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The 19 A Structure of Deoxyf, Hemoglobin

Analysis of the Partitioning of Quaternary-associated and
Ligand-induced Changes in Tertiary Structure

Gloria E. O. Borgstahlt, Paul H. Rogers and Arthur Arnone}

Department of Biochemistry, The University of Towa, lowa City, 14 52242, 7.8.4.

The crystal structure of the deoxygenated form of the human hemoglobin f, tetramer
(deoxypB,) has been determined and refined at a resolution of 1'9 A. A detailed comparison of
the quaternary structures of carbonmonoxy-f#, (COB,} and deoxyfl, shows that ligand
binding to the §, tetramer produces only slight movements of the subunits relative to each
other. Therefore, unlike the hemoglobin «,f, tetramer, where the transition from an
unliganded T state tetramer to a liganded R state tetramer results in a large change in
quaternary structure, 8, is locked in a quaternary structure that very closely resembles the
R state. By comparing the high-resolution structures of T state deoxy a,f,, R state deoxyfy,
and R state COf,, it is possible to partition the changes in § subunit tertiary structure into
those that arise from changes in guaternary structure and those that result solely from
lipand binding. Specifically, when viewed from the heme reference frame, comparison of the
structures of T state deoxy o,8, and R state deoxyf, shows that the T-to-R guaternary
structure transition induces changes in ff subunit tertiary structure that are approximately
halfway toward the tertiary structure observed in liganded f§, and liganded x,8,. When
viewed from the reference frame of the globin backbone atoms, the T-to-R quaternary
structure transition induces a small rotation of the heme group and a shift of the “allosteric
core” (the end of the F helix, the FG corner, the beginning of the G helix, and the heme
group) away from the E helix. These movements open the ligand binding pocket and place
the heme in a more symmetric position relative to the proximal histidine residue. Together,
these effects work in unison to give the subunits of deoxyfl, a tertiary structure that has
high ligand affinity.
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1. Introduction

The binding of ligand to hemoglobin (Hb§), an
%;f3, tetramer, results in a large change in quater-
nary structure as well as smailler changes in the
tertiary structure (Perutz, 1970; Baldwin &
Chothia, 1979). Only one strocture, the T state
{Fermi ef al., 1984), has been abserved far the deoxy
a,f8, tetramer, whereas there are two known struc-
tures for fully liganded Hb, the R state (Shaanan,
1983) and the R2 state (Silva ef al., 1992}. In the
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accompanying paper (Borgstahl ef al., 1993), it is
demonstrated that the quaternary and tertiary
structures of carbonmonoxy-fi, (COf,) are very
similar to those of the liganded o,f, R state
tetramer. Here we show that, unlike the o,f,
tetramer, ligand binding induces very little change
in B, quaternary structure. Therefore, the strueture
of deoxygenated 8, (deoxyB,) serves as a model for
the R state of deoxyHb, a form of the a,f, tetramer
that is present in extremely small amounts and is
very difficult to study.

The full deoxy T state to liganded R state transi-
tion can be partitioned into a deoxy T state to
deoxy R state transition followed by a deoxy R
state to liganded R state transition. Changes in
subunit tertiary structure that result from the first
transition are solely due to differences in quaternary
structure (i.e. differences in subunit-subunit inter-
actions), whereas the changes in tertiary structure
that resuit from the second transition are solely due
to the effects of ligand binding. By using deoxyf, as
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832 19 A Deoxyf, Hemoglobin Structure

a model for the deoxy ,f, R state, it is possible to
partition the changes in f subunit tertiary structure
that are associated with the full T-to-R transition
into quaternary-associated changes and ligand-
induced changes.

2. Materials and Methods
(a) Collection of diffraction data

Beoxyf, crystallizes under conditions that are similar
to those described for COB, (Arnone & Briley, 1978).
Specifically, batch crystallization solutions were prepared
in a nitrogen-filled glove box and consisted of 1% Hb,
204 M sulfate, 026 M phosphate and 9mM ferrous
citrate. Deoxyfi, crystals belong to the space group P2,
with a =630A, b=818A4 ¢=54447 and f=897°
Diffraction data were collected as described (Borgstahl et
al., 1993) using 2 crystals mounted in quartz capillaries
under an atmosphere of pure nitrogen. A total of 46,515
unique reflections were collected (352,416 total), repre-
senting 9529% of the possible data out to a resolution of
1-83 A, The data are 98-9%, complete out to a resolution
of 1191 4, and 80-7%, complete in the 1-91-1-83 A shell.

The value of B, is 521% for all data.

(b) Structure determination and refinement

The general refinement strategy employed in the refine-
ment of the decxyf, structure was described by Borgstahl
et al. (1993). The starting atomic co-ordinates used for the
refinement of the deoxyf, strueture were taken from the
initial 25 A COB, atomic model. These co-ordinates were
refined with the program PROLSQ against an initial 25 A
deoxyf, dataset to an R-value of 22:79,. Four sulfate and
57 water molecules were added and the mode] was further
TNT refined to an R-value of 1829,. At this point, new
crystals were grown and the 1-83 A data collected. Cycles
of manual rebuilding (including adjustments to the water
structure) followed by TNT refinement reduced the
ER-value to 21-9%,. Final cycles of refinement were carried
out with PROLSQ and included the maodeling of amino
acids with dual conformations.

