerund of ligare, to bind or tie. A group, ion or molecule coordinated to the central atom in a coordination
complex. In this report, the ligands are oxygen, carbon monoxide, n-butyl isocyanide etc. The central atom is the iron

attached to the heme of hemoglobin.
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during ligand binding, hemoglobin Hiroshima should
represent, or at least be analogous to, those inter-
mediates which are generated during the saturation
of hemoglobin A. However, it is impossible to
judge from Perutz’s model alone the extent to
which the substitution of aspartate for histidine
146  would influence the intrinsic properties of
the @ and § chains, and, similarly, the extent to
which this mutation would alter the overall quater-
nary transition from the deoxy to the liganded
structure during ligand binding. Since hemoglobins
A and Hiroshima are chemically distinct, analogies
between the two compounds require careful exam-
ination, and therefore, an attempt has been made to
compare, in detail, their ligand binding properties.
A preliminary account of part of this work has
already appearedf"

Purified hemoglobin Hiroshima was prepared by
column chromatography using Bio-Rad 70 equili-
brated with 0.005 M ammonium phosphate buffer,
pH 7.0. Hemoglobin Hiroshima was readily eluted
with the same buffer while hemoglobin A remained
attached to the column. Samples were desalted by
the procedure of Benesch et al®  Hemoglobin A
was prepared as previously described.” Concentra-
tions in terms of heme were determined spectro-
photometrically by converting the hemoglobin
samples to the CO form and then using the
extinction coefficients of Banerjee et al.'® Solutions
of n-butyl isocyanide (Aldrich), CO (Matheson),
0, (Matheson), and deoxyhemoglobin were obtained
and prepared as previously described.’*  IHP#,
DPG, and bis-tris were obtained from Sigma,
Calbiochem, and Aldrich, respectively. The Manox
brand of sodium dithionite was a gift from Holdman
and Harden, Miles Platting, Manchester, England.

METHODS

All static measurements were made with a Cary 14
spectrophotometer, and equilibrium titrations were
performed using the techniques described by Olson
and Gibson.!* All rapid mixing experiments were
made using the stopped flow apparatus and data
collection system described by Gibson et al.'*1?
Partial photolysis measurements were carried out in
the flash apparatus described by Gray.'* Analysis
of the CO binding data in terms of two independent
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*The nonstandard abbreviations used are IHP, inositol hexaphosphate; Hb, an unliganded heme site; Hb,, tetrameric
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components was obtained by fitting the observed
time courses to the sum of two exponentials,

EHT oD L A GOB AL ST Th -

y = Ape Kt 4 Age st (1)

Under conditions where the concentration of ligand
approached that of the heme concentration, the
data were corrected for the depletion of ligand by
calculating the integral of the ligand concentration
versus time, [ (X)dt, and using the resultant values
as the abscissa in the kinetic plots. In effect, this
procedure normalizes the time scale so that compari-
sons can be made between reactions whose absolute
velocities are quite different (for example, see
Figures 7, 8).

RESULTS

Oxygen Dissociation. Previous work has already
shown that detailed analysis of the time course for
the replacement of oxygen from saturated hemo-
globin A by carbon monoxide requires the
recognition of differences between the a and f
chains.!® The same is true for the reaction of
oxyhemoglobin Hiroshima with CO since again
wave length dependence of the progress curves was
observed, the rates of the absorbance changes at
572 nm being slower than those observed at
570 nm. Following the experimental and computing
procedures of Olson et al,'® the CO replacement
reaction was used to determine the rate constants
for the dissociation of the first oxygen molecule
from the @ and § chains within tetrameric oxy-
hemoglobin Hiroshima, and the results are compared
in Table 1 with those previously determined for
hemoglobin A. In contrast to hemoglobin A, the
time courses of the replacement reactions carried
outin0.05 M borate, pH 9.1, were identical to those
measured at pH 7.0 so that the parameters determin-
ed at pH 7.0 also apply to the dissociation reaction
at higher pH. At pH 7.0 the rates of oxygen
release from both chains within oxyhemoglobin
Hiroshima are significantly smaller than those of
hemoglobin A (Table 1). At pH 9.1, the a chain
rate is similar to the corresponding rate for
hemoglobin A, but the § chain rate is still smaller
than that of hemoglobin A. Although small, these
differences do suggest that the substitution of
aspartate for histidine 146 3 does exert a measurable
influence on the behavior of the heme sites within
the liganded conformation. This result contrasts
that found for hemoglobin Bethesda (a, 8, 1 his) 16
in which the substitution of histidine for tyrosine
145 § had no influence on the CO replacement
reaction.

BEfE F M2 A LB IR0 2w ) B RO L LT, B
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The reactions of oxyhemoglobins A and Hiroshima
with dithionite are shown in Figure 1. Since the
oxygen concentration is kept at zero by the
presence of excess dithionite, the observed time
courses reflect the rates and the mechanism of the
sequential dissociation of all four oxygen molecules
from tetrameric hemoglobin. If this reaction,
Hb, (0,), — Hb, +40,, exhibits non-cooperative
behavior, the time course will be described by the
sum of two exponentials (Equation 1)in which the
amplitudes will be equal and the exponents will be
defined by the values of k, and kﬁ given in Table I
Such behavior is observed for hemoglobin Bethesda,!®
which in all its other reactions also fails to show
subunit interaction. 1f, on the other hand, the
hemoglobin does exhibit cooperative oxygen release,
early in the dithionite reaction the rate will be
greater than the average of the two chain rates. In
the limiting case where the rates of dissociation
from all the partially saturated intermediates are
much greater than the rates of dissociation from
fully saturated oxyhemoglobin, the initial rate will
be 2(k, + kﬁ) and the amplitudes of the two
components will be kﬁﬁ(ka + kﬁ} and k /(k, + kﬁ).
As shown in Figure 1 somewhat intermediate
behavior is observed for both hemoglobins A and
Hiroshima. In agreement with the CO replacement
results (Table 1), the overall rate for Hiroshima is
less than that observed for hemoglobin A but still
significantly greater than the rate predicted for
non-cooperative oxygen release (Figure 1A).

It is of interest to note that unlike hemoglobin A,
the reaction of oxvhemoglobin Hiroshima with
dithionite is only weakly influenced by phosphates
(Figure 1). The rates observed early in the reaction
in the absence of phosphates, presence of 0.1 M P,
(these data were presented elsewhere’), and presence
of inositol hexaphosphate were 16, 20 and 19 gec !,
respectively, for hemoglobin Hiroshima and 24, 35
and 84 sec', respectively, for hemoglobin A. Thus,
while oxyhemoglobin Hiroshima does exhibit co-
operative oxygen release, as one would predict from
previous equilibrium studies,4'6 the characteristics
as well as the absolute rates of this dissociation
reaction are quite different from those of
hemoglobin A.

