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Hemoglobin (Hb) is the respiratory protein of the red
blood cells which carries O, from the lungs to the tissues
and facilitates the return transport of CO; from the
tissues to the lungs. The physicist J. J. Hopfield has
called it the hydrogen atom of biochemistry because the
understanding of its functions is so fundamental to
proteins generally. One of these functions is allostery,
the switching of proteins between active and inactive
structures in response to chemical stimuli. Another is
the formation of coordination complexes with transition
metals for a great variety of catalytic and other actions.
Hemoglobin may be unique in exploiting changes in
Fe—N bond lengths accompanying the transition from
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high-spin to low-spin ferrous iron for the purpose of
efficient oxygen transport: without use of that spin
transition fast-moving animals could not have evolved.
The isolation of the iron atoms in separate pockets of
the globin prevents collisions between them, which
means that their reactions with ligands can be studied
without any of the elaborate apparatus of matrix iso-
lation needed for investigating the reaction mechanisms
of simpler metal complexes. Finaly, hemoglobin shows
how Nature uses conjugated bases with pK’s in the
physiological pH range to sensitize proteins to small pH
changes in their environment.

Hemoglobin (MW = 64 500) is a tetramer made up
of two a-chains and two 8-chains, each containing 141
and 146 amino acid residues, respectively. Each chain
carries one heme. The a-chains contain seven and the
B-chains eight helical segments, interrupted by non-
helical ones. Each chain also carries short nonhelical
segments at the N and C termini. Myoglobin (Mb) is
a similar protein consisting of a single chain of 153
amino acid residues and one heme. It is found in
muscle where it stores the O, transferred to it from
hemoglobin and liberates the O, to the mitochondria
for oxidative phosphorylation of adenosine diphosphate.
As shown in Figure 1a, the hemes in Mb and Hb are
held in pockets formed by several helical and nonhelical
segments CD and FG; their Fe’s are 5-coordinated to
N, of histidines F8, also known as proximal, and to the
four porphyrin nitrogens (N,pn); the porphyrin is in
van der Waals contact with another histidine on the
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Figure 1. (a, top) Secondary and tertiary structure characteristic
of the hemoglobins. Starting from the N terminus the helical
segments are denoted A to H, and the nonhelical ones NA, AB,
BC, etc., to HC, which denotes a segment of three nonhelical
residues at the C terminus. Residues within each segment are
numbered from the amino end, A1l to A16, etc. We label each
residue by its structural position followed by its position in the
sequence, e.g., Glu A3(6)3. The diagram shows the helical and
nonhelical segments, the heme, the proximal His F8, the distal
His E7, and the distal Val E11. (b, bottom) Model of oxy-
hemoglobin. The tetramer has pseudotetrahedral symmetry. A
true dyad relating the chains «, to «, and (3, to B, runs along a
50-A-long and ~10-A-wide water-filled central cavity. Pseudo-
dyads at right angles to the true dyad and to each other relate
a; to 8, and «; to B5. The a-chains are white and the 8-chains
black; the gray disks represent the hemes and the sign at the
top represents the dyad axis. On transition to the deoxy struc-
ture the a8, dimer at the back turns relative to the a8, dimer
at the front.

distal side (E7) and also makes contact with 18 other
amino acid side chains, most of which are nonpolar.
The propionate side chains of the porphyrin protrude
into the solvent and form hydrogen bonds with basic
side chains of the globin [His CD3(45)a and Lys E10-
(66)8].12

(1) Fermi, G.; Perutz, M. F. In Haemoglobin and Myoglobin. Atlas
of Biological Structures; Phillips, D. C., Richards, F. M., Eds.; Clarendon:
Oxford, 1981.

(2) Dickerson, R. E.; Geis, I. Hemoglobin; Benjamin Cummings:
Menlo Park, CA, 1983.
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The heme irons in Hb and Mb combine reversibly
with O, to form dioxygen complexes and, in the process,
change from high-spin Fe(II) to low-spin Fe(II). The
reaction of O, with Mb is a simple bimolecular one, but
the reaction with Hb is cooperative, with a free energy
of cooperativity, under conditions that mimic physio-
logical ones, of 3.6 kcal mol™ (15 kJ mol™) heme™. The
oxygen affinity of Mb is independent of pH and ionic
strength, but that of mammalian Hb’s is lowered by H*,
CI, CO,, and 2,3-p-diphosphoglycerate (DPG), all of
which are present in the red cell. They are known
collectively as the heterotropic ligands, while ligands
that combine with the heme iron are called homotropic.
The interactions between the various ligands reacting
with Hb are known as the cooperative effects. They are
needed to ensure efficient respiratory transport.

The cooperative binding of O, is manifested by its
sigmoid equilibrium curve and ensures uptake and re-
lease of O, over the comparatively narrow range of
partial O, pressures that distinguishes the lungs (po,
~ 100 mmHg) from the tissues (po, ~ 30-40 mmHg).
Hb binds one H* for every two Q,’s released; this up-
take biases the equilibrium of the reaction between CO,
and H,0 in the direction of HCOj;", thus promoting the
transport of CO, by the blood serum. Conversely, the
protons released by the metabolic products, lactic and
carbonic acids, facilitate the release of O, to the tissues.

In the hemoglobins of bony vertebrates the coopera-
tive effects arise from an equilibrium between two al-
ternative Hb structures, the oxy or R (relaxed) and
deoxy or T (tense) structure. The O, affinity of the R
structure is slightly larger than the average of free a-
and g-subunits; that of the T structure is lower by the
equivalent of the free energy of cooperativity. The O,
equilibrium of Hb can be described by the O, associa-
tion constants Kt and Ky, usually expressed in
mmHg™, and by the equilibrium constant L, = [T]/[R]
in the absence of O,. Imai has shown empirically that
log Kv/Kg = A - 0.25 log Ly, where A is a constant,
which leaves Ky and Ky as the only independent var-
iables. K varies over a wide range as a function of
[H*], [CI'], [CO,), and [DPG]; KR varies as a function
of [H*] below pH 7 but is little affected by the other
ligands.®*

The T and R structures differ in the arrangement of
the four subunits, referred to as the quaternary struc-
ture, and the conformation of the subunits, referred to
as the tertiary structure. The quaternary R — T
transition consists of a rotation of the dimer «,8, rela-
tive to the dimer a,3; by 12-15° and a translation of
one dimer relative to the other by 0.8 A (Figure 1b).
The af dimers move relative to each other at the sym-
metry-related contacts a3, and a,8; and at the contacts
ajaq and B8, the contacts «;8, and «,f8; remain rigid.