The final 19 & model of deoxyf,, which consists of 4630
non-hydrogen protein atoms, 4 deoxy-heme groups, 63
water molecules and 4 sulfate ions, has an R-value of

19-0%,. The final r.m.s. deviation from ideal geometry was
0013 A for bond lengths and 0-033 A for bond angle
distances. The average temperature factor of the whole
model is 32-8 A% and 32-1 A? for the protein alone. The
average water temperature factor is 44-2 A? (¢ = 9-0) with
a minimum of 26:1 A% and a maximum of 58-9 A2 In the
final stages of the refinement of the deoxyf, atomic
model, 36 residues were modeled with dual conformations
(Table I).

{c) Construction of a T state §, model

A hypothetical T state model of deoxyf, was
constructed by replacing the «l, 22, f1 and 2 subunits of
human deoxyHb (Kavanaugh et al., 1992a) with the
corregsponding f subunits from the refined structure of
deoxyf,. Least-squares superpositions were carried out
by including only the main-chain atoms of residues at the
o1 i2 interface in the calculations (residues C2-CD2, F9-G4
and HC2; r.m 5. deviations 0.93 A (a1 onto £1), 0-99 A, (a2
onto fi2), 0:42 A {81 onto B4) and 0-49 A (52 onto £3).

3. Results and Discussion

(a) Characterization of the guaternary structure
of deoxyfi,

(i) Comparison of the quaternary structures of COB,
and deoxyf,

The quaternary structure of the fi; tetramer
changes very little upon ligation. Since residues
with dual conformations should be fairly sensitive
to changes in local protein environment, the fact
that interface residues Argd((C6), Asp99¥G1) and
Cys112((14} have dual conformations in both COf,
and deoxyfl, shows how similar the interfaces are
(Table 1). In addition, the interface close contacts of
deoxyf, (not shown) are nearly identical with those
listed for COf,.

In order to study the small differences in quater-
nary structure between COf, and deoxyf,, one
subunit of the COB, tetramer was superimposed
onto the corresponding subunit of deoxyf,, and
then viewed as shown in Figure 1 for the interface

Table 1
Deoxyfi, residues with dual conformations
M B2 83 4
— GluG(A3) S Glu6(A3) S L
Leul4(A11} B — -

— Lvs17(Al4) 1 — —

- — — Ghu26({B38} 8
Arga0(C6) T Arg40(C6) 1 Argd0((8) I Argd0(C6) T

- — — Giug3(CD3) 5
Phe7l(E15) B TheTl(E15) B Phe7l(E15) B Phe7l(E15) B
AspT3(F17) 8 — AspT3(ELT) ST, —

— Leu75(E19) B - —

- — LysS2(KF6) S LysS2(EF6) 8
Aspo9(G1) 1 Asp9(G1) I Asp99(Gi1) I Aspo9(G1) 1
Cysl12(614) 1 Cyst12GH) 1 CyslizGld) 1 CystIZG14) 1
His!17(G19) 8 Hisll7(G19)  § Hisl17(G19) 8

Glul2}(GHY) 8, L

Lys132{H10} 8§ Lys132(H10)  §

Lys132(H10) 8

Glul2l(GH4) ¢
Lys132(H10)

o

The residue environment is indicated by S (surface residue), L (lattice contact}, B {(buried side-chain)

and I {subunit-subunit interface)
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(b

Figure 1. Stereo drawings of C* tracings comparing the §283(¢2f81) subunit-subunit interfaces of deoxyf, (continuous
fine) and COfB, (broken line}; {a) front and (b) side views. The main-chain atoms {residues 1 to 14, 22 to 42, 45 to 145) of
the 2 subunit (bottom subunit) from COB, and deoxyf, were superimposed (r.m.s. deviation = 0-29 A).

that corresponds to the alf2 interface of the a8,
tetramer. Both orthogonal views of this interface
show that the nonsuperimposed COf, subunit is
rotated relative to the same deoxyf, subunit about
an axis that passes through the 283 interface. This
rotation produces maximal deviations in structure
(~1:5 A} at the A helix, EF corner and GH corner,

and minimal deviations {~0-4 A) at the C helix and
FG corner. Since the minimal % deviations are
about twice as large as the corresponding differences
of the superimposed subunits (data not shown), it
appears that the COf, interface may be spread
apart very slightly (~0-1 &) on average relative to
the deoxyfl, interface. Similar analysis of the other
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B4 interfaces shows that a very small ligand-induced
rotation also takes place about the #284(8182)
interface, but there is no significant change at the
B152(a1 f1) interface {figures not shown). Thus, a
small ligand-induced rotation of the F152(x1f1)
dimer relative to the B3p4(x282) dimer appears to
take place in the B, tetramer. However, these
changes are an order of magnitude smaller than the
quaternary structure changes associated with co-
operative ligand binding in the «,f, tetramer, and
ligand binding to £, does not result in a change in
the interdigitation pattern of the f1A4(«182) sub-
unit interface. Clearly, the non-cooperative f,
tetramer is frozen in a quaternary structure that
very closely resembles the R state of a,f,.