Carbon Monoxide Binding. A comparison of the
time course of carbon monoxide binding to
hemoglobins A, Hiroshima and Bethesda in 0.05 M
bis-tris, pH 7.0, is shown in Figure 2. The data for
hemoglobins A and Bethesda were obtained
pre\:icmsly,16 and represent extremes of kinetic
behavior. The CO reaction with hemoglobin A,
which represents normal, highly cooperative be-

it oOATsol v Al LUAE 70K Y Hiroshima
& dithionite * MR E% F1 12w L7, @F O dithionite
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NEEREEERE, NEFAEZOE 226 4 118 o B 3
SFOTSTHIERREsh2HLBF L RBRL T
%. ZORIE Hb, (0,),~Hb,+ 40, #*JEibFE M SR &
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Lk nfiTEREASEEELD2 - O iR E Ho fl
(1 ﬂJtLY%mmeﬁt¢;ﬂG%5‘“%yu
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BHEMIMEL 2T ) LU HPPGET SHEOR
I I s, ~E Y0 Y Hiroshima T % 1 £ 116,
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havior, exhibits a slightly accelerating time course
with an initial rate of about 0.2 uM! sec’!. On the
other hand, the CO reaction with hemoglobin
Bethesda, which represents non-cooperative, chain-
like behavior,'® exhibits a decelerating time course
with an initial rate of about 4.0 uM ! sec’!. The
progress curves for hemoglobin A are independent
of the wave length of observation, but the two
components observed for hemoglobin Bethesda can
be isolated spectrally and are presumed to represent
the behavior of the individual @ and § chains.'®
As shown in Figure 2, hemoglobin Hiroshima
exhibits characteristics which are intermediate
between those of A and Bethesda. While the time
course for CO binding is decelerating, the initial
rate of the reaction, 0.8 uM™ sec’!, is half way
between that observed for hemoglobins A and
Bethesda, and the progress curves exhibit no wave-
length dependence even in regions near the 424 nm
1sosbestic point. The above discussion is of results
obtained in bis-tris at pH 7.0, but it is interesting to
note that the time course of CO binding to
hemoglobin Hiroshima under these conditions bears
a strong resemblance to that seen with hemoglobin
A in 0.05 M borate at pH 9.1, where again
deceleration, an intermediate initial rate (0.5 uMl
sec '), and an absence of spectral heterogeneity is
observed.!?

The pH dependence of the time course of CO
binding to stripped and IHP treated hemoglobin
Hiroshima is shown in Figure 3. Unlike hemoglobins
A or Bethesda,'®™® the time course for CO binding
to stripped deoxyhemoglobin Hiroshima exhibits a
rather complex pH dependence. At all three pH
values shown, the progress curves decelerate with
initial rates equal to 0.8, 0.8 and 1.1 uM ' sec’! at
pH 6, 7, and 8, respectively. Although an empirical
procedure, especially in view of the lack of spectral
heterogeneity, these time courses were fitted to the
sum of two exponentials in order to estimate the
rates of the fast and slow phases. However, as
shown in Table 2, there do not appear to be any
systematic changes in either the rates or the
amplitudes as the pH is raised. It is clear from these
data that, at pH 6 and 7, inositol hexaphosphate is
converting deoxyhemoglobin Hiroshima to a species
whose carbon monoxide binding characteristics are
similar to those of deoxyhemoglobin A, Further, at
these pH values, the rate of the slow phase in the
absence of phosphates is similar to the rate of CO
binding to hemoglobin A, and the rate of the fast
phase is intermediate between that observed for
rapidly reacting hemoglobins (Hb, X,,!? isolated
chains,m hemoglobin Be‘chesda,16 and deoxy
dimers?' ) and normal deoxyhemoglobin.
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At pH 8.0, the forms of the progress curves are
altered (Table 2), and even in the presence of
excess IHP some rapid phase is still observed. While
at pH 6 and 7 the progress curves appear to be
independent of the wavelength of observation, the
time courses measured at pH 8.0 are not. A fast
component is observed at 423.8 nm and a slow
component at 424.8 nm.

Partial photolysis experiments were carried out in
an attempt to measure the rate of binding of the
last carbon monoxide to hemoglobin Hiroshima
(which is usually designated as 1,). The theory
behind and procedures used in these types of
experiments have been discussed at length by
Gibson and co-workers.'"!®  With less than 10%
photolytic breakdown, the rate of recombination
with CO was the same for both hemoglobins A and
Hiroshima and, in agreement with previous results,
equal to about 6.5 uM! sec’! at pH 7.0, 20°.

n-Butyl Isocyanide Binding. A number of authors*™®
have studied the oxygen equilibrium with hemo-
globin Hiroshima and have found that for this
mutant hemoglobin the concentration of O, at 50%
saturation is four times less and the Hill coefficient
is somewhat smaller than that of hemoglobin A.
Qualitatively similar results were obtained when the
n-butyl isocyanide equilibrium was studied under
conditions compatible with the kinetic experiments
presented in this report (Table 3). Although these
results represent only single experiments because of
sample limitations, they do serve to point out the
equilibrium differences between hemoglobins A and
Hiroshima. As expected, hemoglobin Hiroshima
consistently exhibits a higher affinity and less
cooperativity under all conditions. Again, itis
interesting to note that the binding properties of
stripped hemoglobin Hiroshima at pH 7.0 are
similar to those of hemoglobin A at pH 9.1.

The kinetic parameters involved in the binding of
the last isocyanide molecule to hemoglobin
Hiroshima were determined using procedures
identical to those described by Olson and Gibson,'!
and the results are compared in Table 4 with those
obtained previously for hemoglobin A. As with A,
the rate constants observed for hemoglobin
Hiroshima appear to apply at both pH 7.0 and 9.1.
A direct comparison of the values for the association

constants, i, and iﬁ‘, of each protein is difficult

since the experiments were carried out at different
temperatures (Table 4). However, it is clear that the
rate of dissociation of the first n-butyl isocyanide
molecule from the § chains within liganded hemo-
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globin Hiroshima is significantly less, about two
times, than the corresponding rate for hemoglobin
A.  This result is qualitatively similar to that
observed for oxygen dissociation (Table 1),

A summary of the kinetic features of the reaction of
n-butyl isocyanide with deoxyhemoglobin Hiroshima
is shown in Figure 4. In the case of hemoglobins A
{open circles in Figure 4A) and Bethesda (dotted
line in Figure 4B) at pH 7.0, the time course for the
n-butyl isocyanide reaction is biphasic, and the two
kinetic components can be isolated spectrally and
identified with the properties of the a and (8
chains.'®22  However, as seen in Figure 4A (closed
circles), the time course for n-butyl isocyanide
binding to stripped deoxyhemoglobin Hiroshima is
almost exponential, the interval rate constants
decreasing from 24 sec! initially to 16 sec’! after
80% of the reaction was complete. When high
concenfrations of isocyanide were used, spectral
heterogeneity could not be demonstrated at either
the 421 nm or 434 nm isosbestic point. At very
low ligand concentrations, of the order of 10-20 uM
which give rise to incomplete saturation, the rates of
the progress curves at 422 and 434 nm were
slightly greater than those observed at 418 and 436
nm, but this spectral heterogeneity was by no
means as clear cut as the analogous heterogeneity
observed with hemoglobin A.22 Although the
absolute rates of the reaction were faster, the
shapes of the progress curves for deoxyhemoglobin
Hiroshima at pH 9.1 were similar to those obtained
at pH 7.0. Again, a striking similarity can be seen
between the time course for the isocyanide reaction
with deoxyhemoglobin Hiroshima at pH 7.0 and
that for the isocyanide reaction with hemoglobin A
at pH 9.1 (Figure 4A).

