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SUMMARY

X-ray diffraction crystallography of hemoglobin
Hiroshima, confirmed by independent chemical
analysis shows that the amine acid substitution,
aspartate for histidine, originally reported to be at
beta 143 (H21), is at the carboxy terminal, at beta
146 (HC3). The unusual properties of hemoglobin
Hiroshima, such as its diminished Bohr effect, its
hyperbolic oxygen equilibrium curve in the absence
of phosphates, and its reduced heme-heme interac-
tion are now satisfactorily explained.

INTRODUCTION

Hemoglobin Hiroshima is a variant discovered in a
Japanese family which has interesting physiological
properties.”*? Its Bohr effect (response to pH) is
halved, its oxygen affinity increased about 3 fold,
but heme-heme interaction® is only somewhat
reduced. In solutions initially stripped of phosphate,
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*Heme-heme interaction refers to the intra-molecular cooperative reactions between the four subunits in hemoglobin
during oxygenation. These cooperative interactions operate so that when the first subunit takes up oxygen, the
reactivity of the remaining subunits is enhanced and oxygenation is accelerated.
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2,3-diphosphoglycerate (DPG) diminishes the oxy-
gen affinity as in Hemoglobin A.>* The amino
acid substitution originally deduced for this abnor-
mal hemoglobin was histidine 143 (H21) 3 -
aspartate.’ It was possible to conceive of a
mechanism which accounted for the diminished
Bohr effect,® but the apparently normal response to
DPG was inconsistent with the proposed role of
histidine 1434 in DPG binding by hemoglobin.®*’
An X-ray crystallographic study of deoxyhemo-
globin Hiroshima has now revealed that the replace-
ment occurs not in position 1434 but at 1463.
This was confirmed by chemical methods, and the
physiological properties of this hemoglobin are now
satisfactorily accounted for. The results support
the role of histidine 1464 in the alkaline Bohr
effect.’

METHODS AND RESULTS

Crystals of deoxyhemoglobin Hiroshima* were
prepared by precipitation with ammonium sulphate
buffered with ammonium phosphate to pH 6.5.°
Their solubility and unit of cell dimensions did-rfot
differ significantly from those of deoxyhemoglobin
A.'®  The intensities of about 14,000 reflexions
within a limiting sphere of 3.5 i\_l were measured
on a Crystalign four-circle diffractometer. A
difference Fourier synthesis was calculated using
IFl Hb Hiroshima—I|Fl b Aas coefficients together
with the phase angles determined for Deoxyhemo-
globin A by Muirhead and Greer. 1!

The difference electron density map is shown in
Figure 1. It is featureless in the region of
histidine 1435, but shows a deep negative peak
superimposed on the imidazole side chain of histi-
dine 146/, together with a positive peak showing
the new position of the aspartate side chain.
There is no change in the region of the a -carboxyl
group. In order to build an accurate model of the
mutant residue we adopted the following method.
Crystals of human deoxyhemoglobin A from which
histidine 146 /5 had been specifically removed1?
(A Des His 1463) proved to be isomorphous with

EWETIE, Hb A L[EEEIZ, 2, 3 — diphosphoglycerate
(DPG) 2 LN EERIMEAE T+ 2.3 ¢ woiL, -
MEMGFEIZEHT S 7 3/ BiERIT histidine 143 ( H2D)
3 —aspartate ThH5+LEZ 5N Tw/i.! Bohr E®
EFH L0 LTwABFEHEETEAN, 5 DPG Izt
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DWVTOXMAERFEMFEIZED, BROMEIZ 1435
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*A blood sample containing hemoglobin Hiroshima was obtained from the index case (II-10, see Table 1, Reference 1)
during her regularly scheduled visit to the ABCC outpatient clinic. The iced blood sample was sent to Yamaguchi
University Medical School where purified hemoglobin Hiroshima was prepared by Dr. Shibata and his group. The
purified sample was sent to the Medical Research Council Laboratory of Molecular Biology, Cambridge, England, where
the crystallographic and biochemical studies were performed by Dr. Perutz and his co-workers.
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FIGURE | DIFFERENCE ELECTRON DENSITY MAP
(Medical Research Council Laboratory of Molecular Biology)

M1 ZEFEESMAE (EFHERRST T LEWFREN)

A. Black contours: electron density maps of part of the | 5 subunit, comprising parts of the heme
group and of helices E, F and H (sections y =—7to—18A). White contours: difference maps of
hemoglobins Hiroshima —A. Full contours are positive, broken ones negative.