The lack of a large change in quaternary structure
is consistent with the f, tetramer’s very low level of
heterotropic allosterism {(Benesch & Benesch, 1974;
Kurtz et al., 1981). Since deoxy and liganded f,
both have an R-like quaternary structure, the
residues responsible for the alkaline Bohr effect, for
example, do not alter their environments signifi-
cantly, and therefore their pK values should remain
unchanged. His146p, in particular, is responsible for
about 409, of the alkaline Bohr effect at physio-
logical salt concentrations in human Hb because its
imidazole side-chain forms a strong salt bridge with
Asp94f in deoxyHb, but not in the R state of
liganded Hb, where it is highly solvated (Perutz,
1970; Kilmartin, 1977). In the f, tetramer, the
side-chain of Hisl46f# interacts only weakly with
the surrounding protein in both the deoxy and fully
liganded forms, and therefore there is no structural
reason for its degree of protonation to be strongly
linked to oxygen binding.

(ii) Analysis of o hypothetical T state f, tetramer

On the basis of symmetry arguments alone,
Dickerson & Geis (1983) have reasoned that f,
should not be stable as a T state tetramer. They
pointed out that the R state «,f; tetramer is more
symmetric than the T state becanse the homologous
joint and switch regions of the 2182 interface have
the same interdigitation pattern in the R state, but
not in the T state. Therefore, it is seems reasonable
to expect a homotetramer like f, to adopt the more
symmetric B state quaternary structure. However,
we find that both liganded and deoxyf, do not
display exact 222 symmetry. In order to form the
stabilizing Argd0--- Asp99 salt-bridge acrosz the
B184(a1p2) interface, steric constraints dictate that
this B, interface must be asymmetric. It is conceiv-
able, therefore, that f, could form the more asym-
metric T state tetramer as a way of preventing
destabilizing steric conflicts imposed by the
symmetry of the R state, or as a way of forming
asymmetric stabilizing interactions between the
hinge and switch regions.

We have examined a hypothetical model of a T
state B, molecule in order to determine if stereo-
chemical conflicts prevent the formation of a stable
T state S1f84(x152) interface. Inspection of this
model shows that when the switch region has & T

state interdigitation pattern (where His97(FG4)84
lies between Argd((C6)81 and Glu43(CD2)H1) Arg40
is thrust so deeply into the center of the interface
that it is too close to Asp99 to form a stable jonic
interaction (Fig. 2). This steric conflict could not be
relieved by manually adjusting the torsion angles of
Arg40 and Asp99 to alternative conformations.
Moreover, the alternative conformation of Arg40
{shown as Argd0(C6)84 in Fig. 2} that iz observed in
the R state §, quaternary structure cannot oceur in
the T state because steric conflicts develop with the
main-chain atoms of residues His37 and Val98.
Thus, a T state §184(x182) interface simply does
not have enough room to accommodate an arginine
residue at position Cg,

Forming a T state switch interdigitation pattern
also results in an increase in exposed hydrophobic
surface. In particular, Trp37(C3) is more accessible
to solvent in the T state fi, model than it is in the
deoxyff, crystal structure. Solvent-accessible
surface areas, caiculated using the CHARMm/
QUANTA software (Polygen Corp., Waltham, MA),
indicate that 25-3 A? of Trp37 becomes exposed in a
hypothetical R-to-T transition. The accessible
surface area of Trp37 is 42-8 A% in the T state model
versus 175 A? in the deoxyf, crystal structure
because side-chain atoms CZ2, CZ3 and CHZ2 are
more accessible to water. Similar calculations with
the a,f, tetramer show that the R-to-T transition
also show an increase of 23-6 A2 of accessible surface
area for Thr38(C3)x. However, the transfer of a
threonine side-chain to the protein surface is energe-
tically more favorable than the corresponding
transfer of a tryptophan side-chain. According to
Janin and co-workers (Janin et al., 1988), the
surfacefinterior transfer free energy (a free energy
that reflects the frequency with which a given
amino acid type partitions between the protein
interior and its surface) is —0-19 keal/mol for threo-
nine and -28 keal/mol for tryptophan. Therefore,
increased exposure of residue C3 favors the R-to-T
transition in the «,#8, tetramer and inhibits it in the
f4 tetramer.