At the &8, interface the nonhelical segment FGq, is
in contact with helix CB; and helix Ca; with FGg,.
During the R — T transition, the contact FGa,—C3; acts
as a ball and socket joint, while the contact Ca;-FGg,
acts as a two-way switch that shifts Ca, relative to FGS,
by about 6 A, like the knuckles of one hand moving over
those of the other. Intermediate positions of the switch
are blocked by steric hindrance. The gaps along the

(3) Imai, K. Allosteric Effects in Haemoglobin; Cambridge University
Press: Cambridge, 1982,
(4) Baldwin, J. M. Prog. Biophys. Mol. Biol. 1975, 29, 225.
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Figure 2. (a, top) Heme with imidazole of His F8 projected onto
its plane. (b, bottom) Interatomic distances around Fe in (2-
methylimidazole)(tetrakis(pivalamidophenyl)porphyrinato)iron
(II). The diagrams illustrate the meanings of angles A and B in
Table 1.

central cavity between «; and a, and between 8; and
B, narrow on transition from T to R. The shape of the
a13; and ay8, dimers is altered by changes in tertiary
structure: for example, on oxygenation the distance
between the a-carbons of residues FGla; and 8 shrinks
from 45.6 to 41.3 A. These changes make an o;8; dimer
that has the tertiary oxy structure a misfit in the qua-
ternary T structure and an «;3; dimer that has the
tertiary deoxy structure a misfit in the quaternary R
structure.8°

The key questions for the understanding of Hb
function are these: How does the reaction with O, affect
the stereochemistry at and around the heme so as to
trigger the transition from the T to the R structure?
What are the constraints of the T structure, and how
do they lower the O, affinity? By what mechanisms do
the heterotropic ligands influence the O, affinity?
Single-crystal X-ray analyses of deoxy- and oxy-
hemoglobin, and of analogues of intermediates in the
reactions with O, or CO, together with chemical, spec-
troscopic, and magnetic studies have furnished some of
the answers. Table I lists the structures on which our
analysis of the cooperative mechanism rests. We shall
now review these in turn.

Structures of Deoxy- and Oxyhemoglobin®®

Changes on Oxygenation in Stereochemistry of
the Hemes. Table I and Figures 2-4 summarize the
stereochemistry of the hemes in deoxyhemoglobin

(5) Baldwin, J. M.; Chothia, C. J. Mol. Biol. 1979, 129, 175.

(6) Fermi, G.; Perutz, M. F.; Shaanan, B.; Fourme, R. J. Mol. Biol.
1984, 175, 159.
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(DHDb) and oxyhemoglobin (HbO,). In DHb the por-
phyrins are domed, as predicted by Gelin et al.,'® and
the Fe’s are displaced from the planes of the porphyrin
nitrogens toward the proximal histidines. On oxygen-
ation the porphyrins flatten and the Fe-N,,,;, bond
lengths contract, thus moving the Fe’s toward the
porphyrin planes. In consequence, the proximal his-
tidines come 0.5-0.6 A closer to the porphyrin planes
in HbO, than in DHb. A water molecule that is hy-
drogen bonded to the distal histidines (E7) of the a-
subunits in DHb dissociates in HbO,,.

Are these stereochemical changes at the hemes in-
trinsic, or are they influenced by the globin or the
crystal lattice? The Fe-N,,, distances and the dis-
placements of the Fe’s from the planes of the Ny,p1's
in DHb and DMb are the same as in two synthetic
5-coordinated Fe(II) porphyrins (Table I).181° The
average Fe-N,., distances measured in crystals of
DHb and HbQ, also agree with those measured in so-
lution by extended X-ray fluorescence spectroscopy
(EXAFS).20:21  The conformation of the hemes in hu-
man DHb is the same within error in crystals of space
group P2, grown in (NH,),SO, solutions and in crystals
of space group P2,2,2 grown in poly(ethylene glycol)
(PEG) solutions. The degree of doming of the por-
phyrin, on the other hand, appears to be influenced by
the constraints of the globin and by those of the crystal
lattices in the synthetic iron porphyrins.

Hb, Mb, and the model complexes bind O, to the Fe’s
in the bent, terminal 7" mode (Figure 4). The Fe-0-0O
angle varies over a wide range, depending on the shape
and chemical constitution of the heme pocket, but its
influence on the strength of the Fe-O, bond is un-
known. Single-crystal neutron diffraction of MbO, has
proved that N H of the distal histidine (E7) donates a
hydrogen bond to the bound 0,.* N ,H-O distances in
the a-subunits are similar to those in MbO,; in the
B-subunits they are longer, indicative of weaker bonds,
which may be related to the lower oxygen affinity of the
B-subunits (Table I). Other interatomic distances in the
heme complexes of HbO,, MbO,, and the two synthetic
Fe porphyrins are very similar, but the displacements
of the Fe’s from the plane of the N,,,,’s vary, appar-
ently due to steric factors on the proximal side. In
HbO, and MbO, these take the form of variations which

(7) Brzozowski, A.; Derewenda, Z.; Dodson, E.; Dodson, G.; Grabowski,
M,; Liddington, R.; Skarzynski, T.; Vallely, D. Nature (London) 1984,
307, 14.

(8) Liddington, R. C. Ph.D. Thesis, York University, 1986.

(9) Shaanan, B. J. Mol. Biol. 1983, 171, 31.

(10) Luisi, B. Ph.D. Thesis, University of Cambridge, 1986.

(11) Arnone, A.; Rogers, P.; Blough, N. V.; McGourty, J. L.; Hoffman,
B. M. J. Mol. Biol. 1986, 188, 693.

(12) Ladner, R. C.; Heidner, E. J.; Perutz, M. F. J. Mol. Biol. 1977, 114,
385.

(13) Phillips, S. E. V. J. Mol. Biol. 1980, 142, 531.

(14) Phillips, S. E. V.; Schoenborn, B. P. Nature (London) 1981, 292,
81

(15) Phillips, S. E. V. In Neutrons in Biology; Schoenborn, B. P., Ed.;
Plenum: New York, 1984,

(16) Gelin, B. R.; Lee, A. W.-M.; Karplus, M. J. Mol. Biol. 1983, 171,
489.
(17) Takano, T. J. Mol. Biol. 1977, 110, 569.
(18) Hoard, J. In Porphyrins and Metalloporphyrins; Smith, K. M.,
Ed.; Elsevier: Amsterdam, 1975; p 317.

(19) Jameson, G. B.; Molinaro, F. S.; Ibers, J. A.; Collman, J. P;
Brauman, J. L; Rose, E.; Suslick, K. S. J. Am. Chem. Soc. 1980, 102, 3224.

(20) Eisenberger, P.; Shulman, R. G.; Kincaid, B. M.; Brown, G. S.;
Ogawa, S. Nature (London) 1978, 274, 30.

(21) Perutz, M. F.; Hasnain, S. S.; Duke, P. J.; Sessler, J. S.; Hahn, J.
E. Nature (London) 1982, 295, 535.



Accounts of Chemical Research

Perutz et al.

312

‘a[ozepluIAyiow
-1 puedn peixe pamspurun uwe yYim dexns —-HN—(0)D-*(CHD)-(0)D-HN-sSup4z ® pue sjeydid opramiealdip-suns; 3uiaey uniAydiod[Auaydene)j pazifeuorjounj OplurB-0-Bi}a)
o000 ue PJ{(WPN-T)(ED%Id)] (1)) uoi(oreutiiydiodijLusyderyoy)(dpozepruijiyow-z) = (JALIWPW-E (I)uo(oseunsydiod(jAusydopruereard-o-11‘T)s18L19)-053w)
-(epozeprun[Aiow-7) = PI(dJAML)WPN-¢ "(qg 9I031]) [euliou sway pus g4 SIH JO N-"D oul] usemiaq s[3ue = g (87 awndyy) EN-'N oui[ pue sway ay} ojuo pajseford
84 SIH Jo ajozuplual Jo auv[d usomjaq d[duy = y “1019wered Furmop ays s1 s1q], '8, wuAydiod yo sueyd woiy s,N uuiydiod jo susyd Jo JusmadBldsIp = 9J-Ng -8,N undydiod
Jo dueyd uvow WOIJ 84 JO JUAWAB[ASIp = NJ-a8J ‘"ureys apIs yowa Jo wioje }s11y ayj Jurpnpoul ‘s, pus s,N unlydiod jo suefd ueow woly a4 Jo justmadeB[dsip = *™1J-9,

rPAl(WPW

6L 1€°0 ¥e0 2954 ((raRXix4 -DED*AID]
rPA(ddL

¥9 0 (8) 5¥0'g -O'H)®q
8 81 €T 010 , 610 (0D ¥I'g (€) ¥0'2 g OS*CHN)

g1 ‘ot ¥8 ¥l L1'g L00 E1'0  (6) 802 (S) €05 v 0% Yy ‘0°H,qH 38104
NO]H—Or-m
(dqa1dy)