The effect of phosphates on the reaction of n-butyl
isocyanide with deoxyhemoglobin Hiroshima at pH
7.0 is shown in Figures 4B, 4C. In the presence of
0.1 M inorganic phosphate, the time course becomes
biphasic and wave length dependent. Similar results
(not shown) were obtained when 2,3-diphosphogly-
cerate was added to deoxyhemoglobin Hiroshima in
0.05 M bis-tris, pH 7.0. As expected, inositol
hexaphosphate exerts the greatest effect. This
organic phosphate produces a slow phase whose rate
is smaller than that seen for stripped deoxy-
hemoglobin A (Figures 4A, 4B).

The Properties of Deoxyhemoglobin Hiroshima
In previous work with hemoglobin Bethesda, the
effect of inositol hexaphosphate on the time course
of the CO reaction depended on whether or not
this anion was added directly to the hemoglobin
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solution or was present only in the CO solution
before mixing.'® This phenomenon led to the
discovery that deoxyhemoglobin Bethesda exists in
solution in a conformation whose kinetic, subunit
dissociation, and absorption properties are com-
parable to those of liganded hemoglobin A. Similar
carbon monoxide binding experiments were perform-
ed with hemoglobin Hiroshima, and as shown in
Figure 5, only at pH 8.0 is the effect of IHP not
instantaneous by comparison with the rate of CO
binding. At pH 6.0 and 7.0, this organic phosphate
exerts its influence on deoxyhemoglobin within, at
maximum, 2 milliseconds after mixing. Gray and
Gibson®® found the same to be true for hemoglobin
A.

As shown in Figure 6, even at pH 8.0 the IHP
treated versus stripped deoxyhemoglobin difference
spectrum was much smaller than that observed
previously for hemoglobin Bethesda and only slight-
ly greater than that often observed for highly
purified stripped hemoglobin A.'® A variety of
other experiments were performed in an attempt to
observe changes in the Soret absorption spectrum of
deoxyhemoglobin Hiroshima which could be cor-
related with a change from rapidly reacting behavior
to that characteristic of normal, slowly reacting
deoxyhemoglobin A. However, in no case was a
significant change analogous to that seen with
hemoglobin Bethesda observed. Thus, it would
appear that ligand binding to deoxyhemoglobin
Hiroshima cannot be readily explained in terms of a
pre-existing equilibrium between a rapidly reacting
(defined in this sense as a liganded or chainlike
conformation®®) and a slowly reacting deoxy form.

DISCUSSION

On the basis of crystallographic studies in the
absence and presence of ligands, hemoglobin may be
considered to exist in at least two distinct confor-
mational states which are normally designated as the
deoxy and the liganded structures.™? Since there is
at present no generally acceptable model for hemo-
globin-ligand interaction, it is convenient, for
purposes of comparison, to assign those parameters
which describe the binding of the first ligand
molecule (Hb, + X = Hb,X) to the deoxy
structure and those which describe the binding of
the last molecule (Hb,X, + X = Hb, X, to the
liganded structure.'®?* The results in Tables | and
3 show that the kinetic properties of fully liganded
hemoglobin are modified by the substitution of
aspartate for histidine 146 (. This effect is
exhibited primarily as a reduction in the rate of
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dissociation of the first oxygen or n-butyl isocyanide
molecule from the f-chains within the liganded
tetramer. In the case of oxygen at pH 7.0, the
@ chain dissociation rate for hemoglobin Hiroshima
also appears to be smaller than that observed for
hemoglobin A (Table 1). In contrast, the rates of
the reaction of the last carbon monoxide or n-butyl
isocyanide molecule with hemoglobin Hiroshima are
either equal to or greater than the rates observed in
similar partial photolysis experiments with hemo-
globin A. These results suggest that the equilibrium
constant for the binding of the fourth ligand
molecule to hemoglobin Hiroshima is at least two
times greater than that for hemoglobin A. This
contrasts with previous results with hemoglobin
Bethesda, which when fully liganded, exhibits pro-
perties that are identical to those of hemoglobin A.
Thus, while the mutation from histidine to aspartate
146 B does affect the ligand binding properties of
liganded hemoglobin, the change from tyrosine to
histidine 145 8 (Bethesda) does not. This finding is
not readily explicable in terms of atomic structure
since these C-terminal residues are not visible even
in high reﬁo]utlon electron density maps of oxy-
hemoglobin.!  However, the difference between
liganded hemoglobins A and Hiroshima is small in
comparison with the dramatic effect this mutation
has on the properties of deoxyhemoglobin.

In contrast to the last step in ligand binding, the
first step, Hb, + X = Hb, X, is not readily obtained
by direct experiment since the remaining three steps
inevitably influence the time course for the binding
of ligands to deoxyhemoglobin. When deoxy-
hemoglobin is mixed with ligands, the initial rate
must primarily represent the first association
reaction, but an exact determination of the ap-
propriate kinetic parameters requires the use of
curve fitting procedures. In the absence of a
specific model, the usual procedure is to account
for the results in terms of a 4-step Adair'® scheme,

—

h= -

Hb, (X),., + X

-
=1

in which the kinetic parameters for the combination
of the first three ligand molecules are allowed to
vary and those for the last ligand molecule are
fixed independently by CO replacement and partial
photolysis experiments > 1115181922 pecently the
application of such statistical schemes to the
reactions of hemoglobin with oxygen,9 carbon
mono:);icle,18 and n-butyl isocyanide?® has met with
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some degree of success. Unfortunately, the reactions
of CO and n-butyl isocyanide with deoxyhemoglobin
Hiroshima exhibit time courses which are so marked-
ly different from those observed for deoxyhemoglo-
bin A that an appropriate starting point for such
curve fitting procedures was not evident. For
example, at pH 7 carbon monoxide binding to
deoxyhemoglobin A exhibits an accelerating time
course, but carbon monoxide binding to deoxy-
hemoglobin Hiroshima exhibits a decelerating time
course in spite of the fact that the value of 1]
(defined by Equation 2) is the same for both
compounds.

The fact that the normalized progress curves for
CO binding to deoxyhemoglobin Hiroshima are
independent of the wavelength of observation would
appear to rule out the possibility of a-f chain
differences. The biphasic kinetic behavior could be
attributed to the presence of two or more deoxy
conformers which interconvert at rates which are
slow with respect to the rate of CO binding.
Cassoly and Gibson®* have demonstrated the presence
of such behavior for one of the cyanomet valence

hybrids by measuring the time course of CO binding
to these compounds as a function of ligand concent-
ration. They found that the rates in the progress
curves for (B! CNall), decreased less than pro-
portionately as the CQO concentration was lowered.
Analogous experiments with hemoglobin Hiroshima
are shown in Figure 7. If two slowly equilibrating
deoxy species are present, the second order rates
observed in the progress curves, particularly toward
the end of the reaction, should increase as the
concentration of CO and, therefore, the absolute
velocity of the reaction is lowered. As shown in
Figure 7, the normalized time course for CO
binding to deoxyhemoglobin Hiroshima is indepen-
dent of ligand concentration over the range 3-46 uM.
This result does not rule out the possibility of two
or more deoxy conformers, but if they do exist,
their rate of interconversion is extremely slow, less
than 0.1 sec’t.