Another factor that militates against the
stabilization of a T state i, tetramer is the inability
of the COOH-terminal carboxyl groups to form
intersubunit salt bridges (not shown), interactions
that have been proposed to stabilize the o,ff, T
state (Perutz, 1970). In T state a,fi, tetramers, the
carboxyl group of Hisl46(HC3)f forms a strong
ionic contact with the g-amino group of Lys40(C5)a
across the «l1f2 interface. However, in the f,
tetrammer Lys40(C5)a is replaced by GI39(C5}4.
This substitution eliminates the possibility of an
intersubunit salt bridge, and even a hydrogen bond
is unlikely because the side-chain at position C5 is
shortened by one covalent bond.

(b} Characterization of the tertiary structure
of deoxyf,

There are two known quaternary structures for
liganded human Hb, and these structures were
compared with COf, in the accompanying paper
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Figure 2. Stereo drawing of C* tracings comparing the f154(x152} interfaces of deoxy$, (thin line) and a hypothetical
T-state deoxyfl, model (bold line). Side-chaing of residues Trp37(C3), Arga0(C6), His97(FG4) and Asp99(G1l) are shown.
The f4 subunits were superimposed. Only single conformers of Argd0 and Asp99 are represented with
Argd0f£1--- Asp9984 forming the intersubunit salt bridge and Arg4084--- Asp99f1 pointing out of the interface.

(Borgstahl et al., 1993). The R-state structure of
human oxyHb {oxyHb(R)} was determined at 2-1 &
resolution with crystals grown from high-salt solu-
tions (Shaanan, 1983}, and the R2 state structure of
COHb (COHLb(R2)) was determined at 17 A resolu-
tion with crystals grown from relatively low-salt
solutions (Silva ef al., 1992). There is only one
known quaternary structure for deoxyHb, the
T-state {deoxyHb(T)) and it has been determined
under high-salt conditions at 1-7A (Fermi et al.,
1984) and 15A resolution (Kavanaugh et al.,
19924}, as well as under low salt conditions at 1-9 A
resolution (Kavanaugh ef al., 1992b). By comparing
these structures with those of COf, and deoxyf, the
ligand-induced changes in tertiary structure can be
separated from those that are solely due to a change
in quaternary structure.

(i) Heme stereochemistry

Heme sterecchemistry is eritically linked to Hb
function. It is now well known that the transition
from the unliganded T state to the liganded R state
results in a movement of the heme iron into the
plane of the porphyrin nitrogen atoms, a flattening
of the porphyrin pyrrole ring system, and the
shortening of the proximal histidine-iron bond
{Perutz, 1979). The influence of protein structure
alone on heme stereochemistry is not understood as
well due to a lack of high-resolution crystal struc-
tures that can be used to partition the effects of
ligand binding from the effects due to changes in
protein structure. The refined structures of COS,,

deoxyfl,, and deoxyHb constitute a set of structures
that can be used to carry out such a partitioning.

The refinement of most protein structures
requires the use of restraints on both the covalent
and non-covalent interactions in order to maintain
valid stereochemistry, and the type and strength of
these restraints can significantly affect the final
geometry of the refined model. In particular, this is
true for heme geometry, and it has been demon-
strated for several 21 A Hb structures that various
refinement programs and protocols can produce
significantly different results (Liddington et al.,
1992). In order to minimize this kind of experi-
mental problem, the Hendrickson-Konnert refine-
ment program was used in a consistent manner for
the final refinement cycies of all Hb structures
reported in this paper. Specifically, the COHb(RZ2)
and COB,(R) carbonmonoxy hemes as well as the
deoxyHDb(T} and deoxyp,(R) unliganded hemes
were refined against idealized porphyrins with
planar restraints applied to each of the four pyrrole
rings {but not to the entire porphyrin). In addition,
for each Hb structure “special distances’” between
the proximal histidine (His F8) and the heme (i.e.
the Fe-N** bond length as well as the Fe-C™!,
Fe-(*% and the four N*2-porphyrin N non-covalent
distances) were weakly restrained (s = (-1 A} with
His F8 oriented symmetrically with respect to the
heme group.

A set of parameters that define heme stereo-
chemistry is presented in Table 2 for the liganded
o,f8, tetramers (COHb(R2) and oxyHb(R)),
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COB,(R) and deoxyf,(R), the T state of deoxy a,f,,
and  BME-deoxyHh(R). The 184 BME-
deoxyHb(R) crystal structure was determined with
crystals of aquometHb that were first reacted with
bis{ N -maleimidomethyl) ether (BME), a bifunc-
tional reagent that cross-links Cys93(F9) to
His97(FG4) in the same § subunit, and then reduced
with dithionite (Perutz, 197(); Perutz et al., 1987).
This covalent cross-link locks Hb in the R quater-
nary structure so that reduction to the deoxy state
does not crack or disorder the crystals. Therefore,
like deoxyp,, BME-deoxyHb is a model for
deoxyHDb in the R state.

