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The 1-8 A Structure of Carbonmonoxy-f, Hemoglobin

Analysis of a Homotetramer with the R Quaternary Structure of
Liganded o,p, Hemoglobin

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

Department of Biochemistry, The University of lowa, fowa City, 14 52242, U.S.4.

The B-chains isolated from the human hemoglobin a,f, heterotetramer self-assemble to
farm a fi; homotetramer. We report the structure of the carbonmonoxy-f§, {(COf,) tetramer
refined at a resolution of 1'8 A. Compared to the three known quaternary structures of
human hemoglobin, the T state, the R state and the R2 state, the quaternary structure of
COB, most closely resembles the R state. While the degree of structural similarity between
COf, and the R state of liganded «,f, is quite high, differences between the o and f§-chain
gequences result in interesting alternative packing arrangemments at the subunit interfaces of
COB,. In particular, Arg40f and Asp99f interact across the COf, equivalent of the o152
interface to form two symmetry-related salt bridges that have no counterpart in either
liganded or deoxyhemoglobin. Because these salt bridges are near a 2-fold symmetry axis,
steric constraints prevent their simultaneous formation, and electron density images of
Argd0f and Aspd9f show equally populated dual conformations for the side-chains of both
residues. Relative to the liganded a,f, tetramer, the Arg408-- Asp998 salt bridges introduce
ionic interactions that should strengthen the COf, tetramer. The COpB, equivalent of the
ala2 and 8182 interfaces strengthens the tetramer relative to the liganded a,f, tetramer by
tethering both ends of the central cavity. {The enirance to the central cavity is altered so
that the N termini move closer together and the C termini further apart, forming an anion
binding pocket that is absent in liganded «,8, hemoglobin.} In contrast, analysis of the
COf, counterpart of the «1f1 interface indicates that this interface is weakened in the COf,
tetramer, These differences in interface stability provide a structural explanation for the
published observation that the «,f, tetramer assembles wia a stable al1f1 dimer
intermediate, whereas assembly of the COf, tetramer is characterized more accurately by a
monomer-tetramer equilibrium.

Keywords: X-ray crystal structure; hemoglobin; R state; quaternary structure;
conformational heterogeneity

1. Introduction

Equimolar amounts of o and §-chains of human
hemoglobin (Hb§) self-assemble to form a,f; hetero-
tetramers, Interestingly, isolated f-chains aggregate
to form f, homotetramers but isolated x-chains
form dimers {Benesch & Benesch, 1974; Valdes &
Ackers, 1977). Comparison of the a,8, and j, sub-
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unit interfaces at 25 A resolution {Arnone et al.,
1982) revealed a very high degree of similarity
between the quaternary structures of carbonmo-
noxy-f, (COf,) and carbonmonoxy-Hb (COHb), a
structural similarity that is remarkable in view of
the 84 sequence differences between human o (141
residue) and f (146 residue) chaing, many of which
are located at the subunit interfaces.

Unlike the a,f, tetramer, the f, tetramer has
high oxygen affinity, does not bind cxygen cooper-
atively, and Is influenced much less by allosteric
effectors of native Hb oxygen affinity (Kurtz ef al.,
1981). Also, the & and f subunits of Hb assemble to
form a tetramer wiz a very stable aff dimer inter-
mediate, whereas i, assembles from monomeric f§-
chains with relatively little dimer formation (Valdes
& Ackers, 1977; Philo et al., 1988). Additionally,

while the «,ff; tetramer has much lower oxygen
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affinity than isolated subunits, the f, tetramer exhi-
bits the opposite phenomenon termed quaternary
enhancement. That is, the association of monomeric
p-chains to B, actually results in an increase in
oxygen affinity (Valdes & Ackers, 1978).

In this and the accompanying paper (Borgstahl et
al., 1993), we report high-resolution structures of
carbonmonoxy- and deoxy-f,, respectively. These
structures provide additional insights into the
relationships between Hb structure and function.

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

COB, crystals (space group P2, with 0=633 4,
b=824 A, ¢=537TA and B=001°) were grown as
previously deseribed (Arnone & Briley, 1978) and were
mounted in quartz capillaries in a carbon monoxide atmo-
sphere. Diffraction data were collected on 2 crystals with
a Rigaku AFC6R diffractometer that was fitted with a
San Diego Multiwire Systems area detector. The data
were scaled and merged as described by Howard et al.
(1987). A total of 53,563 unique reflections (423,044 total)
were collected, representing 94-79, of the possible data
out to a resolution of 174 A, The data are 9949
complete out to a resolution of 181 A, and 7599
complete in the 1'81 to 174 A shell. The diffraction data
are of high quality as judged by an E value of 4759
on intensity for all data.