61 0631 (L) 8681 L0°0 L3  980°0 110 (#) L10T (1) 86T  (P) 966'T -WIPIN G
*OS*("HN)
0N

€1 (3 ee (@ 6¢ (HOSIT (98T 06 T 9) 82 81°0 70 (9) L0 (9) s6'1 91 s[eya urads
DHd w
HyPd-9)
08 91 (8)610 (8)99% (9020 (¥ 10 (3T) ¥EC () €0'C ad - *0-Pd®)

8L (@6g (1)8% MesT (N1 6L 9 (8020 (8)Sse (9 L10 (B I¥0 (O1) ¥I¢G ) ¥0'¢ o 17 L BTy
@ z2e (@ ge (e1) 06ST (ED) L8'T 16 L3 900 (D13 (8110~ (8000 (6)L0G 9) 961 g "OdHI®N

6 (Mot (M9ge (L)0esT (VT 8 11 y00 (D1g B30 (8910 (6)¥6T (1) 86T (9) 661 L q #Qoqy wewmny
pPd(ddady)

61 qro A 140} £V0 (9 S60C (¥) 80T  (9) TLOT -WPRN-G
'OS**HN)
AN

LT L8 31 L9T avo vo ()3szs (01) €0'g 02 a[eya wisds
*OS*(HN)
¥8 91 892 L%0 S0 (M) P1a (e) L0g d ‘qHa-and

o1 98 ¥1 6€g 9%°0 W0 (8) 66T (€) 30T v g1 q asI0y
9L Tz (61) S00 (01) 69C (B a¥0 (9 8Y'0 (8) 183 (¥) €0 uvow-g Oad

8L 08 ST (8130 (8)3Ls (3 ¥E0 (¥ 950 (8) 91 (v) €0 uedw-o 17 L qH(Q weumy
6L €2 (9OT0 (9835 (990 (€050 (9607 () 50z uwesm-g YOS CHN)

9 8L 81T (9910 (93Le (Hovo (€80 (9)91% (1) 9073 (g) 80z uBoW-®  y/°T L ‘qHQ ueumy
Jo1 Y Y 39p Y g4 vV 20N "IN Ngad "ded N4  SAVXA [®s4p jungns  y  amjonns wnipaw

0N “0-N ‘0024 ‘024 ‘ wdiod, wonn]  Areu pue
hmwwuﬂa Y ‘seu[d udamiaq /03 seouBISIp N—°Jd o1 -1oemb onyBALIOp
Y ‘q38ud| puoq ‘saroads
LSULIAYdIod uod] 9119 }UAS pue ‘uIqof3oLJ ‘UIqo[S0WIH Ul AIISIWAYI031I)§ dWIH
‘1 919%L



Vol. 20, 1987 Stereochemistry of Cooperative Mechanisms in Hemoglobin 313

HUMAN OXY AND DEOXY ALPHA, BGH FRAME

HUMAN OXY AND DEOXY ALPHA, BGH FRAME

HUMAN OXY AND DEOXY BETA, BGH FRAME

HUMAN OXY AND DEOXY BETA, BGH FRAME

(

!

Figure 3. Change in stereochemistry of the hemes and the surrounding globin after superposition of the B, G, and H helices of (a,
top) the @ and (b, bottom) the 8 chains of human deoxy (full lines) and oxyhemoglobin (broken lines). Note the flattening of the hemes
and the movements of His F8 toward the hemes on oxygenation; also note the rotation of the heme and the large movements of His
E7 and Val E11 in 8.5% The view in this and subsequent stereo pictures is approximately from the central dyad and perpendicular

to it, looking toward the surface of the molecule.

the angle of the imidazole plane of His F8 makes with
the plane normal to the heme that contains N(1),,rpn,
Fe, and N(3),orph (A in Figure 2a). The smaller that
angle, the greater the displacement of the Fe, appar-

ently due to repulsion of C, and C; of the proximal
histidine by the two porphyrin nitrogens.!%”® Moreover,
X-ray studies of synthetic metalloporphyrin structures
have shown that whenever two axial imidazoles have
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Figure 4. Schematic diagram of changes in heme stereochemistry
on binding of O, by the a-subunits in the R and T structures.
On uptake of oxygen by the T structure, the heme remains domed
and the iron remains displaced from the porphyrin plane, due
to the constraints by the tightly packed side chains of the globin
around the heme; on the other hand, the porphyrin becomes
domed on dissociation of oxygn from the R structure, which does
not constrain it to the flat conformation. The bottom diagram
shows the change in conformation of the heme, seen when residues
F1-F6 of DHb and HbO, are superimposed. The heme flattens
and in so doing pushes down the side chains of Leu FG3 and Val
FG5 (hidden behind FG3 in the diagram). This may be one of
the ways the change in conformation of the heme is transmitted
to the 8, contact, thus triggering the T — R transition. L =
[T]/[R]. At the ith step of oxygenation L; = Ly(Kg/K1)’. The
numbers in the diagram indicate the distances (in A) of N, from
the mean plane of the porphyrin carbons and nitrogens, including
the pyrroles and the first carbon of the side chains (N,~Ppgrpn),
the mean distance between the iron and the porphyrin nitrogens
(Fe~Nyopn), and the displacement of the iron from the plane of
the porphyrin nitrogens (Fe-Py). In deoxy-R Fe-Np,; is the
mean of « and 8.

different Me—N bonds, the longer one is associated with
the smaller angle A. Nevertheless, A tends to be close
to zero: its average is 10.4° in 5-coordinated and 16.2°
in 6-coordinated metalloporphyrins. Charge-iterative
extended Hiuckel calculations reveal that surprising
tendency to be due to an electronic factor that favors
bonding between metal and imidazole p, orbitals.”™
Changes on Oxygenation in Tertiary Structure
of the Globin. (a) The a-Subunits. Since the a;3,

Accounts of Chemical Research
LysH10s,  Val NAlg,
NH3 NH;
cr
co;
NH
Arg—C—-N—C<
HC3e, H NH%TQ,C~Asp H9a,

Lys - 1
Csa asp FG

Figure 5. (a, top) Hydrogen bonds made by ionized groups
between subunits ¢; and a, in deoxyhemoglobin. (b, bottom)
Hydrogen bonds made by His HC3(146)3 in deoxy (T) and ox-
yhemoglobin (R). Note also the changing orientations of the side
chain of Cys F9(93)8. The orientation in T is found in high-spin
derivatives, and the one shown in R is found in low-spin deriv-
atives; in mixed-spin derivatives the two orientations are in
equilibrium. The salt bridges made by DPG are shown in Figure
10 of ref 1.