The distance from the heme iron to the plane of
the porphyrin nitrogen atoms, Fe-Py in Table 2, and
the Fe-N_, ., bond lengths are key parameters of
heme-iron stereochemistry {Perutz, 1979). In low-
spin six-co-ordinate iron porphyrins, the heme is
essentially flat, and the iron is in (or very near} the
heme plane. In high-spin five-co-ordinate iron
porphyrins, the change in co-ordination and spin
state result in a lengthening of the Fe-N ., bonds,
displacement of the iron from the plane of the
porphyrin nitrogen atoms, and a slight dome shape
to the heme group. The data in Table 2 show that
the heme iron is in the plane of the porphyrin
nitrogen atoms for COHb{R2) and COS,(R), while it
is slightly below (i.e. on the distal side) the plane for
oxyHb(R). This may be a real difference, or it may
simply be due to differences in the quality of the
diffraction data and refinement methods. In all
three liganded structures, the Fe-N_ , bonds have
(within the accuracy of the measurements) the same
value of ~1-99 A. In the deoxyHb(T}, the iron is
(r33 A out of the plane of the porphyrin nitrogen
atoms and the Fe-N_, . bond lengths increase to
2:06 A. Essentially the same values are observed for
deoxyfly. Therefore, a change in quaternary strue-
ture from the T state of the a,f; tetramer to the R
statle strueture of deoxyfl, does not have a measur-
able impact on the iron sterecochemistry of the §
subunit heme groups. Comparison of the § heme

Figure 3. Heme topology diagrams. A least-squares
pane, Py. through the 4 heme nitrogen atoms (gray
circles) was calculated and then the distance of each atom
above (white circles) or below (black circles) Py is given in
hundredths of an dngstrém unit. The standard deviation
of the mean is indicated to the lower right of each
average.

groups of R state BME-deoxyHb with those of T
state deoxyHb leads to the same conclusion if one
assumes that the small difference in Fe-Py is due to
experimental error or to an effect of the chemical
cross-link.

Table 2
Heme stereochemisiry of B subunits in various hemoglobins
R2 state R state R state R state T state R state
COHL oxyHh CoB, deoxyfi, deoxyHb BME-deoxvHb
Distances (A)f
Fe-Py —00L () 011 001 (1) —0:34 () —0-33 (0) —0:27
Fe-N porpn 199 (1) 196 (6) 202 (2) 206 (1) 208 (4) 207 (3)
Fe-His(F8)N=2 210 (0) 07 210 (2) 2145 (2) 222 (2) 214 (4)
XC-His(F8)C?*2 306 (1) 31 312 (4) 360 (5) 379 (0) -
NA-His(F$)C! 305 (2) 30 297 (3) 319 (8) 521 (3) —
Prox, His{F8) angles (deg.}i
Roll 12 (2) 27 16 (2) 19 (2) 22 () -
Pitch 21 5 3 21 2 (1) -
Yaw 2 (1) 4 2(1) 51 9 (1)

Average in A (standard deviation of the mean x 100). Negative distances are towards the proximal side. Average angles in degrees
{standard deviation of the mean). The oxyHb(R) structure Protein Databank entry IHHO) was refined with the Jack-Levitt procedure
(Jack & Tevitt, 1878). Refinement details of BME-deoxyHb(R) were not reported (Perutz et af., 1987),

TPy least-squares plane calculated with porphyrin nitrogen atoms only (4 atoms}. N ,,: porphyrin N-Fe distances.

IRoll, angle between His normal and NA-NC fine — 80°. Pitch, angle between Py and His plane —90°. Yaw, angle between HisN®%-Fe

bond and Py nermal.
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An analysis of the heme planarity for § subunits
of the high-resolution structures of COfL(R),
deoxyf,(R), COHB(R2) and deoxyHb(T) is
presented in Figure 3. Comparison of the COHb{R2)
and COf,(R) f§ heme diagrams reveals that in both
tetramers the pyrrole rings A, C and I are below the
plane of the four heme nitrogen atoms, Py, by abhout
the same magnitude and pyrrole ring B is above Py
by the same magnitude. Likewise, the f heme
diagrams of deoxyHb(T) and R state deoxyf, show
that in these tetramers pyrrole rings A, (" and D are
below the Py plane and the plane of pyrrole ring B is
not significantly different from Py. Ring ¢ (and ring
D to some extent) is slightly further below Py in
deoxyHb(T) than in R state deoxyf,. This appears
to be correlated with the position of the F(i corner
relative to the heme (see Fig. 5). It is clear, however,
that pyrrole ring A deviates from the Py plane
significantly more in deoxyHb(T) and deoxyf,(R)
than in the COHBb{R2) and COB,(R) structures.
Ovwerall heme topology appears to be mainly a fane-
tion of heme ligation state and is not as greatly
influenced by tetramer quaternary structure.