symm

(b) Structure determination and refinement

The initial structure of COB, was solved at 25 A resolu-
ticn by a combination of single derivative isomorphous
replacement and molecular replacement (Arnone &
Briley, 1978; Arnone et al., 1982). The starting atomic
model was further refined against the original 25 A data
to an R-value of 17-4 9 through iterative cycles of manual
rebuilding with the program TOM/FRODO (Cambillau,
1989; Jones, 1985) and least-squares refinement with the
program TNT (Tronrud ef el., 1987). At this point, the
174 A resolution data were collected. Analysis of the
2:5 A atomic model indicated that one subunit (f4) had
slightly irregular heme geometry. To ensure that this
anomaly was not due to a modeling error, the 1 subunit
was carefully fit to 174 A F,—F_ omit maps and then
placed in the positions of the other 3 subunits by least-
squares superposition. The resulting model was fit to
F,— F, omit maps and refined with TNT to an E-value of
19-09;. This improved the heme stereochemistry signifi-
cantly. PROLSQ was used in the last stages of refinement
to allow for the easy addition of residues with dual
conformations (Sheriff, 1987, Sheriff & Hendrickson,
1987). The final R-value was 1779%,.

Water molecules and residues with dual conformations
were identified systematically in F,—F electron density
maps using the programs PEAKS and ANAL_PEAKS to
locate and then classify peaks by their distances from the
atomic model (Borgstahl, 1992). Water molecules with
peak intensity greater than 3 times the r.m.s. value of the
F,—F . map were retained if they (1) remained near their
original position, (2) retained a hydrogen bond partner,
and (3) maintained a temperature factor below 60 AZ
Overlapping solvent sites were ohserved, but not modeled
(Smith ef al., 1988). Dual conformers were identified by (1)
peaks that were too eclose to the atomiec model to be
accounted for as solvent, (2} peaks not consistent with
solvent stereochemistry, and (3) manually modeled low-

energy side-chain rotamers that refined to a high-energy
conformation. The main-chain was refined with only one
conformation and the occupancies of dual conformers
were fixed at 0-5. This systematic search of high resolution
F_—F_ maps revealed dual conformers not observed in
the earlier work (Arnone ef af., 1982}

3. Results and Discussion
(a) Quality of structure

The refined atomic model of COB, at 1-8 A resolu-
tion consists of 4620 non-hydrogen protein atoms,
four CO-heme groups, 132 water molecules and four
sulfate ions. This structure has very good stereo-
chemistry, with r.m.s. deviations from ideal
geometry of 0-015 A for bond lengths and (33 A for
bond angle distances. The average temperature
factor is 307 A% (299 A2 for the protein atoms
alone). The average water temperature factor is
417 A? (standard deviation=96) with a minimum
of 20-2 A2 and a maximum of 59-2 A%,

Dual conformers are becoming a common
feature of carefully refined high-resolution struc-
tures (Svensson ef af., 1986). In particular, dual
conformations are included in several globin struc-
tures (Phillips, 1980; Smith et al., 1986; Kuriyan et
al., 1986; Tilton & Petsko, 1988; Arents & Love,
1989). Also, side-chains with two positions were
noted in the high-salt 1-74 A structure of deoxyHb
{Fermi ¢f al., 1984). In the final stages of the refine-
ment of the COf, atomic model 35 residues were
modeled with dual conformations (see Table 1).

Since the asymmetric unit in B, crystals is a
tetramer, each § subunit was modeled and refined
individually. Coordinate ditferences between the
four chemically equivalent § subunits were used as
an estimate of error in the atomic model (Table 2).
The average r.m.s. deviation in main-chain atomic
positions, o, was calculated after least-squares
superposition of backbone atoms of individual sub-
units. The value of o, includes structural differences
due to crystal lattice contacts as well as random
errors and modeling errors, so it may be an over-
estimate of the error. Therefore, a second para-
meter, &, was also calculated in which only
internal ‘‘core” main-chain atoms were super-
imposed. Since the largest errors in atomic position
tend to be associated with surface residues that
have higher mobility and weaker electron density,
g,. may be an underestimate of the intrinsic error in
the atomic model. The error estimates of 6,=0-37 A
and o, =017 A for COf, are typical for a high-

resolution protein structure.