In view of the recent work of MacQuarrie and
Gibson,'® there is yet another explanation of the
decelerating CO binding time course. They found
that the rate of binding of the first CO molecule to
deoxyhemoglobin A is more dependent on pH than
the rate of binding of the next two ligand
molecules. At alkaline pH values, the intrinsic
value of 1) (taking statistical factors into account)
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*Cassoly, R. and Gibson, 0.H., manuscript in preparation.
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actually becomes larger than the value of 1}, and
the value of 1}is found to be greater than either 1]
or 1, at each pH studied.’® As they suggested, an
extension of their results could account for the
decelerating behavior that has been reported for
hemoglobin A at pH 9.1.17 In effect, the first two
CO molecules are bound at fairly high rates while
the rate of binding of the third molecule is slower,
accounting for the deceleration observed near the
end of the reaction. An effect of this sort could
also explain the behavior of deoxyhemoglobin
Hiroshima since, as noted before, the progress
curves for CO binding to this mutant hemoglobin at
pH 7 are very similar to those observed for CO
binding to deoxyhemoglobin A at pH 9.1. For
example, when the series of curves shown in
Figure 8 were fitted to Equation 2 using the
procedures of MacQuarrie and Gibson,is the
following rate constants (expressed in units of
UMl sec') were obtained: 1,=3.068 * 0.292, 1,=
4.972 £ 1.21, 1,= 0.6067 £ 0.016, 1, was fixed at
6.0 and the mean residual for 114 data points was
+ 0.003 absorbance units for total observed changes
of the order of 0.250. An interpretation of these
fitted results requires that those species to which
two ligands are bound, Hb, X,, react more slowly
with carbon monoxide than deoxyhemoglobin. Such
a rtesult is not immediately explicable in terms of

EBEO)OBREEAEE oL EEC A, £,
EEOfFahbhtznwFho pHizsutd, BOMEFI B
UL LBV ADLEEDENLTE SRS AREL A
£, ChoDBRZEET I EZEST, ~nEY
QAN pH 9 1 TCHRTHEMN T WEFHHTE DL
LA, 2%y, B0 20 CORTOEHE
AREVRCOIZHLTEIFHOSFORGEE ]
VI EIIEST, KIBO#H D ZA KGNS HOE A B
TELZTHA I, ML~ E 7 0F > Hiroshima O+
WL ch MBI IL-THBTESZ L LA
v, ThhE, MBEOLIIZ, ZOEERATIOE
@ pH 7.0TH COFEORIGHARA pH 9. LI & iF 5 &
AT AL COLOEGRIBICERCHELT
WahETha, LEZIE, MBIIRLL—HoOliRs
MacQuarrie % L UF Gibson™ @ Jfikizft o T 2 RI2&H T
A ERORIBHEEESR (B E M- sec ! ) A7
Gt 1{=3.068+ 0.292, 1,=4.972+1.21, l;=
0.6067+ 0.016. % d, ;6.0 @ELAE, T4, B
Eaiik 0,200 EDEE Wiz LT 1144 AT & a
DEEEE LT L0BBEERNTH 22, ZOLI %
HETROrPoROEHEEORRTIE, 2MORM &8
GUAR, Hb,X,, © CO & DEBERBIFRILE T
O 2N TIBnE DLERZ L RITES B, 20
QUL Perutz Ar{R{bFZ AR 25/

- BT

: % L e ey o o YL o B b e i AT
Perutz’s stereochemical mechanism® and contradicts gEhwvl, &7, WO OHEMEORSEEE
the predictions made by the Monod-Wyman- MEmRT 2 & #pidt & 3 5 Monod = Wyman — Changeux

Changeux model?*2% which requires a monotonic

increase in the four intrinsic rate constants.* The

DETHHE S PHRENGBREL—HLEV. * Th

I hHHIME LTk, HEE

S ATIRES 1D R T U R

*The rate constanits given in the text for a description of carbon monoxide binding to deoxyhemoglobin Hiroshima are
defined as second order binding constants for the tetrameric species shown in Equation 2. In order to convert these
numbers to the values of the intrinsic rate constants, which are defined on a per heme basis, they must be divided by the
number of unoccupied heme sites in the tetrameric species on the left hand side of Equation 2. Thus. the intrinsic CO
association rate constants for the intermediates Hb,, Hb,(GO), Hb,(CO), and Hb,(CO}, are 0.767 * 0.073 (I /4),

1.657 £ 0.406(1, /3),0.303 £ 0.008 (1,/2) and 6.0 {1,) uM " sec ", respectively: Any type of two state allosteric model
whtich assumes that the T to R transition is rapid with respect to the rate of ligand binding, requires a monotonic increase in
these parameters. The exact relationship is fixed by the values of L, I'pand 1'p where 1'pand I'y are the CO binding rate
constants of the T and R states and L is the isomerization constant for the T to R transition. Such a model predicts that
the time course of the reaction will always exhibit acceleration except when L is extremely large or extremely small, in
which cases the time courses will be exponential with half times equal to either In 2/1 'T or In 2;’1}2, respectively. Thus,

this model can only accomodate the decelerating behavior shown in Figure 8, if either the a or § chains are not equivalent
or the R and T states interconvert very slowly. The former condition is ruled out by the lack of wavelength heterogeneity,
qnd the latter condition cannot, at present, be demonstrated.

AL TRIEMAESTE Y Hivoshima & ~BlbRELOBEELD BLBIBHOAEEEMNE, A2Cs MR EMBCHT S K
HIERESERTHALERT S, ZAPSALULNOHEOEEERE RO EBIIR], FhiR 20l s 3MNEERERDF
BEALBUOHTHS a0 RER S 2y, Lad T, BHMEBEG Hb, Hb, (CO), Hb, (COJ, % 5T Hb,(CO), 0N CO &&E
MEEHE, TAEAOTEIE0.073(1{/74), 1.657+ 0.406 (1,73 ), 0.303= 0.008(1;72) HLU6.001;) xM-1 sec -
TG EED HIIMLT, TH#SRADEBRFBHET EEMBETALIAOVHD S THRETOAT ) v TG,
GEAR R S = b M E GEET S, TORELMERL, WEEFoBTkES, 22T, WA UlGRHERE
FURBED COSSREEH AN, LETA2SRANEFROBHELEHRTHA, 20 LY 2 EF L0, ElEoikBails
HMTHIIEHFTFHRENS, 2L, LH A, E ik, B TH WA, FOEMME
ln2 AlgE it ln 2 Al 0% a, B8 v, R&EEUTHRIEOHE [l AR R
EFNLIEE G IR L AR MR s s, MEOCREBIEEABENZV I L THESA, BEORBRAENLZ S
B EN T WGV,




only alternative to this explanation is the presence
of substantial populations of two or more deoxy
conformations which interconvert extremely slowly,
and this idea is equally, if not more incompatible
with present models of hemoglobin-ligand inter-
action. Further, if the idea of two or more slowly
interconverting conformations is accepted, at least
one of these forms must be distinct from the
postulated deoxy and liganded states of hemoglobin
A2 dince, as shown in Table 2, the rate of the
fast component observed for carbon monoxide
binding is intermediate between that seen in the
partial photolysis experiments and the rate of CO
binding to deoxyhemoglobin A.