contact undergoes no significant changes during the R
— T transition, the atoms at this contact can serve as
a reference frame for changes in tertiary structure
elsewhere; except for residues of G1-G4 and H18-H21,
the B, G, and H helices were also found to be static.
The largest movements relative to either of these frames
occur in helix F, in segment FG, and in residues G1-G4,
H18-H21, and HC1-HC3. We shall use the BGH ref-
erence frame because it gives the smallest rms deviation
for all the other atoms (0.29 A in the a-subunits).
Figure 3a shows the heme environment of DHb su-
perimposed on that of HbO,. It can be seen that on
oxygenation helix Fa shifts toward the heme and to the
right and carries the FG segment with it. In DHb the
imidazole of His F8 is tilted relative to the heme nor-
mal; in HbO, the shift of helix F relative to DHb aligns
it with the heme normal. Relative to the BGH frame,
the heme turns clockwise by 1° on going from DHb to
HbO,. Taking as a reference frame residues F1-F8 to
which the heme is attached, the heme flattens and turns
clockwise by 10°; the motion of its right-hand edge
pushes down Leu FG3(91)a and Val FG5(93)a which
form part of the o8, contact where the quaternary
switch occurs (Figures 3 and 4). In the T structure the
N and C termini form the hydrogen bonds shown in
Figure 5a. In the R structure these hydrogen bonds
are broken, and the terminal residues are seen only at
a low level of electron density (0.25-0.5 e A3), implying
that they are disordered. The map shows indications
that the guanidinium of the C terminal arginine is hy-
drogen bonded to a phosphate or sulfate ion that lies
on the dyad symmetry axis in the central cavity, but
that ion would be absent in the red cell, where the
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[T

Figure 6. Change in stereochemistry of the heme and the surrounding globin seen after superposition of the B, G, and H helices in
one of the a-chains of human deoxyhemoglobin (full lines) and in (a-Fel'-0,),(8-Fell), (broken lines). Symbols as in Figure 3.78

guanidinium groups would be free.

(b) The 8-Subunits. Figure 3b shows that on oxy-
genation helix F moves toward the heme and in the
direction of the FG segment, carrying that segment with
it and aligning His F8 with the heme normal. The
movement of F and FG is transmitted to residue G1
and dissipated beyond G5. The center of the heme
moves further into its pocket along a line linking por-
phyrin N; to N, and the heme rotates about an axis
close to the line linking N, to N,. Referred to residues
F1 to F6, the iron stays still and the porphyrin becomes
coplanar with it, as shown at the bottom of Figure 4.
In the T structure C,H, of Val E11(67) obstructs the
ligand site at the iron; in the oxygenated R structure
that obstruction is cleared by a concerted shift of helices

.D and E and the CD segment together with the begin-
ning of helix B, away from and across the heme.

The C-terminal histidines form different sets of hy-
drogen bonds in the T and R structures, as a result of
which their pK,’s drop on oxygenation from 8.0 to 6.5,
and protons are released. The conformation of the
reactive sulfhydryl groups of Cys F9(93)3 also changes
(Figure 5b). ‘

Partially Liganded Hemoglobins in the Quater-
nary T Structure. (a) From Deoxyhemoglobin to
(a-Fel'-0,),(8-Fe™),. This derivative was obtained by
exposure to air of orthorhombic crystals of DHb grown
in PEG (Table I). The molecules lie in general positions
in the unit cell, so that subunits «; and «, make dif-
ferent lattice contacts; their coordinates were refined
separately. The refined structure shows full occupancy
by O, at the a-hemes and no evidence of O, bound to
the 8-hemes, but up to 30% of the S-hemes may have
become oxidized to methemoglobin (Hb*H;0). In both
a-subunits the reaction with O, causes the Fe’s to move
by 0.15 A toward the porphyrin which remains domed
as in DHb, but the tilt of the proximal histidine is

slightly reduced. The distal residues remain unper-
turbed; only the water molecule that is hydrogen
bonded to His E7(58)a in DHb is displaced by the
heme-linked O,. In one of the a-subunits the motion
of the Fe produces a small concerted shift of residues
F5-F9, of the main chain of FG4, and of the side chains
of FG4 and FGS5; in the other a-subunit the motion of
the Fe stretches the Fe-N, bond by ~0.2 A, with hardly
detectable shifts of F or FG (Figures 4 and 6).”® These
differences are due, presumably, to the different lattice
contacts of the two a-subunits. However, the important
features that are common to both subunits are the
doming of the hemes as in DHb and localization of
strain to the immediate neighborhood of the Fe’s and
proximal histidines.

(b) From Deoxyhemoglobin to (a-Nill),(8-
Fe'lCO), in the T Structure.” This derivative crys-
tallizes with unit-cell dimensions similar to those of the
ligand-free T structure, but the molecular packing is so
different that the structure had to be solved by mo-
lecular replacement. The electron density map shows
Ni porphyrin to be planar and the Ni to be 4-coordi-
nated, in agreement with spectroscopic evidence,” with
a Ni-N,(His) distance of 3.2 A; this large distance biases
the allosteric equilibrium strongly toward the T struc-
ture, just as in the abnormal human Hb Boston, where
the replacement His E7 — Tyr causes the iron atom to
be linked to the distal tyrosine instead of the proximal
histidine.”” These structures behave as if the metal
atoms were displaced from the porphyrin plane by over
1 A instead of the normal 0.55 A and had pushed the
proximal histidines away with them. Figure 7 shows
the marked changes in tertiary structure around the
liganded 8-hemes after superposition of the B, G, and
H helices on those of the ligand-free T structure. CO
is seen to be accommodated by a change in tilt of the
heme and its attached helix F, combined with shifts in
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Figure 7. Change in stereochemistry of the heme and the surrounding globin seen after superposition of the B, G, and H helices in
one of the B-chains of human deoxyhemoglobin (full lines) and in (x-Nill),(8-FellCO), (broken lines). Symbols as in Figure 3.

the distal residues. The map shows the shift of the
distal histidine and valine clearly. The heme pocket
is closed as in the ligand-free T structure. The CO
occupancy is different in the two 8-subunits, apparently
due to different lattice constraints. The packing of the
residues at the o8, interface is the same as in the
normal, fully deoxy, T structure. We shall call t; the
tertiary structure of the 8-chains in (a-Fell)y(8-Fell),,
where the ligand site is blocked by Val E11, and t4’ in
(a-Nill),(8-FellCO),, where the site is occupied by a
ligand. The ligand binding properties of this hybrid Hb
have been determined by Shibayama et al.,” who found
that it binds oxygen noncooperatively with an equilib-
rium constant similar to k; of native human hemoglo-
bin, which implies that it remains in the T structure,
and that the 8-hemes bind oxygen in the T structure
in solution, contrary to some recent claims.

(c) From Deoxyhemoglobin to (a-Fe-CO),(8-
Mn!), and to (a-Fe-CO),(8-Co™), in the T Struc-
ture. Crystalline hybrid Hb’s carrying iron porphyrin
in the a-chains and a metalloporphyrin that fails to
combine with O, or CO in the 3-chain are isomorphous
with those of normal DHb. A difference electron den-
sitv map of the hybrid (a-Fell-CO)y(8-Mn!), minus
DHb at 3.0-A resolution showed no significant density
in the 8-subunits, as 5-coordinated Mn(II) and Fe(II)
porphyrins are isomorphous. In the a-subunits the map
has pairs of positive and negative peaks indicative of
a movement of the ligated Fe’s and of residues F6(85)
to FG1(89) toward the porphyrin. Restrained least-
squares refinement leads to tentative estimates of 0.3
A for the movements of the Fe and the imidazole of His
F8(87)« and of 0.2 A for some of the main-chain at-
oms.!!