(b} Nomenclature

The correspondence between the subunits of the
B. homotetramer and those of the «,f, hetero-
tetramer is such that 1 coincides with x1, 2 with
81, B3 with «2, and fi4 with B2. For clarity, our
nomenclature includes parenthetical reference to
the corresponding heterotetramer interface. For
example, F1B4(x162) indicates that the homo-
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Table 1
COB, residues with dual conformations
il f2 £3 f4
GluB(A3) 8
Leul4(All) B
— Glu26(B8) 8
Arg40(C8) I Argd0(C6) IL Argd0(C8) 1 Argd(C6} I
Glu43(CD3y S Glu43(CD3) SL Glu43(CD3y  S,L
Leu68(R12) B Leu§(E12) B
Phe7l(E15) B PheT(E15) B Phe7l(R15) B Phe7l(E15) B
Leu75(Ei®) B Leu75(E19) B -=
- — Lys82{EF6}; 8 -
Valo8(FGs) B Val98(FG5) B Val98(FG5) B Valo8(FG5) B
Aspd9(Gl) I AspH9((i1) T Asp99(Gi1) I Asp99{G1) I
Cysl112(G14) 1 Cysl12(Gl4) I Cysl12{GG14) 1 Cysl2(Gl4) |
His1i7(G19} 8 - Hisl17(G19) S
Glul2(GH4) SL Glul2l(GH4) §

The residue environment is indicated by 8 (surface residue), L (lattice contact), B {buried side-chain},

and I (subunit-subunit interface).

tetramer B1f4 interface corresponds to the «lp2
interface of the heterotetramer. Similarly, the other

B, interfaces are referred to as S283{(a281),
Blp3(xla2),  B2B4(B1F2),  P1B2(xlfl)  and
B3p4(a2f2).

(e} Crystal lattice conlacts and asymmetry

While it is clear that crystal lattice contacts do
not cause energetically large deformations in pro-
tein structure, they can produce small localized
perturbations that may influence the functional
characteristics of a protein in the crystalline state.
In the case of the 8, crystal lattice, each § subunit
has a different set of lattice contacts. The values of
g, listed in Table 2 provide a coarse measure of
tetramer asymmetry. Compared to an average o,
value of 0-37 A, subunits f1 and f$3 are the most
similar (g,=0-25 A}, while subunits 2 and 4 differ
the most (o,=044 A). However, the impact of
intertetramer lattice contacts can be documented
more accurately by correlating the location of
lattice contacts with subunit differences in atomic

Table 2
COB , error estimates

O-p? ﬂ'pci
p1 & p2 044 019
Bl & 3 025 016
B & p1 035 016
B2 & B3 041 0-20
2 & p4 044 020
A3 & f4 082 013
Average 037 017

T The r.m.s. deviation in main-chain atoms after pairwise
least-squares superposition of all main-chain atoms of specified
subunits.

I The internal core residues were defined as areas showing low
average main-chain B values and little asymmetry in Fig. 1. The
segments included in the calculation were BY to C'7 {27 to 41), E3
to E16 (59 to 72). F1 to G16 (85 to 114) and HI to HC3 (123 to
146) for B subunits.

mobility and tertiary strncture. This is accom-
plished in Figure 1 by plotting temperature factor
and positional asymmetry wversus residue number,
and by categorizing lattice contacts by type (van
der Waals, salt bridges and hydrogen bonds) and by
interaction distance. If the residues involved in a
lattice interaction also have low mobility (i.e. low
temperature factors), the interaction is probably
energetically significant. This type of analysis can
identify which subunits are least influenced by
lattice forces and presumably the most representa-
tive of solution behavior.

The presence of lattice contacts {Fig. 1) correlates
with lower temperature factors, indicating that
residues involved in, or neighboring, intertetramer
contacts have decreased mobility. Similarly, the
largest peaks correlate well with regions that have
multiple close lattice contacts. In particular, crystal
lattice interactions perturb the CD corner and D
helix of subunit 84 where residues 43(CD2) through
58(E2) are shifted relative to the other subunits
{Fig. 1(c), (e} (f}). These residues are located in the
most extensive lattice contact region. p4 residues
CD2, CD3 and CD5 interact with six residues on the
A helix of an adjacent 4 subunit, and f4 residues
D3, D4, D6, D7, El and E4 interact with residues
Al3, Al5, B1, B3, B4 and E5 on a neighboring 2
subunit to form a total of 70 non-covalent inter-
actions. The position of Glud3(CD2) f4 is clearly
influenced by multiple intermolecular hydrogen
bonds and salt bridges. Together, the force of these
energetically significant lattice contacts shift the
position of the #4 CD corner and D helix by 2 to 13
times .

Pairwise comparisons of the f§ subunits indicate
that #1, 52 and 3 are perturbed the least by crystal
contacts. Compared to f4, these subunits have half
the number of lattice contacts and significantly
higher average temperature factors. However, f2
has a few more lattice contacts than 81 or 3, and as
shown in Figure {a), (d), (f), B2 residues Al3
through B4 are perturbed by a cluster of 39 lattice
contacts with 4 residues D3 through E2. Also, the
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heme propionates of $2 and B3 form an inter-
tetramer hydrogen bond and salt bridge, respec-
tively. Nevertheless, f1 and fS3 have almost
identical tertiary structures and atomic temperature
factors (Fig. 1(b)), and therefore the functional
properties of f1 and 3 (e.g. ligand binding proper-
ties) are likely to be affected the least by the crystal
environment.