Other parameters listed in Table 2 are a measure
of the stereochemical relationship between the
proximal histidine and the heme. Specifically, the
NC---His(F8)C** and NA:--His(F8){*' non-cova-
lent distances are nearly equal in (COHb(R2),
oxyHb(R) and COB4R}, with values of 304 to
31 A, indicating that the proximal histidine adopts
a symmetric orientation relative to the heme in
these liganded structures. In  contrast, the
NC+-His(F8)(*? and NA---His(F8)(*! distances
are 360 A and 3-19 A, respectively, in deoxyf, and
379 A and 321 A in deoxyHb{T), reflecting an
asymmetric. proximal histidine-heme orientation in
these unliganded structures (despite the weak
symmetric restraints mentioned above). The degree
of proximal histidine-heme asymmetry is signifi-
cantly less, however, in deoxyf,(R) than in deoxy-
Hb(T). Relative to deoxyHb(T), the NC-'--His
(F8)C*? distance is reduced by 0.19 A and the angle
between the Fe-His(F8)N®? bond and the Py plane
normal (the yaw angle in Table 2) is reduced from
9° to 4° in deoxyf,(R). Thus, it would appear that
while ligation state controls the His(F8)-heme
sterecchemistry to a large extent, the R-to-T
quaternary transition also contributes significantly
to the proximal histidine-heme asymmetry in
deoxyHb.

Finally, we address the question of the affect of
changes in  quaternary strocture on  the
Fe-His(F8)N* bond distance. The Fe-His(F8)N®2
bond distances listed in Table 2 indicate that
liganded f# heme groups have values between 2:07 A
and 2-10 A, and Philips (1980) reported a value of
207 A for a 16 A oxymyoglobin structure. For
high-resolution deoxyHb({T) crystal structures,
namely the 1'5 A high-salt and the 1-9 A lowsalt
structures, the § subunit Fe-His(F8IN? bond
ranges from 2:19 A to 2-22 A. Thus, ligand binding
coupled with a T-to-R quaternary structure change
results in a shortening of the Fe-His(F8)N*® bond

from ~220A in deoxy T-state structures to
~209 A in liganded R-state structures.

In all the PROLSQ refinements the Fe-His
(F8)N*? hond was weakly restrained (¢ = 0-1 A} toa
length within ~0-005 A of the final average refined
value. For example, when the low-salt deoxyHb{T)
structure was retined with a 210 A restraint, the
average value converged to 2:16 A. Resetting the
restraint to 2:-16 A resulted in a value of 218 A, and
when the restraint was finally set to 2204, an
average value of 2205 A was obtained. In the case
of the deoxvf,(R} tetramer, restraints of 2:10 A,
215 A and 2-20 A, resulted in average values of the
Fe-His(F8)N* bond length of 2112 4, 215 & and
218 A, respectively, suggesting that 215 4 is the
best estimate. These results infer that the deoxy T
state § heme has a Fe-His(F8)N*2 bhond length of
~220 A, whereas the unliganded R state § heme
has a shorter value of 2:15 A for deoxyf, and 2-14 A
for BME-deoxyHb. That is, a change in quaternary
structure alone from the deoxy T state to the R
state of deoxyvfi, or BME-deoxyHb appears to
shorten the Fe-His(F8)N®? bond distance to a value
about halfway between that of deoxy T state Hb
and liganded R state Hb,

While the resolution of the diffraction data makes
an accurate determination of the Fe-His(F8)N®
bond length difficult, the direction of the change is
consigtent with the R-to-T linked change of the
Fe-His(F8)N®? bond stretching frequency (Vp,p;,) 85
determined by resonance Raman spectroscopy
{Nagai & Kitagawa, 1980). Moreover, Kitagawa
{1992) correlated vg, g, with the first Adair constant
for deoxyHb A, several mutant deoxyHbs, and
deoxyf, over a wide range of conditions. Of all Hb
studied, deoxyHb in the T state had the lowest
Vienis a0d deoxyf, had the highest v ;.. Kitagawa
(1992) concluded that the Fe His(F8)N*2 bond is
strelched in the T state, and that the “strain on the
Fe-His(F8)N*? hond imposed by the globin is
evidently one of the important factors that control
oxygen affinity™.

(1) Quaternary and ligond-induced changes in
f-chain tertiary structure

The changes in structure that occur as a result of
the transition from the unliganded T state to the
liganded R state have been analyzed in greal detail
(e.g., see Perutz, 1970; Baldwin & Chothia, 1979;
Gelin ef al., 1983, Perutz et al., 1987) and in Figure 4
the § heme environment in oxyHb(R) is compared
with deoxyHb(T) by superimposing the heme
groups. On the proximal side of the heme the struc-
tural change has been dissected into four major
movements: (1) the heme iron moves into the plane
of the porphyrin nitrogen atoms, {2) the heme group
rotates about an axis passing through pyrrole rings
B and D, (3) the heme-linked proximal His{F8)
shifts toward the heme and assumes a more
symmetrie position relative to the heme (Fig. 4{a)),
and (4) the F helix moves toward the a1 82 interface
and the FG corner, which is part of the «l 82 inter-
face switch region, moves parallel to the o182 inter-
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(a)

(b)