The Co—Nporpn bond is 0.1 A shorter than the Fe-
Nporph bond; consequently, the displacement of Co from

(22) Weber, E.; Steigemann, W.; Alwyn-Jones, J.; Hughes, R. J. Mol.
Biol. 1979, 120, 327.

the plane of the N, in Co(TPP)(1,2-diMelm) is only
0.15 A% compared to 0.42 A in Fell(TPP)(2-Melm)
(TPP, tetraphenylporphyrin; Melm, methylimidazole).
In deoxy(a-Coll)y(8-Coll), the displacement of Co from
the mean plane of the porphyrin nitrogens and carbons
is 0.25 A less than in FeDHb, but this closer approach
of the Co to the porphyrin is compensated by a
stretching of the Co-N, bond, so that the distance of
N, from the porphyrin plane remains the same as in
ferrous DHb, and the substitution of Co for Fe causes
no perceptible changes in the structure of the globin.*
The difference electron density map of (a-Fe!l-CO),-
(8-Co), minus DHbA at 2.9-A resolution shows the Co
atoms in the 8-subunits to be flanked by pairs of pos-
itive and negative peaks, due to the smaller displace-
ment of Co from the porphyrin planes compared to Fe,
but again there is no change in the structure of the
globin. Difference peaks appear near both the ligated
a-hemes: alarge positive peak on the distal side rep-
resents the CO; a negative peak next to it is due to the
removal of the H,O bound to His E7(58)« in DHb; a
negative peak on the proximal side of the iron shows
that it has moved closer to the porphyrin, and pairs of
positive and negative peaks flanking helix F show that
residues F5 to FG1 have also moved closer to the por-
phyrin. In one of the a-subunits these movements are
transmitted to the FG segments, but in the other they
are not. No refinement of this structure has yet been
done.1°

(d) From Met- to Deoxyhemoglobin in the R
Structure. When crystals of HbO, or methemoglobin
(Hb*H,0) are reduced to DHb with Na,S,0,, they
break up and their diffraction pattern is lost, but
crystals of horse Hb*H,O that have been reacted with
bis(N-maleimidomethyl) ether (BME) remain intact

(23) Lauher, R. G.; Ibers, J. A. J. Am. Chem. Soc. 1974, 96, 4447.
(24) Fermi, G.; Perutz, M. F.; Dickinson, L. C.; Chien, J. C. W. J. Mol.
Biol. 1982, 155, 495.
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Figure 8. Same as Figure 6 but the derivatives superimposed are horse methemoglobin (broken lines) and BME-deoxyhemoglobin

(full lines).10

even when fully reduced.?? The structure of BME-
DHb was determined at 1.8-A resolution and compared
with Ladner et al.’s structure of horse Hb*H,0 at 2.0-A
resolution!? after both structures had been subjected
to combined least squares and energy refinement. With
helices B, G, and the first 11 residues of H as a reference
frame, rms differences between main-chain atoms were
found to be greatest for helices E and Fa and for D, E,
and F8. The a-hemes stay put, while the 8-hemes tilt
very slightly in the same direction as on transition from
R to T. The Fe’s move away from the plane of the
Nporpn’s by 0.2 A and from the mean plane of the por-
phyrin by 0.3 A; the porphyrins become domed as in
DHbD in the T structure (Figures 4 and 8). Table I
shows the Fe-N distances to be the same within error
as in human DHDb in the T structure, while the dis-
placement of the Fe’s from the plane of the Ny y’s is
less by about 0.1 A. This corresponds exactly to the
difference between the displacements of the Fe’s in
synthetic Fe porphyrins with the hindered “T-state”
2-methylimidazole (0.40 A) and the unhindered “R-
state” 1-methylimidazole (0.31 A) in the fifth coordi-
nation position.!®™ The structure of the latter was
solved after that of deoxyhemoglobin in the R structure
and without knowledge of it. The close similarity be-
tween the 5-coordinated hemes in the T' and R struc-
tures found in crystals has been corroborated by studies
of the X-ray absorption near edge structures (XANES)
of solutions of carp DHb in the two quaternary struc-
tures. Their XANES curves were identical, implying
that the Fe—N distances remain the same within 0.01
A and the displacements of the Fe’s from the plane of
the Nporpy's differ by no more than 0.1 A.”! Thereis a
concerted movement of the two subunits relative to

(25) Simon, S. R.; Konigsberg, W. H.; Bolton, W.; Perutz, M. F. J. Mol.
Biol. 1967, 28, 451.

each other at the «;8, contact, as if the molecule were
trying to make the R — T switch but could not muster
enough energy to go more than a small part of the way.
For example, during the R — T switch the distance
between the C8’s of Thr C3(38)«a; and His FG4(97)8,
increases by 6.5 A, while on going from met (R) to deoxy
(R) that distance increases by only 0.5 A. There is no
significant difference density at the C termini of the
four chains.!0

(a'FeHIH20)2(ﬂ'FeIHH2O)2 and (a'FeHIF_)g(ﬂ-
FellF-), in the T Structure.?*! These two liganded
T structures are isomorphous with the unliganded T
structure and exhibit smaller changes in tertiary
structure around the 8-hemes than (a-Nill),(8-FeCO),,
because the smaller heme ligands experience less steric
hindrance by the distal residues than CO or O,.

The Heterotropic Ligands

All the heterotropic ligands lower the oxygen affinity
by forming hydrogen bonds that specifically stabilize
and constrain the T structure. For each mole of O,
taken up at pH 7.4 and 25 °C, human Hb liberates 0.2
mol of H* in a deionized solution, 0.5 mol of H* in 0.1
M CI, and 0.7 mol of H* in the presence of a molar
excess of DPG.%% This is known as the alkaline Bohr
effect. In deionized solutions all the protons come from
His HC3(146)8 which donates a hydrogen bond to Asp
FG1(94)8 in the T structure and accepts a hydrogen
bond from its own main-chain NH in the R structure
(Figure 5b).%% In consequence, its pK, drops from 8.0
in DHD to 6.5 or less in Hb04.%® The binding of Cl-

(26) Perutz, M. F,; Kilmartin, J. V.; Nishikura, K.; Fogg, J. H.; Butler,
P. J. G.; Rollema, H. S. J. Mol. Biol. 1980, 138, 649.

(27). Kilmartin, J. V. FEBS Lett. 1974, 38, 147.

(28) Kilmartin, J. V.; Fogg, J. H.; Perutz, M. F. Biochemistry 1980, 19,

3189.
(29) Shih, D.-b.; Perutz, M. F., J. Mol. Biol. 1987, 195, 419.
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by the T structure raises the pK,’s of Val NA1(1)a and
Lys EF6(82)3 which contribute an additional 0.28 mol
of H* to the Bohr effect. DPG enters a cleft flanked
by the N termini and helices H of the 3-chains and
forms hydrogen bonds with Val NA1(1), His NA2(2),
Lys EF6(82), and His H21(143) (Figure 10 of ref 7).
The rise in pK,’s of their cationic groups contributes
0.33 mol of H* to the Bohr effect.?” CO, forms carb-
amino groups with Val NA1(1)a and 3, and these in
turn make hydrogen bonds with cationic groups of the
globin.