(d) Heme-CO ligand stereochemistry

The stereochemistry of the bound CO ligand is
compared in Table 3 for COf,, COHb(R) (COHb in
the R-state determined at 22 A resolution with
erystals grown from high salt solutions (Derewenda
et af., 1990)), and COHb(R2) (the R2-state structure
of COHb determined at 17 A resolution with
crystals grown from relatively low salt solutions
(Silva et al., 1992)). The crystals of COf, were grown
under oxygen-free conditions in the presence of a

reducing agent in order to avoid oxidation and
ensure full CO occupancy. It is not possible to
estimate atomic occupancies accurately at this

Table 3
€0 ligand stereochemistry in hemoglobin f subunits

COHbt COHbf COB.%
(R state) (R2 state) (R state) Average

A, Angles {deg.)

Fe-C-0 171 167 (4) 172 (2) 170
Fe—C & heme normal 6 6 (2) 7(2) 6
B. Distances {4)

Fe-C 177 176 {1y 178 (1) 177
His(E7)N2- 0 3-30 323(4) 329(4) 327
His(R7)(C*2--0 335 334 (2)  323(3) 331
Val(F11)Crt 0 328 319 (1) 309 (6 319

1 Derewenda et al. (1990).

I Standard deviations of mean values x 100 are reported in

parentheses.
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Figure 1. Correlation of temperature factor and positional asymmetry with intertetramer contacts in the COB, crystal
lattice. The temperature factor differences and C* deviations between COf, subunits are plotted versus residue number
for {a) §1 versus 2, (b) Bl versus 3, (¢} Bl wversus 4, (d) B3 versus B2, (e) 83 versus p4, and (f) f4 versus B2. Crystal lattice
contacts indicated by ¢ include atom pairs within 4-0 A, 8. atom pairs within 3-5 A, | salt bridges, | hydrogen bonds, x
contacts through a water molecule within 40 A, and x contacts through a water molecule within 3-5 A. (* deviations
after least-squares superposition of all main-chain atoms are shown in the bottom third of each panel. Estimates of
positional error, a,(avg) and g (avg), are indicated by broken horizontal lines. The 8 f-chain helices (designated A
through H) are indicated below their corresponding residue numbers,

resolution, but strong electron density and low
temperature factors for the CO atoms (average B
values of 147 A% and 157 A? for the C and O atoms,
respectively) indicate that full occupancy was
achieved. Similarly, the COHb{R2} structure has
average atomic temperature factors of 17-7 A2 and
18:9 A? for the C and O atoms, respectively.

In carrying out the refinement of COf, and the
R2 state of COHb, the Fe—C and C-0O bond lengths
were rtestrained, but the bond angles were not,
Unlike carbonmonoxymyoglobin (COMb), where the
CO ligand has two conformations (Kuriyan et al.,
1986), COB,, COHb(R) and COHbL(R2) bind CO in a
single well-defined conformation. In particular, the
CO ligand is positioned midway between His63({E7)

and Val67(El1) with 3-1 A to 33 A van der Waals
contacts between the ligand (O atom and
His(E7)N*2, His(R7)C%2, and Val(E11)C*'. For
COf,, the next closest contacts for the ligand O
atom are 3-8 A and 39A to Leu28(B10)C*' and
Phe42(CD1Y¥. Derewenda et al. (1990) reported
that the CO ligands of COHb(R) are bent by ~10°
from linearity with the heme Fe and the heme
normal. This is in contrast to simple unhindered
CO-porphyrins, where the Fe-C-0O group is linear
and aligns with the heme normal {Peng & Thers,
1976), or to COMb, where the two Fe-C-() con-
formations have bond angles of 120° and 141°.
Derewenda et al. (1990) noted that in COHb(R) “the
amount of bending that emerged from the refine- »



822 18 4 COB, Hemoglobin Structure

ment was barely significant, but is corroborated by
the electron density”, and that the bend is away
from distal residues His(E7) and Val(E11l). The
COHb(R2) and COf, structures confirm the magni-
tude and direction of the CO ligand bending, and
indicate that it is due to interactions with His{E7)
and Val{E1l).