The kinetic properties of the n-butyl isocyanide
reaction with deoxyhemoglobin Hiroshima are even
more puzzling. At pH 7.0 in the absence of
phosphates, hemoglobins A and Bethesda represent
extremes of kinetic behavior, the former exhibiting
a high degree of cooperativity and the latter none.'®
In both of these cases, the time courses for n-butyl
isocyanide binding are biphasic and spectrally
heterogeneous, with the two kinetic compornents
being identifiable with the a and B chains.!®?? In
contrast, the time courses for n-butyl isocyanide
binding to deoxyhemoglobin Hiroshima are almost
exponential and exhibit little or no spectral hetero-
geneity. Evidently the a and § chains within
deoxyhemoglobin Hiroshima react with this ligand
at similar apparent rates. Further, the observed
second order rates, about 18 mM ™ sec! in 0.05 M
bis-tris, pH 7.0, are not directly comparable to any
of the rates that have been reported for the chains
within hemoglobin A.** Under identical conditions,
the B chain association rate for the binding of the
first three isocyanide molecules to hemoglobin A has
been reported to be 44 mM ' sec’. The § chain
association rate for the last molecule is 240 mM
sec’! (Table 4). The corresponding a chain associa-
tion rates have been designated as 0.4 mM’ sec’
for the binding of the first two isocyanide mole-
cules, 3.8 mM ' sec! for the third, and 35 mM"
sec! for the last. Thus, the rates of n-butyl
isocyanide binding to both chains within deoxy-
hemoglobin must be modified by the substitution
of aspartate for histidine 146 §.

In contrast to previous work with hemoglobin A2
the shapes of the progress curves for n-butyl
isocyanide binding are independent of ligand con-
centration as long as complete saturation is achieved
(Figure 8). At lower ligand concentrations, the
apparent second order rates become smaller indicat-
ing some degree of subunit interaction as one would
expect from the equilibrium results shown in
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Table 3. The results in Figure 8 also indicate that
the dissociation velocity constants must be small
(1-2 sec! or less) since proportionality with ligand
concentration is observed over a 30-fold range
during the initial stages of the reaction. This is in
contrast with data reported for stripped hemoglobin
A at pH 7.0 in which a 10 sec! dissociation
constant attributable to J chains can be demonstrat-
ed. As shown in Figure 8, there is no evidence for
two slowly interconverting deoxy forms, but again,
this negative result does not rule out the possibility
of such a situation.

In spite of the fact that, at present, no satisfactory
quantitative interpretation of both the CO and the
n-buty! isocyanide binding results has been found,
certain positive statements can be made. It is quite
clear from the results in Figures 2 and 4 that
phosphates are able to convert stripped deoxy-
hemoglobin Hiroshima into a conformer whose
kinetic properties are similar to those of hemoglobin
A. This ability of phosphates, especially inositol
hexaphosphate, to produce kinetic behavior charac-
teristics of native hemoglobin, is shown by saveral
high affinity hemoglobins and is observed even for
hemoglobin Bethesda which exhibits the highest
affinity for oxygen of any mutant hemoglobin so
far examined. In terms of Perutz's model,!
phosphates are thought to stabilize the deoxy
structure by forming additional salt linkages
between the positively charged amino acid residues
present in the cavity between the two [ subunits.
Indeed, in the cases of des (his 146 ) hemoglobin,*
hemoglobin Bethesda, and hemoglobin Hiroshima,
these organic phosphates appear to be able to make
up for the loss of the salt linkages at the C-termini
of the B chains, and produce deoxy species whose
kinetic and equilibrium properties resemble those of
native hemoglobin A.

The properties of the CO and n-butyl isocyanide
binding reactions shown in Figures 7 and § are not
unique to stripped hemoglobin Hiroshima but seem
to represent a general phenomenon which is cha-
racteristic of hemoglobin samples whose affinities
for oxygen are intermediate between those of the
isolated chains and that of stripped hemoglobin A
at pH 7.0. Virtually identical kinetic behavior has
been observed for des (his 146 ) hemoglobin® in
0.05 M bis-tris, pH 7.0, des (arg 141 a) hemoglobin**
in 0.1 M P;, pH 7.0, and stripped hemoglobin A in

SREOY Ty FMHEEB S5 EATBE R
5. 5k, MBOHRELEGOMMIZERRE co
(H o> BLfr - & PRI PR 208 + 0 T, BB 0
PAEVEZEWEWV EHEBERS(]1 -2 sec ' LLTF).
Zhizxl, E#oEicinid, pH 7,07 »E#iE
BEANESOECAICEY 3 8ICRET 5 R E
Il sec L ThaztAEH AT VA, MEizHL
ki, HEE/LORE 2R )L”h‘@:n AR e
VIR A S A nE, COBRELCEL, CokREDR
RiLEoTt0L I 2 RBOHEATATREFSES L
BHDTIER W,

CO& %203 n— butyl isocvanide SO ST 258§
2w Ty~ ERERFEZHvcshTng
WEZEddhbT, W OPDERIM T LIETE S,
MemiUM4CRLEEE2SWE 2R LI 12,
FEt b £ oGl £ 7 0 ¥ ¥ Hiroshima (&, Y vl
T E->T~NEVOE ¥ A DT 23858504
HoEIERahS, F0E M ETOBERNMED

I

ﬁmm%/ntyov>&m.%’mpwfwumjk
EEE~NErYOE 2 LEBOEERMNEESRT £ 12
BAZENEDShTE N, BEEscicffEsh %

MAxroe o TREZMEAE S L ST yaoY »
Bethesda (235 T8 # O3 F A7 Perutz
DEFLIOEAH S TR, U U EEE, WAt
Az oy PO ZE mWI#&ao%HKh®f~/&%ﬂD
iz it esBR T A Ltk THTRME %E
ftrstoeftdlansd. ZoBoa#E) S BEN .'itra
(his 1468 ) ~EF 0¥ v, *~x 70V » Bethesdats L
£ 710 ¥ Hiroshima ) 8 85 CHIE 2 & T A E#E4
FHioT, EHOANEFUE ¥ ATHEL L 28 R
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CHAELZLOTIEAS, pHT.0CH W T HEEEE Y v/
Bt~z rao v ALodhMoBERNMELFTA~®
FUE EARIIEEAE -BROBERTHELIIZELA
%. 0.05M bis—tris, pH 7.012 & 3 % I (his 1464)
AEFOE L ¥ 0,1IMP,, pH 7.012&11 58 (arg 141a)
AT OVE ™ 005 MIlAEE, pH 91128133
DrEEREAE 7O AR 3, BIES L OHEER
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*Olson, J.S., Moffat, J.K., Kilmartin, J. and Gibson, Q.H., unpublished results,

**1.A. Hewitr, Q.H. Gibson, unpublished results.
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0.05 M borate, pH 9.1."*2  Thus, chemical
heterogeneity appears to be ruled out as a cause for
this anomalous behavior since it is highly unlikely
that the above similarities are merely a coincidence.