In 0.1 M Tris HCI + 0.1 M NaCl at pH 7.4 and 21.5
°C, the first mole of O, taken up releases 0.64 (£0.07)
mol of H*, the second and third mole of O, combined
release 1.62 (£0.27) mol, and the fourth mole of O,
releases only 0.05 (£0.06) mol of H*.3! How is their
release related to the allosteric transition from T to R?
Allosteric theory allows the equilibrium constant L; =
[T1/[R] at the ith step of oxygenation to be calculated
from L; = Ly(Kr/Kr). Under the above nonphysio-
logical conditions L; = 8.7 X 10* X 0.0073 = 633.34
Thus, more than a quarter of the Bohr protons are
discharged before 1/600 of the Hb molecules have
switched from T to R, which implies that the hydrogen
bonds responsible for H* discharge must break in the
T structure. The bulk of the protons are released in
the T — R transition which takes place mostly at the
second and third oxygenation steps. After the third
oxygenation step L = 0.034, leaving a little more than
1/30 of the Hb molecules in the T structure, which is
roughly equivalent to the fraction of 1/20 of the protons
to be discharged at the fourth oxygenation step.

Stereochemical Mechanism

In 1970 Perutz proposed that “the oxygenation of
hemoglobin is accompanied by structural changes in the
subunits triggered by shifts of the iron atoms relative
to the porphyrin and, in the 8-subunits, also by the
steric effect of oxygen itself. The oxygen-free form is
constrained by salt-bridges (hydrogen bonds between
oppositely charged ions) which are broken by the energy
of heme~heme interaction with the release of H*. 2,3-
Diphosphoglycerate may add to the constraints by be-
ing stereochemically complementary to a site between
the (-chains; this complementarity is lost on
oxygenation”.%?

Role of the Hemes.?! In 1970 the resolution of the
best electron density maps was 2.8 A, which was in-
sufficient to resolve the atoms of the porphyrin; meth-
ods for refining atomic coordinates in protein structures
did not yet exist. Bolton and Perutz measured the
displacements of the Fe’s from the porphyrins, assumed
to be planar, with a ruler in a Richards box and ob-
tained values of 0.75 A for horse DHb and 0.3 A for
horse Hb*H,0, the only derivatives then available.3?
The uncertainties of these measurements aroused much
controversy about the proposal that the T — R equi-
librium is governed by the displacement of the Fe’s
from the plane of the porphyrin. Recent X-ray analyses
at high resolution have confirmed that the iron atoms
do shift and show that the conformation of the por-

(30) Matsukawa, S.; Itatani, Y.; Mawatari, K.; Shimokawa, Y.; Yone-
yama, Y. J. Biol. Chem. 1984, 259, 11479.

604(31) Chu, A. H.; Turner, B. W.; Ackers, G. K. Biochemistry 1984, 23,

(32) Perutz, M. F. Nature (London) 1970, 228, 726.
(33) Bolton, W.; Perutz, M. F. Nature (London) 1970, 228, 551.
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phyrins also changes. As a result, on transition from
DHb in the T structure to HbO, in the R structure, the
N/’s of the proximal histidines move relative to the
mean porphyrin plane by 0.6 A in the « and 0.5 A in
the 8 subunits (Figure 4). Do those movements trigger
the allosteric transitions between the R and T struc-
tures, and if so, how are these transitions initiated?

Our semiliganded derivatives in the T structure show
that on combination of O, or CO with the a-hemes the
Fe’s move by 0.15 A toward the plane of the Npqpn's
while the doming of the porphyrins is preserved. The
movements of the Fe’s are transmitted to the proximal
histidines and their adjoining residues, while the bulk
of the protein remains unperturbed. Thus, perturba-
tions are confined to what Gelin et al. have called the
“allosteric core”.!® On loss of Fe-linked H,0 and re-
duction of the Fe’s in BME-Hb in the R structure, the
Fe’s move away from the plane of the N,,;,’s by 0.2 4;
the movements are transmitted not just to the proximal
histidines and their adjoining residues, but also to the
a;13, and ayB; contacts which shift a short way toward
their positions in the T structure.

There have been suggestions that the hydrogen bonds
between N; of His F8 and the carbonyl of Leu F4 play
a part in the allosteric mechanism.?% The length of
these bonds may change in transition states, but it re-
mains the same in DHb and HbO,.° There has also
been a suggestion that changes in charge-transfer in-
teractions between the porphyrin and Phe CD1 con-
tribute to the free energy of cooperativity,3 but the
distance between the phenylalanine side chain and the
porphyrin is too large (3.8-4.1 A) for such interactions
to occur. We are thus left with the distances of the
Fe’s and the proximal histidines from the porphyrin
as the only determinants of the allosteric equilibrium
visible in the a-subunits.

Role of Distal Residues. In the a-subunits the
replacement of the hydrogen-bonded H,O by O, causes
no perceptible perturbation of the distal residues.’ In
the 8-subunits, on the other hand, displacement of the
distal His E7 and Val E11 is necessary for the binding
of O, or CO to the ferrous hemes, though not for the
binding of H,O or F~ to ferric hemes.?24! Since a valine
side chain attached to an a-helix cannot rotate about
the C,—C; bond, Val E11 cannot move relative to the
heme without a displacement of helix E. What part
does that displacement play in the mechanism of co-
operativity?

Since crystals of human DHb grown in PEG and
exposed to air show full substitution with O, at the
a-hemes, but none at the 8-hemes, the O, affinity of the
B-hemes in the crystalline T structure must be close to
zero.”? In solution, on the other hand, that affinity is
lower than that of the a-hemes by only a factor of
1.5-3.0, and the 8-hemes react with O, 4 times faster
than the a-hemes.?” The structure of (a-Nill),(3-
Fe''CO), suggests that this is due to a transition in the
tertiary structure of the 8-subunits from t; to t4/, which
takes place in solution, but is inhibited by the lattice
constraints in DHb crystals.”

(34) Valentine, J. S.; Sheridan, R. P.; Allen, L. C.; Kahn, P. C. Proc.
Natl. Acad. Sci. U.S.A. 1979, 76, 1009,

(35) Stein, P.; Mitchell, M.; Spiro, T. G. J. Am. Chem. Soc. 1980, 102,
779(%6) Shelnutt, J. A.; Rousseau, D. O.; Friedman, J. L.; Simon, S. R.

Proc. Natl. Acad. Sci. U.S.A. 1979, 76, 4409.
(37) Parkhurst, L. J. Annu. Rev. Phys. Chem. 1979, 30, 503.
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Replacement of the distal histidine E7 and valine E11
of the 8-chains by directed mutagenesis has helped to
clarify their roles.®® Replacement of Val E7 by Ile
blocks the oxygen site in both the T and R structures
but nevertheless fails to inhibit oxygen binding: it
merely shifts the entire equilibrium curve to the right,
roughly halving the oxygen affinity and implying that
the oxygen affinity of the 8-subunits may be zero in the
T structure and may be reduced to about one-fifth of
its normal value in the R structure. This shows that
the R structure has enough flexibility to adjust the
relative positions of the heme and the distal isoleucine
sufficiently for ligands to bind, at a cost of only about
1 keal per 8-heme. Replacement of Val E11 by Ala
removes the steric hindrance at the 8-hemes in the T
structure; it thereby raises K1 by an order of magnitude
but leaves Ky unchanged, thus confirming the absence
of steric hindrance in the normal R structure. Re-
placement of the distal histidine by valine raises Kr,
probably by changing the tilt of the heme, and lowers
Kg, presumably due to the loss of the hydrogen bond
between O, and His E7. Replacement of the distal
histidine by glycine also lowers Ky, probably for the
same reason, but has no significant effect on Kr, which
confirms that steric hindrance to ligand binding in the
T structure comes from Val E11 alone, as originally
proposed.?? Other replacements of the distal residues
fit in with this general pattern.