e) Quaternary structure characterization

(i} fron-iron distances

At 44 A resolution, Arnone & Briley (1978)
observed that the iron-iron distances of COf, were
closer to metHb than to deoxyHb. We now can
compare the quaternary structure of COf, with
three different quaternary structures for human Hb:
deoxyHb(T) (the T-state structure of human
deoxyHb determined from crystals grown in high-
salt solutions and refined first at 17 A (Fermi et al.,
1984) and then at 15 A resolution (Kavanaugh et
al., 1992)), oxyHb(R), and COHb{R2). Clearly, the
COp, iron distances in Figure 2 are very similar to
those of the liganded Hb structures and quite
different from those of deoxyHb(T). However, while

the COf, iron distances are somewhat closer to.

oxyHb{R) than COHb(R2), the differences are small
and difficult to interpret. These distances are only a
rough measure of quaternary structure and a com-
parison of the subunit-subunit interfaces is a much
more accurate measure of quaternary structure
similarities,

{ii) Comparison of the COB; quaternary structure
with the R and R2 states of liganded hemoglobin
To compare quaternary structures, the main-
chain atoms of one subunit of COB, were super-
imposed on the corresponding atoms of a § subunit
of the oxyHb(R) or COHb(R2) tetramers (Figs 3
COB,4

L0 O
S > o
>< 255 ><
.
24 2

COHb(RZ) deoxyHb(T

%
2. >< 2.2

1 243

Flgure 2. Comparison of the heme iron-iron distances
{&) of COB, with oxyHb(R}), COHb(R2) and deoxy-
Hb(T). The correspondence between the f, homo-

tetramer subunits and the a,f, heterotetramer subunits is
as described in Results and Discussion, section (b).

and 4}, The § subunits of both the oxyHb{R) and
COHDb(R2) tetramers superimpose very well with
COp,. That is, there is relatively little difference in
the tertiary structure (see the bottom superimposed
subunits in Fig. 3(a) and (b}). On the other hand,
the non-superimposed fja pairs show significant
differences in quaternary structure between COf,
and both oxyHb(R) and COHb(R2). The C* devia-
tions range from ~1A to ~10A for the
COfjoxyHb(R) B/« pairs and from ~2 A to ~15 A
for the COB,/COHb(R2) Bja pairs, indicating that
the quaternary structure of COf, is closer to
oxyHb(R).

The nature of the quaternary structure differ-
ences associated with the f184(x162) interface is
illustrated in Figure 3(a) and (b}. The COf, quater-
nary structure differs from the R state by a rotation
of 817 about the joint region (Fig. 3(a}). Transition
from the R state to the R2 state involves a sub-
sequent rotation of 12:2° about the joint region (not
shown}. That is, these quaternary structures can be
organized in the order COB,-R-R2 by ordered
rotations of 81° and 12-2° about very similar axes
that pass through the joint region {Fig. 3(b)). Thus,
the quaternary structure of COf, is necessarily
much closer to that of the R state than the R2 state.
While these transitions have very little affect on the
joint region, the switch region changes from a
tightly packed structure in COf, to a very open
structure in the R2 state.

The two other COf, subunit interfaces are
compared to the analogous oxyHb{R) interfaces in
Figure 4. The §2B4(f152) interfaces of COf, and
oxyHb(R) differ mainly by a simple translation of
about 4 A. This translation alters the entrance to
the central cavity in the COf, tetramer by
increasing the distance between the C-terminal
peptides and decreasing the distance between the
N-terminal peptides (see Fig. 4{a)}. This change
creates two symmetry-related sulfate binding sites
that are separated by 635 A, exactly the distance
between the phosphate groups of an extended
molecule of DPG providing a structural explanation
for the observation reported by Benesch ef al. (1968)
that oxyf, has a much higher affinity for DPG than
oxyHb.

The %181 (and symmetry-related a2f2) interface
digplays pseudo 2-fold symmetry and is constructed
from the ends of the B and G helices, the beginning
of the H helices, and the GH corners of the « and §-
chains. Thig is a static interface that undergoes very
little structural change between liganded and
deoxyHb. Figure 4(b) reveals that the structural
differences between COpf; and oxyHb(R) at the
B3P4(x282) interface are not as large as those at the
other interfaces. The C* deviations of the non-super-
imposed «/f pairs are about 1 A at the B helix, while
the end of the G helix and the beginning of the H
helix aligned to within 05 A. Nevertheless, the
intersubunit contacts between the f3(a2) B helix
and the f4(82) H helix are increased slightly in
COf,, indicating that the oxyHb(R) «2£2 interface
is more closely packed in this region. The difference
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Figure 3. Stereo C” tracings showing the differences in quaternary structure between the a182 dimer of oxyHb(R) or
COHb(R2) and the corresponding S184 dimer of COf,. In (a) oxyHb(R) is drawn with broken lines, COf, with
continuous lines. In (b) COHb(R2) is drawn with broken lines, COB, with continuous lines. The main-chain atoms of the
B4 subunit of COB, and the 2 subunit of oxyHb(R) or COHb(R2) were superimposed (only residues 14 to 20, 23 to 40, 48
to 74, 77 to 93, 96 to 116 and 122 to 143 were included in the calculation) with r.m.s. deviations of 0-37 Aand 034 A,
respectively. The switch region (8), the joint region (J}, selected helices, and the N and C termini are labeled.

at the GH corner is due primarily to the amino acid
substitutions Glyl119GH2)f—-Prol14{(GH2}x and
Lys120(GH3)f— Alal15(GH3)a.