MacQuarrie and Gibson'® have used the fluorescent
compound 8-hydroxy-1, 3, 6-pyrene trisulfonate as
an analogue of 2, 3-diphosphoglycerate to study
anion release during carbon monoxide binding. This
release occurs late in the reaction with hemoglobin
A at pH 6.0, presumably after three carbon
monoxide molecules have been bound, and begins
to occur eatlier as the pH is raised.!® Perutz! has
suggested that 2, 3-diphosphoglycerate, and there-
fore presumably this analogue, is bound to the
N-termini of the f chains within deoxyhemoglobin
and is released when these groups move farther
apart during the quaternary change to the liganded
conformation. This observation led MacQuarrie and
Gibson'® to postulate that the release of the
fluorescent analogue reflects the overall quaternary
change during ligand binding. Their observation of
approximate proportionality between CO binding
and anion release at high pH suggested that the
point at which the major change from a deoxy to a
liganded structure occurs relatively early during the
reaction, probably after two ligand molecules are
bound.!®

Similar proportionalities between ligand binding
and anion release were observed for des (his
146 ) hemoglobin and hemoglobin Hiroshima.'®
These results are readily explained by Perutz's
model. FEither the deprotonation at high pH or the
removal of histidine 146 3 should cause the disrup-
tion of the salt linkage to asp 94 § and thereby
destabilize the deoxy structure, allowing the transi-
tion to the liganded structure to occur after fewer
molecules have been bound. Although quantitative
correlations between the Kkinetic results and the
structural model are not possible at present, it is
important to note that Perutz’s model also predicts
that the detailed kinetic features of ligand binding
to hemoglobin Hiroshima, des (his 146 ) hemo-
globin, and hemoglobin A at high pH should also be
similar since the structural effects of these modifica-
tions are thought to be the same,' and indeed this
is found to be true.

Perhaps the most interesting consequence of the
kinetic results presented here is that they suggest the
existence of a hemoglobin conformation which is
distinct from that of either deoxy or liganded
hemoglobin A. The relatively rapid initial rate of
CO binding to stripped deoxyhemoglobin Hiroshima
at pH 7.0 cannot be explained solely in terms of an

15

L]

EMME AR T g un s v ) iR ES L EVO
T, TOBRFEHES MR EEY SRS S
EashaThsdd

MacQuarrie # £ UF Gibson™ |, DPG @M #FE LT
HEIEMETHAS R —hydroxy—1, 3, 6 —pyrene trisul-
fonate # T —E{LRREEGOEOKA 4 Yl & &
ot e pH 6.0, R yovyA:OREORHE
Thbh, BELL SO0 —BILRES TEOHEGHE
TLEBLZOBEA L REFEZD, Zhit pHA
HARLONTR{ 25" ek, DPG
U ORERLETBAE YO Y I2EIT A8 ON
KL FEGTALOTHEY, EMESEMESD 4 B

Perutz !

WHL OB A C R R C B s h A E o L
WEnsd, 2O EH»E, MacQuarrie 37 & U Gibson™

w,_mmiﬂwh¢®mﬁbwﬁ%uwww4ﬂv
MAeEEs ML TuA0THES S LG L 2. pHATE L
WA COFEERA A v e ORIZIZIEE N2

EARBRAZ B, BERSL B G EIREED

Bh R EBOLEATEEIEZZ28O0THY
Fhitbz o B T2 PG LERIIEZSZDT
HAIEWGI I EFRELTNA, T

Mg (his 1468 ) ~E=4 0 v EUF~E 73V » Hiroshima
ZEVTLRMFOMEESLES 4 it olizfkz
FE A5 B AT TS DFEER L Perutz @

g,

EFVTHEBIZEBTE S, S pHI B 3EE T
Zua it histidine 1468 2 m v F T 4 aspartate 948
OEAGOBEAEZ 2T AN, FRIELENE
EAREEILL, Lol HOST LA L ARRICRIALES
ERME~OERAR IS LIRS, HER LD

SRR FRAY A AT & R R TV & E BRAY S FTE B R
ETEL A, Perutz F F LML, ZofEoz
HiOMEMNBESRETHEEEL N AOT, !
#'3 ¥ » Hiroshima, Ji(his 1468 ) ~EFOE v £ UF

mupHizs U 3~®2 70 v A L r’ﬁ' B - & OESE RIE

i

A~

OHl A VEESEMEELFC RS LT MER, FEE
FOEENTHAILENBOEAT LS, ’
ZZizgEL SR O g S B S S aald, BT R

& A B0 L
SOV RSO ES TR LT WAZETHR D,

TRl E oY oA L TIHEEIC R S AT
pH 7.0
DHE A VEREERLAAE YO Y Hiroshima &

CO & OFEEEOE M EE AR o 2 2L, BT



equilibrium population of liganded and deoxy-
hemoglobin A-like conformations (defined, in this
case, in a manner analogous to the R and T states of
the two-state allosteric model*®?%) chiefly because
of the high degree of cooperativity observed in the
equilibrium binding results (Table 3) and the lack
of evidence for deoxy species which exhibit a
depressed Soret absorption spectrum (Figure 6).
The apparent absence of a-f chain differences in the
n-butyl isocyanide reaction is further evidence for
a new conformation since such differences are
readily demonstrable in both deoxy and liganded
hemoglobin A. These arguments do not require a
quantitative interpretation of the kinetic results, and
hold even if there are populations of slowly
interconverting deoxy conformers.
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TABLE 1
#1

The rate constants for the dissociation of oxygen
from saturated oxyhemoglobin were calculated using
the procedures described by Olson et al.'® The
values for Hb A are taken from Reference.!® The
reaction conditions for both types of hemoglobin
were either 0.05 M P;, pH 7.0, or 0.05 M borate,
pH 9.1, both at 20°. The time courses for the
replacement reactions of oxyhemoglobin Hiroshima
at pH 7 and 9 were identical so that the values of
the rate constants obtained at pH 7.0 also apply
at pH 9.0.

REPLACEMENT OF OXYGEN FROM SATURATED OXYHEMOGLOBIN BY CARBON MONOXIDE
BERMO~NEFIOE Y IZETABEO-BILRELOTH

EERAHAT IO 28T 5 EE O M EEEEE ML
Olson S S MiLd LA s THRELZ, HhA®D
T al - T s Wi

EH0.05MP;, pH 7.0% 7~(30.05M=+ 7 &, pH 9.1°T,

s Efrl~troE

LE I BT AREIBTHEy . BERMATIOE Y
Hiroshima @& & KIG ORE Mas i pH 7 TEH pH O T
Ll That0T, pH 7.0THH L 2 EEE il

pHO 0L HTIEZE 5.

Hemoglobin g 00 kg 1, [k, kg 1/ kg

Hb A 7 13.1 £ 0.80 0.15 £ 0.010 21.1 £ 1.40 0.15 £ 0.010
9 6.4 +0.10 0.25 £ 0.006 16.7 £ 0.59 0.17 £ 0.007

Hb-Hiroshima 7 5.1 £0.50 0.43 £ 0.070 11.0 £ 1.90 0.24 + 0.060

TABLE 2 THE REACTION OF STRIPPED DEOXYHEMOGLOBIN WITH CO IN THE ABSENCE
AND PRESENCE OF INOSITOL HEXAPHOSPHATE

#2

Inositol hexaphosphate (3 28N &5 & R E FIZ 101 5 1) » BEsE b 08 o0 7Y

~NETFOE Y E COLOEGED

The values shown represent apparent second order
rate constants. In those reactions which exhibited
accelerating time courses, the initial rates are given.
In those which exhibited biphasic time courses, the
data were fitted to Equation 1, and the resultant
values of the exponents are shown. The values for
Hb A were taken from Reference 11 and the values
for Hb-Hiroshima from Figure 3. The reaction
conditions are given in the legend to Figure 3.