Figure 4. Tertiary structure changes relative to the heme group for the transition from oxyHb(R} (continuous lines) to
deoxyHb(T) (broken lines); (a) B helix, F helix and FG corner, side view; (b) F helix and FG corner, top view; (¢} E helix,
top view. Selected side-chains of residues facing the heme are shown. The heme groups of oxyHb(R) and deoxyHb(T)
were superimposed using 12 porphyrin atoms (NA, CAl, CA4, NB, CB1, CB4, NC, CCl, CC4, ND, CD1 and CD4; r.m.s.

deviation = (r13 4).

face (Fig. 4(b)}. On the distal side of the heme, the E
helix shifts relative to the heme providing room for
the bound ligand (Fig. 4{c}). The F helix shifts
10 A, the E helix shifts 1-9 A, and the § FG corner
moves 1-6 A, relative to the heme.

By analyzing the structural differences between
deoxyHb(T) and deoxyfi,(R) in Figure 5, the
changes in f# subunit tertiary structure due solely to

the quaternary structure transition between the
deoxy T state and the deoxy R state can be isolated
from those due to ligand binding. Likewise, by
analyzing the structural differences between
deoxyfl (R} and COf (R} in Figure 6, the changes in
f subunit tertiary structure due solely to ligand
binding can be partitioned from those due to
changes in quaternary structure. Relative to the
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Figure 5. Quaternary-induced changes in tertiary structure relative to the heme group for the transition from
deoxyHb(T) (broken lines) to the R state deoxypf, (continuous lines); (a) E helix, F helix and FG corner, side view; {(b) I
helix and FG corner, top view; (¢) E helix, top view (r.m.s. deviation = (06 4).

heme group the deoxy T to deoxy R quaternary
structure change (Fig. 5) results in shifts of the F
helix, FG corner and E helix that have the same
directional components, but with redoced magni-
tudes, as those observed in the full deoxy T to
liganded R transition (Fig. 4). Specifically, the § F

helix moves about 0+6 A in the direction of the al1$2
interface (Fig. 5(a) and (b)), the § FG corner shifts
about 11 A parallel to the 2182 interface, and the E
helix shifts by about 0-9 A away from the heme to
open the heme pocket (Fig. 5(a) and (c)}. Figure 6
shows that the binding of ligand to R state deoxyf,
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Figure 6. Ligand-induced changes in tertiary structure relative to the heme group fer the transition from R state
deoxyf, {(broken lines) to R state COf, (continuous lines); (a} E helix, F helix and FG corner, side view; (b) F helix and
FG corner, top view; (¢) E helix, top view (r.m.s. deviation = 0-06 A},

induces the other half of the movements of the I
helix (~0'6 A), FG corner (~0-7 A), and the E helix
(~10 A).

While not shown in Figure 6, Val98{(FG)) is
observed to have two conformations in COf,(R)
(Table I in Borgstahl et al. 1993), but only one

conformation in deoxyB,(R). In this case, a small
change in the packing interactions between the side-
chain of Val98(FG5) and the heme shifts the
rotamer equilibrivm such that the dominant con-
formation in COB,(R) is the only conformation
observed in deoxyf4(R). In the case of PheTl{E15},
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Figure 7. The quaternary-induced changes in tertiary structure for the E helix, F helix, FG corner, H helix and
COOH-terminal peptide relative to the # subunit main-chain atoms for the transition from deoxyHWT) {(broken lines) to
R state deoxyf, (continuous lines); (a) front view, (b} top view. The main-chain of residues 14 to 20, 23 to 40, 48 to 74, 77
to 90, 102 to 116 and 122 to 140 were included in the least-squares superposition (r.m.s. deviation = 0-52 A).

two conformations are observed in both COB,(R)
and deoxyf,(R), but the roles of the dominant and
minor rotamers are reversed in the two structores.

In Figure 7, the backbone atoms of a § subunit of
deoxyf,(R) have bheen superimposed onto a ff sub-
unit of deoxyHl(T). Changing the frame of refer-
ence from the B heme group to the f subunit
backbone reveals more clearly how the guaternary
transition from the deoxy T state to the deoxy R
state transition alters f§ subunit tertiary structure,
In  deoxyHb(T), His®7(FG4)2 is positioned
between Thr41{Cé)al and Pro44{CD2)xl. This is the
switch region of the 12 interface, and transition to

the R state requires that His97(FG4}52 “jump” a
turn of the al C helix so that it is repositioned
between Thrd1{C6)x1 and Thr38(C3)al. The super-
position in Figure 7 shows that this change in
quaternary structure is directly coupled to a change
in fi-chain tertiary structure, a shift of the end of
the F helix, the FG corner, and the beginning of the
G helix (residues Leu91(F7) through Phel03(G5)).
This structural unit of the f-chain is essentially
equivalent to the ‘‘aliosteric core” identified by
Gelin ef al. (1983) through the use of energy minim-
ization calculations. The § heme group moves along
with the allosteric core, since it is covalently
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attached to it, and forms non-covalent interactions
with Leu88(F4), Leudl(F7), Leu96{FG3),
Val98(FG5) and Phel03(G5). The T-to-R quater-
nary-induced movement of the allosteric core shifts
the heme group by about 0-5 A relative to the E
helix to open up the ligand binding site. Relative to
the deoxyHb heme group, the deoxyf, heme rotates
by 4:5° in response to the T-to-R change in quater-
nary structure. However, as the analysis in the
heme reference frame showed, the heme group and
the allosteric core do not move as a rigid body. The
heme shifts its position relative to residues of the F
helix and FG corner so that it adopts a more
symmetric position relative to the proximal
His(F8).