Thus, despite the many amino acid differences
between f§ and o« subunits, the §, homotetramer is
assembled in a manner that is remarkably similar to
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Figure 4, Stereo C* tracings showing the differences in quaternary structure between the 12 (a) or 2282 (b) dimers of
oxyHb(R) and the corresponding 284 and $3#4 dimers of COf,. OxyHb(R) is drawn with dashed lines, COB8, with

continuous lines.

the a,f, heterotetramer. Compared to the two
known liganded a.f; quaternary structures (R and
R2), COf, most closely resembles the R quaternary
structure. However, there are significant structural
differences between COf,; and the R state of
liganded Hb at all the subunit-subunit interfaces;
differences that are the basis for the unique func-
tional properties of the fi, tetramer.

(i) Interface residues with dual conformations

In the COpf, tetramer residues Arg4((C6) and
Asp99(G1) form two symmetry-related salt bridges
across the B184(a1f2) interface (Fig. 5), salt bridges

that do not have counterparts in the 12 interface
of either deoxy or liganded a,f, Hb. It is also
possible for Arg40 and Asp99 to form intrasubunit
interactions, but the syn stereochemistry of these
salt bridges is less favorable than the anti stereo-
chemistry of the intersubunit salt bridges (Ippolito
et al., 1990). Because both the inter- and intra-
subunit salt bridges form near the dyad axis
between the f1 and f4 subunits, steric conflicts
prevent their simultaneous formation (Fig. 5), and
electron density images of Argd4Qff and Asp99f show
equally populated dual conformations for the side-
chains of both residues (Fig. 6(a) and (b)). That is,
only one of four possible Argd(- Asp99 salt bridges
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(a)
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Figure 5. The Argdf{C6)-- Asp99{G1) salt bridge at the
f£154(x182) interface of COB,. In (a) the dual eonforma-
tions of Argd0(C6) and Asp99(Gl) are overlaid., The 2
eguivalent intersubunit salt bridges are shown in (b) and
{¢). The dual conformations of Argd40 and Asp99 are the
result of steric conflicts that prevent both salt bridges
from forming simultanecusly.
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Figure 6. F, —F, electron density maps
(contoured at 2¢) showing the dual conformations of (a)
Argd0(C8)f4, (b) Asp99(GL)B1 both at the B1f4(xlf2)
interface and (¢) Cys112(G14)84 at the f354(x282) inter-
face. Drawing made using XtalView (McRee, 1992).

can exist at a time in a given §184 (or f243) dimer,
and the 222 symmetry of the COf, tetramer is
violated.

Another dyad-generated steric conflict results in
dual conformations for Cysl12(G1l4) at the
B182(x1f1) interface. The amino acid difference
Vall07(G14)e—Cys112(G14)8 at the B1A2(alfl)
interface creates a packing defect and Cys1128
compensates by adopting two conformations. In
fact, the electron density image for each Cysl12 is
similar to that of a valine residue (Fig. 6(c)}. Like
the Argd(-Asp99 salt bridges, the side-chains of
Cys112f81 and Cysl122 are very close to the
molecular dyad at the f182(x181) interface. This
results in steric conflict when both sulfhydryl
groups are oriented toward the §1f54(x152) dyad. As
a result, the two Cysl12 residues must alternate
conformations in unison, like the motion of a car’s
windshield wipers. The Cysl112 packing defect is
consistent with the increased reactivity of Cysl12
relative to Cys93 and with the multiple Hg sites of a
Cyst12-mercuribenzoate adduct (Neer, 1970,
Arnone & Briley, 1978).