Hemoglobin Condition

Components

Hb A pH 7.0
pH 7.0, [HP
pH 6.0
pH 6.0, THP
pH 7.0
pH 7.0, THP
pH 8.0
pH 8.0, IHP

Hb-Hiroshima

Lo S T B o e o B

ZHRLEEEE P L 2 Ko EETE R TLH S,

DI g 4 0 (W A R A B L A BB TR, WIS

THIMEOR NSRS BLZLOTIE, WHE

AR L.
KLz TEHTIHEHEE»sRkbAEasnRLE. HhAD
kA AFLAZEOTH Y, Hb Hiroshima &

HE 3 SRG . HIGOFRGERIOIE L L.

9 fast Tfast Liow
X10°% M! sec !

= = 2.1

- - 1.0

69 11.6 3.0

- - 1.3

70 10.7 2.3

- - 1.3

35 27.6 39

12 8.0 1.0




TABLE 3 EQUILIBRIUM PROPERTIES OF THE REACTION OF N-BUTYL ISOCYANIDE WITH HEMOGLOBIN

#3

The values of the maximum Hill coefficient, n, and
the concentration of free n-butyl isocyanide (BIC)
at half-saturation for hemoglobin A were taken
from Reference 22. The values for Hb-Hiroshima
were obtained under analogous conditions by static
titrations using the procedure of Olson and Gibson,"
and represent only single experiments.

ANEFOE Y L n-butyl isocyanide & 0 &S E IO FM 12 M+ 5 @5E

NESDE Y ACED S FRMEEO Hill 80O KREn
# L UHEEE n — butyl isoeyanide (BIC ) 8% 12 rifoe &
53 72, Hb Hiroshima OiE(E, FEM406 &7 Olson
# & U Gibson 0 ik & H D TIT % - 22 9 22 09 5

THROLEN, ThidbhTh IEOERIEICLDTHS,

Hb A

Hb-Hiroshima
(BIC) Y=50%

Condition (BIC) Y=50%
1. Stripped 0.05 M borate, pH 9.1 0.033 mM
2. Stripped 0.05 M bis-tris, pH 7.0 0.096 mM
3. Stripped 0.1 M P; pH 7.0 0.280 mM
4. Stripped 0.05 M bis-tris, pH 7.0 + [HP 2.34 mM

1.8  0.013 mM ~1.4
2.3 0.025 mM i [
2.3 0.050 mM =~ 2.0
1.0 0.80 mM ~1.0

TABLE 4 THE BINDING OF THE LAST MOLECULE OF N-BUTYL ISOCYANIDE TO
HEMOGLOBIN IN 0.1 M P;, pH 7.0, 20°

#4  0.1MP, i3

The values of the rate constants for the dissociation
of the first molecule of n-butyl isocyanide from
saturated hemoglobin (i; and iﬁ) were obtained
from CO replacement experiments analogous to
those described by Olson et al.'* The values of the
association constants for the binding of the fourth
isocyanide molecule (iy and i]'g] were obtained from
partial photolysis experiments.!* The parameters
for hemoglobin A were taken from Reference 9.
Similar experiments for Hb-Hiroshima were carried
out in 0.05 M borate, pH 9.1, and the results showed
that, in agreement with the data for Hb A, the
values of iy, iy, ip and ig for Hb-Hiroshima appear to
be independent of pH. The various rate constants
are given as intrinsic constants which are defined on

pH 7.0, 20° 128 2~E 70 E > & §i% 0 n - butyl isocyanide & O #545

BUfRIE Fo~E 7o 25 A9 1 &HO n - butyl

isocyanide % - fif B HLIE o £ (i b £ T8, ) 1E, Olson

51 [l ey CO M R s Ha&FEHO

FAr G R Fe
isocyanide 57 [- & DGO B G B (g b £ Ui ) s
BEGHRER 5RO A, ~ErOE Y ALIMTS
NI A=F B IDPSEATLALDOTHS, T4 L[
1 #5: & Hb Hiroshima (2207 0.05MA& &, pH 9.1
IZEWTIT 2572855, Hb AOBG &0nkE, Hb Hiroshima
CET B0, Q. B LTI pH & METH 2.

EHIETHIZ, ~AMENELTESL B ERSE

a per heme basis.!"%? il e s BT
: i i 1}3 i
Hemoglobin (mM—l sec"l) (Scc—l) (mM! Sec~1) (sec"l)
Hb A 35 0.16 240 2.00
Hb-Hiroshima 45% 0.16 500* 1.00

F (s} [s]
*Actual measurements were performed at 25 - The values shown were corrected to 20

by assuming an activation energy of —13.5 Keal/mole'® and therefore only represent
o b . : z o
estimates of i and i3 for hemoglobin Hiroshima at 20" .

EROMELS THE 2. 2 2IFHL

W L T20° 12861

G e —

T, ~EZUE Y Hiroshima @ 20° 12810 81,8

& - 13.5Keal / mole™ &
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FIGURE 1. Normalized time courses for the reaction of oxyhemoglobin with excess dithionite in the
absence and presence of inositol hexaphosphate. Observations were made at 440 nm through a 2 cm
path length cell in the stopped flow apparatus. All reactions were carried out with stripped hemo-

globin (20 uM before mixing) in 0.05 M bis-tris, pH 7.0, 20°. Symbols: e stripped Hb; o, stripped Hb
plus 60 pM IHP. The solid lines represent time courses which would be expected if the release of
oxygen were noncooperative. A, data for Hb-Hiroshima; B, data for Hb A.
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FIGURE 2. Normalized time courses for the reactions of stripped hemoglobins A, Hiroshima, and
Bethesda with carbon monoxide in 0.05 M bis-tris, pH 7.0, 20°. Concentrations after mixing were
23 uM CO and 4 uM Hb, and observations were made through a 2 em path length cell at 432 nm.

2. 0.05Mbis— tris, pH 7.0, 20°(2 & i
B 70K Bethesda & —gE{LIRE L O HIE
WA E 2@t L &B L T 432 0m TH 4 - 7.
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FIGURE 3. Normalized time courses for the reaction of stripped hemoglobin Hiroshima with carbon
monoxide in the absence and presence of inositol hexaphosphate at 20°. Concentrations a fter mixing
were 23 uM CO and 4 uM Hb, and observations were made through a 2 cm path length cell at 432 nm.
O, & O represent data obtained with 60 uM IHP added to the hemoglobin solution, while ® & B
represent data obtained for stripped hemoglobin Hiroshima in the absence of phosphates. Conditions:
O ® 0.05M bis-tris, pH 6.0, ©, ® 0.05 M bis-tris, pH 7.0; & & 0.05 M tris, pH 8.0.
[#3, Inositol hexaphosphate ¢ 7 B FToma0® 2605 v Kt
{k it 3 i WL, BT 23MCO U4 pMHDb B
I G e MIHE