A, BWIHM: ~LEEEUANY 9 7 2E, FHELIUHO—SS2MMRT 24 subunit O— IOV TORT

WESHEH (D y=—7~—18A). A% Hb Hiroshima —Hb A OFESHE. EH I F, SHzas
o

B. Lower portion of the same set of maps shown for greater clarity (sections—13 to —18 ,3 ). Note
the large negative peak due to the removal of the imidazole and the large positive one immediately
above, due to the new aspartate side chain. The smaller peaks in the immediate vicinity may be
spurious. Note that the difference map is featureless in the rest of the g subunit, showing its
structure to be undisturbed by the substitution. The black arrow points at the salt bridge between
histidine 146 3 and aspartate 945,

B, ENwio2 MBI+ 520 EHOFOMS &R+ (O —13~—184 ). imidazole DBREI kDA = %
BOY—7, BrUF0+T ¢ L%, WLV aspartate I L2 K EREOE -7 B 505, ToEMEIC
Hohahagr—rBart bobtorBhbhi. 208 subunit OO T, EXHFH-BFEHEF 20O
T, mEcrsME LB EAb, S, BRI histidine 146 8 & aspartate 448 & O O B1E
ERT. :



FIGURE 2 STRUCTURE OF THE C-TERMINI OF THE 5 SUBUNITS IN HEMOGLOBINS A AND HIROSHIMA
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those of hemoglobins A and Hiroshima. X-ray data
were collected from these crystals as described
above and a difference electron density map of
hemoglobin Hiroshima minus A Des His 146
was calculated. It showed only the electron
density corresponding to aspartate 146 5. This map
confirmed that the « -carboxyl group of aspartate
146 3 in Hb Hiroshima maintains the same position
as in hemoglobin A, forming a salt bridge with the
£ -amino group of lysine 40a. The ¥ -carboxyl
group of aspartate 146/ in Hb Hiroshima, on the
other hand, does not interact with any other
residue, but floats freely in the surrounding solution
whereas the ¥ -carboxyl of histidine 146 8 in
Hb A interacts with aspartate 94 8 (Figure 2).

To check these results by chemical methods, hemo-
globin Hiroshima was purified from the hemolysate
by chromatography on Amberlite Cg-50.®  After
heat denaturation,® it was digested with trypsin,
and the tryptic peptides separated by electro-
phoresis and chromatography.'®>  Peptides /514
(residues 133-144) and A15 (residues 145-146)
were missing and a new tyrosine-positive peptide
appeared whose amino acid composition was as
previously reported,! indicating that it contained
residues 133-146 and had aspartic acid substituted
for either histidine 143 or 146. On more prolonged
digestion of hemoglobin Hiroshima with trypsin
(enzyme to substrate ratio 1:50, 12 hours at 37C)
a tyrosine positive acidic peptide containing tyrosine
and aspartic acid in equal amounts appeared toge-
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Hiroshima /05 A Des His 1468 # &\ /=258 % E 5
HHEFHE LTk~ ZHhizk-T, aspartate 1468
DHOHGITHLT 3 FEESMIESN. ZOFE
A2 £ Y, Hb Hiroshima (2317 % aspartate 14673
D a - carboxyl 2 O @ X Hb A I2E1F5 LML @&
s E N THY, lysine 40a @ € - amino & & HEHE 4
W3 42 kAR EN~E. —7F, Hb Hiroshima [2&1(15
aspartate 1468 ¢ ¥ - carboxyl 5 (3 fh B 2 L (T RIG
S TR O EERICERE T 52, Hb A 128517 % histidine
1463 M ¥ - carboxyl |%, aspartate 9473 & KIn+ 5 (E2).
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HILL, 510, BRukMks LU 7o by 57 1 -2
£ D, trypsin bR T FFESRBELA.Y Al4( K
133— 144 ) H L UF §15 (B 145 — 146 ) <7 F FIL ¥
B LTwiad, 3L < tyrosine JREED <7+ FAHB L
TEY, 2073 /EHERZLDMzIBEEshA2b0! &
FAigEThH-o7. TOZ LI, CONTF FIZEHE 133 —
146 %4 L, ZHi2k " histidine 143 & %\ X histidine
M6H TASIFvBII@EBs Nz L3 RLTVS, &

512 EWEMIIZH -7 Hb Hiroshima % trypsin Ti{b+

Al (BFE LB : 50, 37C T120%14]), tyrosine ¥
FUTANRSF Uy BEERIZER T3 tyrosine BiE#EE



ther with the normal hemoglobin peptide 314,
showing the substitution to be histidine 146 5 —
aspartic acid.