Of the COB, residues that adopt dual conforma-
tions and give rise to resolved, or partially resolved,
electron density double images, only Argd0, Asp99
and Cys112 are located at subunit interfaces. Many
other COB, residues with dual conformations are
surface residues that can be influenced by lattice
contacts and where barriers to reorientation are the
lowest (Table 1: and see Smith e al., 1988).
However, buried residues have also been modeled
with dual conformations in several structures, and
some COf, residues with dual conformations are
buried hydrophobic residues. It is interesting to
note that while Phe71{E15} and Val98(FG5) exhibit
similar disorder in all four subunits, Leul4{A11),
Leu68(E12) and Leu75(E19) show visible signs of
disorder in only one or two subunits (Table 1). The
ability of Leul4f3 to adopt two conformations may
be due to its contact with a disordered surface
residue, Glut21{GH4)#3, but in the case of Leu68
and Leu75 it is not obvious why disorder 1s observed
in only two subunits. However, since very small
structural perturbations that correspond to a differ-
ence in free energy of only a few hundred calories
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can significantly shift the equilibrium ratio of the
two possible conformers for these residues, it is not
surprising that it is difficult to understand the basis
for side-chain disorder in every case. For example, a
weak perturbation of say —400 cal/mol will shift
the equilibrium between two conformers by exp{400
cal mol~!{RT), a factor of 2. Residues that have
two conformations in approximately equal amounts
are sensitive “‘energy indicators’ because shifting
the equilibrium constant from 1 to 2 would likely
result in an obvious difference in the corresponding
electron density image for the side-chain. On the
other hand, if one conformer is favored by a factor
of 100 or 200 only the dominate conformation would
be observed.

{iv) The B1B84(alfi2)} interface is “double-jointed”
The interdigitation patterns of the «1f2 interface
of the a,f, tetramer and the corresponding f1p4
interface of COB, are shown schematically in Figure
7. In 2,8, Hb, the switch region is defined by the
interaction of the al C helix and CD corner with the
B2 FG corner and G helix, and the joint region is
defined by the interaction of the 2 C helix with the
2l FG corner and G helix (Baldwin & Chothia,
1979). Although the switch and joint regions are
formed from homologous portions of a and # sub-
units that are related by a pseudo 2-fold axis of
symmetry, in deoxyHb the switch and joint strue-
tures differ significantly in detail. His97(FG4}82 is
positioned between Pro(CD2)al and Thr41{C6)x1 in
the deoxyHb switch region, while the corresponding
joint residue Arg92(FG4)xl is situated between
Argd0(C6)f2 and Trp37(C3}82. After the transition
to the R (or R2) state in liganded Hb, switch residue
His97{FG4)$2 jumps over a turn of 3,; helix
to interdigitate between Thr4l{C6jxl and
Thr38{C3)x1. In the joint, only a small sliding
motion oceurs and residue Arg92(FG4)al remains
positioned between Arg40(C6)f2 and Trp37(C3)p2.
That is, in liganded Hb the switch and joint regions
have the same interdigitation pattern and the al 2
interface is much more symmetric than it is in the
deoxyHb a1f2 interface (Dickerson & Geis, 1983).
The interdigitation pattern of the §184(x182} inter-
face in COB, mimics that of the R and R2 states of
liganded a,f, Hb. In the region that corresponds to
the switch, residue His97(FG4)84 is positioned

between Argd40{C6)81 and Trp37(C3}81, while in the
region that corresponds to the joint, His97(FG4)§1
is positioned between Arg40(C6)f4 and Trp37(C3)84
(see Fig. 7). The 222 symmetry of the COf, homo-
tetramer requires that the p1f4{alf2) interface
must consist of two switch-like regions, two joint-
like regions, or two structurally identical regions
that are not analogous to either the switch or joint.
Tt is clear from the foregoing analysis that the COf,
tetramer is in fact “double-jointed”. In the accom-
panying paper, it is shown that the f154(x1f2)
interface is double-jointed in deoxyf, as well,
confirming previous predictions (Perutz &
Mazzarella, 1963; Benesch & Benesch, 1974) that
the B, tetramer does not undergo large ligand-
induced changes in quaternary structure.

{(v) The relative stabilities of the B, and
o, 8, interfaces

Extensive studies have been published on the
thermodynamics of subunit assembly in Hb as well
as the isolated a and B-chains. The a,f, tetramer
assembles via a stable aff dimer intermediate:

20+ 2 =20 2 a,f,

where the free energy of dimer formation is
—16-3 keal, and the free energy of tetramer forma-
tion is — 80 keal (Mills et al., 1976; Turner et al.,
1981). This subunit assembly pathway reflects the
relative stabilities of the a,f, interfaces. The most
extensive and stable interface, the alf1 interface,
forms first at very low subunit concentrations. The
subsequent association of 211 dimers results in the
formation of three other types of subunit interfaces;
the ol f2 interfaces, the 212 interface, and the §152
interface. The fact that the «181 dimer is the domi-
nant species at low subunit concentrations implies
this interface is energetically more stable than all
the other subunit interfaces combined.