Neither the « nor the 3 heme pockets have an open-
ing through which O, can pass unless the distal histi-
dines swing out of the way, which requires changes in
tertiary structure.” These changes affect the quantum
yield of O, dissociation after a laser flash. In the R
structure the apparent quantum yield as a function of
the light intensity at 540 nm drops with decreasing
temperature and increasing solvent viscosity, apparently
because the changes in tertiary structure needed to
allow O, to escape are activated by heat and resisted
by viscous solvents. In the T structure a plot of light
intensity vs. oxygen dissociation shows two different
quantum yields. The lower yield is the same as in the
R structure and is equally dependent on temperature
and viscosity. The other, 10 times larger, yield is only
slightly influenced by temperature and viscosity which
implies that oxygen can escape with minimal changes
in tertiary structure.?® With Fe-Co hybrid Hb’s, that
larger quantum yield has been assigned to the §-sub-
units,* which exhibit a rate of dissociation of CO 7.5
times faster than that of the a-subunits.3® These
findings suggest that in the T structure combination of
the 5-hemes with O, causes helix E to be displaced from
the hemes sufficiently far to leave the heme pockets
wide open so that O, can escape unhindered. On the
other hand, in (e-Nil)o(8-FelICO), the 3-heme pockets
are closed, and CO could not escape without changes
. in tertiary structure. Thus, the X-ray data offer no
explanation for the temperature- and viscosity-inde-
pendent quantum yield.

Role of Hydrogen Bonds (Salt Bridges) between
Subunits in the T Structure. According to allosteric

(38) Nagai, K.; Luisi, B.; Shih, D. T.-b.; Miyazaki, G.; Imai, K.; Poyart,
C., unpublished results. DeYoung, A.; Kwiatowsky, L.; Noble, R. W.; Lin,
S.-H.; Yu, N.-T. Nature (London), in press.

(39) Morris, R. J.; Gibson, Q. H. J. Biol. Chem. 1984, 259, 365.

(40) Morris, R. J.; Gibson, Q. H.; Ikeda-Saito, M.; Yonetani, T. J. Biol.

Chem. 1984, 259, 6701.
(41) Fermi, G.; Perutz, M. F. J. Mol. Biol. 1977, 114, 421.
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theory, the low O, affinity of the T as compared to that
of the R structure arises from increased energy and/or
number of bonds between the subunits.#? The contact
areas and the number of bonds between segments Ce;
and FG@B; and between segments C8, and FGa; are
about equal in the R and T structures;® the C-terminal
residues and DPG, on the other hand, form 14 salt
bridges between the subunits which are absent in the
R structure (Figure 4). The bond energies of the two
pairs of salt bridges made by the C-terminal residues
have been measured. They amount to about 8 keal
mol™., leaving only 600 cal mol™ per salt bridge to be
contributed by the remaining 10 salt bridges, amply
sufficient to account for the total free energy of coop-
erativity of 14.4 kcal per tetramer, because a salt bridge
contributes usually at least 1 kcal mol™. Absence of any
of the bridges raises K1 and lowers L. Chothia et al.
calculated the accessible surface area buried when two
a3 dimers associate to form either the T or the R tet-
ramer. They found that area to be greater by 700 A in
the T structure and concluded that this contributed 20
kcal per tetramer to the free energy of cooperativity.”
Lesk and others have recalculated the buried surface
area,’® based on the recent atomic coordinates of Fermi
et al. and of Shaanan and found the difference between
the T and R structures to have shrunk to 140 A; as this
is less than 2% of the total buried surface area, and in
view of the uncertainties involved in calculating the
energies associated with the burial of many of the side
chains, this figure may not be significant. Lesk and
others argue that the arginines HC3 (141)8 form salt
bridges also in HbO,, making their contribution to the
stability of the tetramer similar to that in the T
structure, but in fact these salt bridges are made loosely
with an ion of inorganic phosphate present only in the
crystal which would be absent in vivo.

Location of Free Energy of Cooperativity. (a)
Ferrous Hemoglobins. Where is the free energy of
3.6 kcal per mole of heme stored when ligands combine
with the T structure? The X-ray analyses described
here show that part of the strain is stored in the heme
and part in the globin. For 6-coordinated low-spin
hemes, the conformation of lowest free energy is flat,
with the iron in the porphyrin plane, but in (a-
Fel-0,),(3-Fell), the a-hemes remain domed as in DHb,
and the Fe’s lie halfway between their positions in DHb
and HbO,. The remainder of the strain is differently
distributed in the two a-subunits:; in one it takes the
form of a lengthening of the Fe-N, bond and in the
other of a dislocation of His F8(87) and its adjoining
residues toward the porphyrins. The difference arises
through the different lattice contacts made by the two
a-subunits in the crystal, but it is not possible to say
which of the two perturbations is representative of
conditions in solution. In (a-Fe™CO0)4(3-Co™) and (a-
Fell-CO),(8-Mnll), dislocations of His F8(87) and its
adjoining residues are seen in both subunits, but the
resolution was insufficient to measure the lengths of the
Fe—N, bonds.

Since contraction of the Fe-N bonds accompanies
ligand binding and triggers the T' — R transition, the
T structure is likely to oppose ligand binding by

(42) Monod, J.; Wyman, J.; Changeuz, J. P. J. Mol. Biol. 1965, 12, 88.

(43) Anderson, N. L. J. Mol. Biol. 1975, 94, 33.