Digestion of hemoglobin Hiroshima with carboxy-
peptidase A under the conditions used for the
complete removal of tyrosine 1454 and histidine
146 8 from hemoglobin A!'6 released no amino
acids, but more vigorous digestion 17 (enzyme to
substrate ratio 1:1, 6 hours at 25C) released 0.7
aspartic acid, 0.8 tyrosine, and 0.1 histidine per
f-chain; 0.2 residues of serine, valine, threonine,
and leucine were also found, but these also appeared
in a digest of hemoglobin A under the same
conditions, indicating that these residues and the
small amounts of histidine released may be due to
autolysis of the enzyme or a small amount of
proteolytic cleavage of the hemoglobin with sub-
sequent digestions at these points by carboxy-
peptidase A. These results confirm that aspartic
acid is the C-terminal residue in hemoglobin
Hiroshima. Fingerprints of carboxypeptidase A-
digested hemoglobins A and Hiroshima, done after
removal of the enzyme, 2 were identical, which
confirmed that histidine 143 8 remains unchanged.

DISCUSSION

Qur results confirm that half the Bohr effect is due
to the salt bridge between the imidazole side chain
of histidine 146,83 and the ¥-carboxyl side chain of
aspartate 943%; the substitution leaves the interior
of the molecule undisturbed and causes no changes
in the deoxy structure other than the breaking of
that salt bridge. The normal response of the oxygen
affinity of hemoglobin Hiroshima to 2,3-DPG shows
that histidine 146 8 plays no part in the binding of
2,3-DPG. The absence of the salt bridge between
histidine 146/ and aspartate 94 3 suggests that the
reactivity of the sulphydryl groups of cysteine 93 3
in deoxyhemoglobin Hiroshima should be higher
than in deoxyhemoglobin A; in oxyhemoglobin
there should be little difference.

The extent of heme-heme interaction of hemoglobin
Hiroshima depends on the concentrations of 2,3-
DPG and neutral electrolytes. In 0.1 M NaCl, 0.05
M Tris HCI buffer of pH 7.2, 20C and a concentra-
tion of hemoglobin tetramer of 0.02 mM, Hill’s
constant decreases from a maximum of 2.5 at
1.0 mM 2,3-DPG to 2.3 in its absence. Under the
same conditions, Hill’s constant decreases in hemo-
globin A from 3.0 to 2.9:

NTFFHELIPEEMAFELSURTF FHAEEL, 20
Z &%, histidine 1468 M T AN X v BiIc L 2EH®RH
hasZélarmT.

Hb A # 5 tyrosine 1458 # L (F histidine 1468 % 5 &
CBRETABICAWA EFE LSS 0+ & T Hb Hiroshima
@ carboxypeptidase A L& TR &7 3 /OB &
BOshhdokd, T MO EHEAET (BELAH
1:1, 25CT6REM) TIX, SH{IALTASTIF VR
0.7, tyrosine (L8, ¥ kL U histidine 0.1 »'BERE L 7=.
* 7~, serine, valine, threonine & X 1F lencine % ¥ 0 #%
Fo2r@Bbonsd, 2ok, BLEEMAFIZEITS Hb A
Ot TLED LD, ThoERESLIULED
histidine (%, carboxypeptidase A |2k 3 (k% fic Tz i§
LINLORIIEVWTELAMEOHCD ML 2 v idMm
EEOBREOEARSHBOLOTHAN L LAV, O
N6 OEEEIZLY, Hb Hiroshima 123511 2 CHFigrkikh™r
ANRGELBTHEIEHFHEF SN, carboxypeptidase
A THEIEL~ Hb A & & UF Hb Hiroshima 6 Z O %
EREV LARIRDEMED 7 ¢ v H -7 ¥ ME—H
L Tw7-7, histidine 1438 (2ZA b2 % v Z & A FER
shiz.
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THOMEICZE{EZELAE V. 2,3 —DPGIZafL T
Hb Hiroshima OREFEBAEAIERE ZRIG &7+ 2 &1,
histidine 1468 #* 2,3 —DPGHE&AIZZALMEL AN
ZEERTEOTHA. histidine 1468 & aspartate 943
EORIZEEAFEL 2w &E, BLE Hb Hiroshima
2% 17 3 eysteine 938 @ sulphydryl 20 K GtEs, B
THHbA IV EEWETF ThaaZEemETaLo T
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Hb Hiroshima @ ~ A MM EEMHIE, 2, 3—DPGH L
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In the absence of NaCl in 0.01 M Tris HC1 buffer
of pH 7.0, 20C and a concentration of hemoglobin
tetramer of 0.015 mM, Hill’s constant decreases
from a maximum of 1.9 at 0.3 mM 2,3-DPG to 1.1
in its absence. Under the same conditions, Hill’s
consatant decreases in hemoglobin A from 2.5 to
2.4,