The f# subunit COOH-terminal peptide and the
end of the H helix are also shown in Figure 7(a). In
deoxy a,fi, Hb, the COOH-terminal residue,
His146(HC3), forms two salt bridges (not shown):
one is an intrasubunit interaction hetween its
imidazole side-chain and the carboxyl group of
Asp94(FG1), and the other is an intersubunit inter-
action between the COOH-terminal carboxyl group
and Lys40(Ch)a across the xl §2 interface. Since the
end of the H helix and the COOH-terminal peptide
make several non-covalent interactions with the F
helix, the Hisl146- - Lys40 salt bridge acts an inter-
subunit strap that may inhibit small ligand-induced
movements of the F helix in the T quaternary state.
In deoxyf,, the intersubunit salt bridge cannot
form because residue C5 is now glutamine, and the
quaternary-induced T-to-R shift of the allosteric
core includes a movement of Asp94(FG1) that
ruptures the intrasubunit salt bridge in the R state.

4, Conclusion

The § subunits of the deoxyf, tetramer have an
affinity for oxygen that is over 200 times greater
than the same f# subunits of the deoxy o.ff,
tetramer {Imai, 1979). The structural basis for this
increase in ligand affinity iz that the change in
quaternary structure from T state deoxy a,f, to R
state deoxyf, shifts the tertiary structure of the f
gsubunits halfway toward the tertiary structure
observed in liganded B, or liganded o,8,. One aspect
of this quaternary-induced change in tertiary struc-
ture is that the stereochemical relationship between
the proximal His and the B heme group approaches
the stereochemistry observed in liganded R state
tetramers (Fig. 5(a)). Specifically, the Fe-His
(F8)N* bond length is reduced by a few hundredths
of an dngstrém unit, and the imidazole side-chain of
His(F8) assumes a more symmetric orientation
relative to the heme {Table 2). While the exact
magnitude of the change in the Fe-His(F8)N*? bond
length in not certain at present, a small reduction
should lead to a significant increase in oxygen affi-
nity. Similarly, the theoretical calculations of Gelin
& Karplus (1977) indicate that the more symmetric
orientation His(F8) in deoxyf4(R) shouid result in
an increase in ligand affinity because it would lead

to less ligand-induced strain relative to the amount
that develops in T state tetramers.

Another aspect of the guaternary-induced change
in B subunit tertiary structure is a shift in the F
helix, FG corner, G helix and the f§ heme group (the
allosteric core) away from the E helix. This shift of
the allosteric core has two structural consequences
that should result in an increase in ligand affinity.
First it opens up the ligand binding pocket. Perutz
(1970) first noted that the position of Val67(E11l)
sterically inhibits ligand binding in the ff subunits of
deoxyHb. This steric block is greatly reduced in
deoxyf, (Fig. 5(b)). Secondly, the shift of the allo-
steric core may also release constraints between the
F helix and the COOH-terminal peptide that tend
to inhibit ligand-induced movements of the F helix
{Fig. 7). Together, these co-ordinated effects work in
unison to give deoxyf, a tertiary structure that has
high affinity for ligand.

The three-dimensional structures of the doubly
and triply liganded intermediate Hb species with
R-like quaternary structures are unknown,
However, insights derived from the deoxyf, Hb
structure may be applicable to these intermediates
because they have functional properties similar to
those of the §, tetramer. In particular, the third and
fourth ligands bind to doubly and triply liganded
Hb with increasingly high affinity, and they exhibit
quaternary enhancement (Ackers et al., 1992; Mills
& Ackers, 1979). (Quaternary enhancement refers to
the phenomenon whereby the assembly of globin
subunits into tetramers results in an increase in
oxygen affinity.) Likewise, the f§, tetramer has high
ligand affinity (Benesch & Benesch, 1974), and exhi-
bits quaternary enhancement (Valdes & Ackers,
1978). The predominant quaternary structure of
triply liganded and most doubly liganded Hbs
appears to be R-like and in particular, in ligation
species 23 and 32 (Ackers et af., 1992) it is thought
that the third and fourth ligands bind to deoxy f
subunits in a R-like quaternary structure. The
R-like quaternary structure of the doubly and triply
liganded Hbs may alter the tertiary structures of
the unliganded subunits in a manner similar to that
observed in the R-state structure of deoxyf,,
greatly enhancing their oxygen affinity.
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