(44) Kilmartin, J. V.; Anderson, N. L.; Ogawa, S. J. Mol. Biol. 1978,
123, 71.
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stretching these bonds. In the absence of sufficiently
accurate X-ray data, this proposition has been tested
by spectroscopic and magnetic methods. The R — T
transition of DHb produces characteristic changes in
the adsorption spectra in the near-UV, the visible, and
the near-IR regions. They come mainly from the a-
subunits and have been interpreted in terms of a
lengthening of the Fe-N bonds.*>%68 This has been
confirmed by resonance Raman spectroscopy (RR).
v(Fe-N,) in free deoxy a-subunits or in a-subunits in
the R structure is 223 em™1, while in deoxy a-subunits
in the T structure it drops to 203 cm™. In free deoxy
B-subunits it is 224 em™, and in 8-subunits in the T
structure it drops to 220 cm™. These data show that
the lengthening of the Fe—N, bonds at the a-hemes is
greater than at the 8-hemes, but the strain energies
calculated from the Raman shifts amount to no more
than a few calories.’” At one stage it was thought that
v(Fe-N,) decreases with decreasing oxygen affinity of
the T structure,*® but evidence published in support of
that idea has proved to be an artifact. RR spectra of
Fe~Ni hybrids have shown »(Fe-N,) to remain constant
and independent of changes in Kr.#°® Thus, the
strength of the Fe-N, bond in the unliganded T
structure is independent of the constraints that decrease
its oxygen affinity. The same is true of the hydrogen
bond that links N; of the proximal histidine to the
main-chain carbonyl in the preceding turn of the F
helix: Nagai et al. found the chemical shift of the N;
proton to be independent of K.3° There are as yet no
spectroscopic data on v(Fe-N,) or on the chemical shift
of N;H-O in the liganded T structure. Paradoxically,
v(Fe-0) and »(Fe—CO) are the same in the liganded R
and T structures, implying that the strengths of the
Fe-0, and Fe—CO bonds are independent of the several
100-fold differences between the equilibrium constants
of O, and CO with the two quaternary structures.’:52
The X-ray structure of (a-Fell-0,),(3-Fel), described
above does indicate that at least one of the Fe-N, and
both N;H-0 bonds in the oxygenated a-subunits are
longer than in DHDb, but the degree of stretching
(0.2-0.3 A) is within experimental error, thus leaving
the question of the location of the strain in that sem-
iliganded T structure undecided. Striking evidence in
favor of tension at the heme in one liganded T structure
comes from optical, IR, RR, and ESR experiments with
HbNO, which proved that transition from the R to the
T structure cleaves the Fe-N, bonds at the a-hemes,
because the Fe-N, bonds are weakened by transfer of
unpaired electron density from the NO to the d_: orbital
of the Fe.53-5
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v(Fe-N,) is also observable by RR spectroscopy of
DHb produced by photolysis of HbCO or HbNO. Im-
mediately after a flash of 25 ps or 10 ns the Hb mole-
cules are still in the R structure, because the R — T
transition is relatively slow, with a rate constant of the
order of 5 X 10* s”'. The transient species observed
after these short time intervals have v(Fe-N,) fre-
quencies that are between 1 and 17 cm™ higher than
in the ground deoxy T state, indicative of a shortening
of the Fe-N, bonds. That rise in frequency is greatest
in Hb’s with high O, affinity and smallest in those with
low O, affinity. The frequency shift between T state
deoxy and transient is about twice as large as between
T and R state deoxy (~15 cm™ vs. ~7 cm™).58

Photolysis of HbCO by a 10-ns laser flash produces
a transient photoproduct (DHb*) with a visible dif-
ference absorption spectrum relative to DHb that is
similar to the R-T difference spectrum of DHb but
smaller in amplitude. That transient DHb* has a
lifetime of 1/e ~ 40 ns.*” Photodissociation with a
250-fs flash produces a DHb* after 300 fs that persists
for the period of measurement of 100 ps and may be
the same as the one found after 10 ns.® This suggests
that the time taken by the Fe to snap back from the
porphyrin plane is only 300 fs; it is not clear whether
it snaps back all the way to the structure seen in
BME-DHb or whether the full movement requires an-
other step that is completed only after 40 ns. Finally,
after some microseconds the globin switches from R to
T.

(b) The Evidence of Changes in the Spin State.
Ferric Hb derivatives (Hb*) range from pure high-spin
Hb*F- through mixed-spin compounds to low-spin
Hb*CN-. All ferric Hb’s normally have the R structure,
but high-spin human Hb*’s and all carp Hb*’s can be
switched to the T structure at low pH by addition of
inositol hexaphosphate. Fe-N stretching frequencies
have not been assigned. Clear evidence for an extension
of the Fe-N bonds in the T structure comes from
measurements of magnetic susceptibilities and IR and
RR spectra of certain Hb* derivatives which are in a
thermal equilibrium between two alternative spin
states. In carp Hb*N;™ the R — T transition biased
that equilibrium toward higher spin by the equivalent
of 1 kcal mol™1.5%6° An even larger rise was found in
carp Hb*NO, .58 These spin equilibria can be repre-
sented by the scheme

Kts
s s s——
Rig == T,

|

R =T
hl'_xﬁ—:“_7 hs

is, low spin; hs, high spin

X-ray studies of Fe chelates have shown that changes
to higher spin are invariably accompanied by length-
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ening of the Fe-ligand bonds.’! Recently, Philo and
Dreyer reported that they found no significant rise in
paramagnetic susceptibility on transition from R to T
of the human mutant Hb*N;~ Kansas and only small
increases in several other human mixed-spin Hb* de-
rivatives.5? Perutz and Cowan have confirmed Philo
and Dryer’s result with Hb*N;~ Kansas but found that
human Hb*NO,", which Philo and Dryer had not
tested, behaves much like that of carp. On transition
from R to T its paramagnetic susceptibility rises by
45% .58 The absence of a rise in human Hb*N;™ may
be related to the O, affinity of human Hb in the T state
being much higher than that of carp, so that the human
T structure fails to stretch the Fe-N bonds in Hb*Nj-,
and most of the strain energy is stored in the globin.
In Hb*NO,, on the other hand, the Fe-N bonds appear
to be weaker, so that the T structure of both carp and
human Hb stretches them.

Conclusions

Changes in quaternary structure are initiated by

changes in the allosteric core of the protein.’® In de-
oxyhemoglobin the porphyrins are domed, and the iron
atoms are displaced by 0.4 A from the plane of the
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porphyrin nitrogens regardless of the quaternary
structure of the globin. On binding O, or CO, the iron
atoms move toward the porphyrin. These remain do-
med in the T structure but flatten on transition to the
R structure. As a result, on transition from deoxy-
hemoglobin in the quaternary T structure to oxy-
hemoglobin in the quaternary R structure, the iron
atoms and the proximal histidines move toward the
mean planes of the porphyrins by 0.5-0.6 A. In deox-
yhemoglobin in the quaternary T structure, combina-
tion of the 8-hemes with O, or CO is blocked by the
distal valine; in the R structure this block is removed
by a shift of the 8-hemes relative to helix E.

In reaction intermediates, combination with O, or CO
of the a-hemes in the T structure causes the iron atoms,
the proximal histidines, and their adjoining residues to
move toward the porphyrin by 0.15-0.3 A, while the
porphyrins remain domed, showing that their confor-
mation is constrained by the globin. On combination
with CO of the 8-hemes a transition in tertiary structure
from t4 to ty” changes the tilt of the heme, shifts the iron
and proximal histidine toward the porphyrin, and
moves the distal residues away from the ligand site. On
loss of heme ligands from the R structure, the transition
from R to T is initiated by movements of the iron, the
proximal histidines, and their adjoining residues away
from the porphyrin by 0.3 A and by doming of the
porphyrins (Figure 4). The doming and undoming of
the porphyrins, the movements of the irons and of the
proximal histidines, and, in the B-subunits, the
movement of the distal residues relative to the heme
are seen as the only perturbations that could set the
changes in quaternary structure in motion.

There is uncertainty concerning the location of the
strain responsible for the low oxygen affinity of the T
structure. The location of the strain appears to vary
from derivative to derivative and in hemoglobins of
different species, depending on the relative strengths
of the restraints of the globin and of the Fe-N bonds,5
but this does not imply, as is sometimes claimed, that
the mechanism of cooperativity differs in different
species. The majority of the residues in contact with
the hemes and those essential for the allosteric switch
between the R and T structures are the same in all bony
vertebrates. If the components of the machine have
remained the same, its mechanism cannot have
changed. Only the response to heterotropic ligands has
evolved differently in different phyla.®’