F T e
VTR D T

© % Hiroshima & —#
T432 nm
v REELER R

O, M, 0.05Mbis— tris, pH 6.0

AT
CIE &2 d

ALy O E Y Hiroshima

T,

G, @, 0,05 Mbis— tris, pll 7.0; &, A&, 0.05Mtris, pH 8.0,
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FIGURE 4. Normalized time courses for the reaction of hemoglobin with n-butyl isocyanide at 20°.
Concentrations after mixing were 1.15 mM n-buty! isocyanide and 4 uM Hb, and observations were
made through a 2 cm path length cell. Panel A, the reaction of n-butyl isocyanide with stripped
deoxyhemoglobins A and Hiroshima at pH 7.0 and 9.1: G, Hb A in 0.05 M bis-tris pH 7.0; & Hb A in
0.05 M borate, pH 9.1; ® Hb-Hiroshima in 0.05 M bis-tris pH 7.0; & Hb-Hiroshima in .05 M
borate, pH 9.1. All observations were made at 428 nm. Panel B, the effect of phosphates on the
reaction of n-butyl isocyanide with stripped Hb-Hiroshima. Observations were made at 428 nm.
The dotted line represents the time course of n-butyl isocyanide binding to stripped Hb-Bethesda in
0.05 M bis-tris, pH 7.0. 16 Conditions: ®, stripped Hb-Hiroshima in 0.05 M bis-tris, pH 7.0; ® stripped
Hb-Hiroshima in 0.1 M Py, pH 7.0; A stripped Hb-Hiroshima in 0.1 M P, pH 7.0 with 60 uM IHP
added to the hemoglobin solution. Panel C, the wavelength dependence of the time course for the
reaction of n-butyl isocyanide with Hb-Hiroshima in 0.1 M P, pH 7.0. Wavelengths of observation:
upper curve, 420 nm; middle curve, 428 nm; lower curve, 423 nm.

[d, 20%2HT&~T Y E Y E o — butyl isocvanide & @ 11 CHPIREI MR, R S EodEE1 1 mM
n — hutyl isocvanide & & 0F4 uM Hb, A, pH 7.0 & 9 pH 9.1
0550w b R JE AN E Hiroshima * n — butyl isecvanide & 0 1215 ;

@y (105 Mbis < tris, pH 7.0i2 414 Hb A : TEE, pH 9.1t 4 Hb A @, 0.05 Mbis
tris, pH 7.002 # 11 % Hb Hirvoshima; &, 0. 03 M=E28, pH 9102412 Hb Hiroshima, ¥ 37 @ 8% 14 428 am
Tir o, KB, 0 »BiEEEHD Hivoshima & 1 — buty] isocvanide O E I 2 BIFE+T Y > B EO RS,

WL 428 nm TiTg - 2 20,05 Mbis —tris, pH 7002 #0115 BB #: Hb Bethesda & n — butyl iso—

eyvanide b @y ES ORI i A ®, 0.05Mbis —tris, pHT.0Z 8114 & /b +: Hh Hivoshima;
W, 0.1IMP,, pH7.012 Bl v EE #: Hh Hiroshima: &, 0,1 M P pH7.0128 o i ER B Hb

Hiroshima (260 2MIHP & ~ 3 70 2 & bl G, 0. IMP,, pH 7.002 #1545 Hb Hiroshima & n —
butyl isoevanide = o EIG o Rk [ LB O RO, 4200m; o, 428om; Fod

423 nm .

22



1.0,

25—
| &
0 50 100
TIME (msec)

FIGURE 5. The effect of inosfto:'ohexaphosphare on the reaction of carbon monoxide with stripped
deoxyhemoglobin Hiroshima at 20 . Concentrations after mixing were 4 uM Hb and 46 uM CO, and
observations were made at 432 nim through a 2 cm path length cell. £ A represent reactions carried
out in 0.05 M bis-tris, pH 7.0. O, ® represent reactions carried out in 0.05 M tris, pH 8.0.% O represent
reactions carvied out with 60 uM IHP present in the CO solution only. & e represent reactions carried
out with 60 uM [HP present in both the CO and hemoglobin solutions. It should be noted that in all
cases the IHP is present in great excess to the tetramer concentration.
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FIGURE 6. Static difference spectra observed on mixing inositol hexaphosphate with stripped
deoxyhemoglobin Hiroshima, The millimolar extinction difference between IHP treated Hb-Hiroshima
and stripped Hb-Hiroshima is plotted versus wave length. Two identical solutions of Hb-Hiroshima
were placed in matched cuvertes, After measuring a baseline, a small volume of a concentrated IHP
solution was added to the sample cuvette and the Hb (IHP) versus Hb difference spectrum was record-
ed. The concentrations of heme and IHP were 8.5 and 85 uM, respectively. Further additions of IHP
produced no effect. Solvent conditions at 20° were: ©, 0.05 M bis- tris, pH 7.0; &, 0.05 M bis-tris, pH
6.0;®, 0.05 M tris, pH 8.0. The solid line represents the observed difference spectrum reported for
deoxyhemoglobin Bethesda. 1o
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FIGURE 7. The effect of ligand concentration on the normalized time course for carbon monoxide
binding to stripped deoxyhemoglobin Hiroshima in 0.05 M bis-tris, pH 7.0, 20°. The normalized
absorbance change at 432 nm is plotted versus the integral of the ligand concentration versus time.
The values of [ (CO) dt were caleulated by assuming that the concentration of CQO at any time Is given
by (CO)p — Y (Hb)p where (CO)p and (Hb)pare the total concentrations of CO and Hb present and
Yis 1.00 — & A, / & A, The numerical integration was then carried out using a trapezoidal approxi-
mation for the area berween the observed data points. The concentration of heme before mixing was
5.6 uM. The concentrations of CO after mixing were ® 46 uM; O, 23 uM; & 11.5 pM; 5575 uM:
288 uM.

ET7. 0.05Mbis —tris, pH7.0, 20° 128074 » &
L iF BRI M L TR B RIET
mEOES LM RO

; J[‘_’Z'J"\-t- ¥ » Hiroshima & —&{ERHE & O
R o Bl S vl e O e SR
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AR L L. Y (Hb pop THisha & lEL T
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TH A, R, ABMESHMOE#M L TEBEMER BT BEHS ST 2ok BHAONLRELS.6MT
hot, BE f{") CO#BRE: o, 46aM; O, 23uM; &, 11.5M; &, 5.75:M; B, 2.88uM,
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FIGURE 8. The effect of ligand concentration on the normalized time courses for n-butyl isocyanide
binding to stripped deoxyhemoglobin Hiroshima in 0.05 M bis-tris, pH 7.0, 20°. The values of [(BIC)
dt were calculated as described in the legend to Figure 7. and observations were made at 428 nm.
The concentration of heme before mixing was 8§ uM. The concentrations of n-butyl isocyanide after
mixing and the fractional degree of heme saturation achieved {defined as the total absorbance change
observed at given isocyanide concentrations, & A o divided by maximum possible change for the given
heme concentration) were: ® 115 mM, 1.00; O, (.58 mM, 1.00; & 0.28 mM, 1.00; & 0.14 mM, 0.95;
B 0.072mM, 0.85; 0, 0.036 mM, 0.67.

8. 0.05Mbis —tris, pH7.0, 20" 813 ) >MEBREE R AT 2> Hiroshima Lon = butyl iso —
cyanide & @& O F L EFR A CHLTEM T#EORIETEE. Mro @ THmL ~ ke R[ BIC ) dt
wAtB L. WL 428 am TIPS i BB aMTH2, BEHO - butyl ierc,\'-anide 5
h UG R A A HIEE @ S R B Fadbb, 52604 H 5 isoeyanide BETHES W AMERED:
Lol &, TONARETEINIZEMORKECH>LL0) BAOEED: o, 1.15mM, 1.00; O, 0.58 mM ,
L.00; &, 0.28mM, 1.00; 2, 0.4mM, 0.95: W, 0.072mM, 0.85; O, 0.036mM, 0.57.
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