These data show that heme-heme interaction in
hemoglobin Hiroshima is always less than in hemo-
globin A. The difference is small in the presence of
NaCl or 2,3-DPG, but in their absence Hill’s constant
is reduced to near unity when that of hemoglobin A
is 2.4. This behaviour is in accord with the stereo-
chemical mechanism of the cooperative effects
proposed by Perutz.” One of the constraints holding
the hemoglobin tetramer in the quaternary deoxy
structure is the salt bridge between the alpha
carboxyl group of histidine 146 8 and the £-amino
acid group of lysine 40« (Figure 2). The additional
salt bridge of the imidazole with aspartate 943,
which is responsible for half the alkaline Bohr effect,
also holds the alpha carboxyl group rigid, thus
cementing its bond with the lysine; furthermore it
opposes the expulsion of tyrosine 1455, thereby
lowering the oxygen affinity of the /3 -subunits.
Removal of the imidazole would therefore be
expected to loosen the quaternary deoxy structure
as well as the tertiary deoxy structure of the
f-subunits. This must be the stereochemical
explanation for the diminished heme-heme interac-
tion and increased oxygen affinity. It shows that it
is not possible to inhibit part of the Bohr effect
without also reducing heme-heme interaction. It
also leads to the prediction that the equilibrium
constant for the first oxygen to combine with
hemoglobin Hiroshima (K1) should be much increas-
ed, while that for the fourth oxygen (K4) should be
about the same as in hemoglobin A.

NaCl AR N3 2350, 20C T pH 7.0 M 0.001 M Tris
Huﬁ@ﬂsgoam5mMmm@#4ﬁ¢%$usHa
Hill % #%, 2, 3—DPG# 0.3 mM OO RAME LI »
5, 2,3—=DPGHHFALEZVWEGFD LLIZHDT 2
FlUfEfgizesids Hb A o Hill %513 2.5 75 2.4 125
e )

ZhemEEIzEY, Hb Hiroshima @~ A MEEEH 1L
EicHb A ko/hsnzeibhd. 20ERIE, NaCl
H2wWE2, 3-DPGHAETOIEIAIEL, ZhLH
AL 20412, Hb Hiroshima @ Hill 3 #2%131F 1

CEALTAOICHL, HhA Tl 241245, Z 0@k
£, Perutz O tilElzh S8 L TR LA B
FEL—HT2L0THAE.T MEF4REN4ROHE
RS 2 845 L T 3E RO —-21%, histidine 1463
@ a - carbozyl Bt & lysine 40a @ -7 2 /B H D
MoOEHIZH S (H2). imidazole & aspartate 943 *
DHEORTOEEIE, TNLH I Bhr ROESE L
ot EEd1Z, a-carboxyl BABEEAL, ZDiH,
lysine O #ESHEH 5N 35 ; & 612, tyrosine 14573
DML ES 5 -, B subunit @& FEE HEAI (LT
T 5., LAA-T, imidazole #fpFE+ 32 -12k0, 8
subunit D 3 KOBTHBE LN TR, F04KD
BTREEZLRET2b0EEILNA. 20, N4
MAAEFEHOE s L CBmERMEOMEE & 726 451
FibEmgFTH 2L Bbhs, ZOZ ki, Bohr #hE
D—EIE T ST A~ L EERPET T A
ERLTWS, 512, RWOEFES Hb Hiroshima &
AT B0 (K EEFIZHML 2 hiEs
SHvoIzAL, HAFHOBEOES O FH K H(K,)
ZHb A DBELFEELL AL THAES VLD LHE
fazhs.
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