The self-association of isolated § subunits can be
modeled accurately by a monomer-tetramer equili-
brium with relatively little dimer formation:

=B,
where the free energy of tetramer formation is —22
keal (Valdes & Ackers, 1977, 1978; Philo et al.,
1988). The absence of a large population of dimers
indicates that in the case of the B, homotetramer

deoxy o2f2 hemoglobin liganded c2fB2 hemoglobin | Bs hemoglobin
(T) (R & R2)
switch: swilch:
@1 CDZ Pro 44 &l CD2 Pro 44 Bl CD2 Glu 43
<97 His FG4 B2
@l C6 Ter 41 €1 C6 Thr 41 B1C6 Arg 40
& 97 His FG4 2 =97 His FG4 B4

@1 C3 Thr 38 @1 C3 Thr 38 BLC3 Trp 37
joint: joint:

37 c3 B2 37 c3 p2 37 c1 opd
ol FG4 Arg 92 = T ol FG4 Arg 92 = s B1 FG4 His 97 = hid

40 Arg C6 P2 40 Arg C6 B2 40 Arg C6 P4

43 Glu CD2 B2 43 Glu CD2 2 43 Glu CD2 B4

Figure 7. A diagram comparing the interdigitation patterns of the switch and joint regions of the «lf2 interface of
deoxy (T state) and liganded (R and R2 states) a,ff, hemoglobin with the corresponding regions of the COf, p184
interface.
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the formation of the S182(¢181) dimer interface is
approximately equivalent energetically to the
formation of the interdimer interfaces. In terms of
the a,f, assembly pathway, either the 182 inter-
face of the fi, tetramer is less stable than the corre-
sponding o181 interface of a,8,, or the interdimer
interfaces are energetically more stabie in 8, than in
@,fi; or a combination of both.

To compare the interfaces of COf4 and oxyHb(R)
the close subunit contacts are listed in Tables 4, 5
and 6. Since the liganded «lfl dimer is stable at
concentrations where the COfS, tetramer dissociates
completely to monomers, the 21f1 interface must be
much more stable than the corresponding f1£2
interface of COf,. One reason for this difference in
stability is that while the COf, B152 interface

Table 4
Subunit-subunit contacts of the alf1 interface of oxyHb(R) and the corresponding COP ; interface

oxyHb(R)} Cop,
B1(82) residue al{e2) residue Atoms  Distance {A)]  A2(f4) residue B1({f3} residue Atoms  Distance (A)}
Arg(B12)308 His(H5)122« Nt N® 275 H Arg(B12)30f Gin(H5)1278 Nt OOf 278 (4) H <
Arg(B12)308 Phe(GHH)117¢ N O 308 H Arg(B12)308 Phe(GH5)1228 N O 281(1) H <
Val(B15)338 Pro(H2)119a ¢ 0 337

Tyr(C1)358 Gln(H9N31p o N 3546)
Met{D6)558 Pro(H2)1192 ¢ O 34
Asn{G10)1088  His{GI0Y032 ©O N 308 H

Ala(GI7)1158 Cys(GL4)1128 CF O 359 (22)
Als(GITII38  Ala(GIBNIla O (& 348 Ala(GIT1158 HisGI8)1188 O C° 350 (16)
His(G18)L168  Ala(G17)1102 ¢ 0 347 His((318)1168 Ala(CGITNIGE 0 340 (T) =
His(G18)1168  Pro{GH2)l140 N2 O 289 H His(G18)1168  Cly(GH2)1198 N2 0  273(8) H «

His((318)1168 Lys(GH3}1208 N2 N 370 (23)

His(G18)1168  Phe(GH5)1228 N2 O 342 (22)
Cly(GH2)1198  Ala(GI8)1lle O 345 Gly(GH2)1198  His(G18)1168 0O N? 312(37) He
Phe(GH5)1228 Arg(B12)31x 0 N 270 Phe(GH5)1228 Arg(B12)308 0 N 275(3) H=<=
Pro(H3)1258 Leu(B15)34x N o2 337
GIn(H5)1278 Arg(B12)31a 0 NT 278 Gln{H5)1278 Arg(B12)308 0" N 279(14) He=
GIn(H5)1278 Ser(B16)35x ¢ 0 344
Ala(H6)1288 Ser(1316)352 07 349
Gln(H9)1318 His(G10)1032 O ' 308 H

t Calculated from Protein Databank entry 1HHO (Shaanan, 1983).
1 All distances are given as an average value with the standard deviation of the mean x 100 in parentheses. Interfaces were defined
using a 36 A cutoff and at least one interaction is <35 A in either f182 or f384 interfaces; H, hydrogen bond <32 A; <=, interaction
conserved between «,8, and B, hemoglobin.

Table 5
Subunit-subunit contacts of the al1B2 interface of oxyHb(R) and the corresponding COB , interface
oxyHb(R) COf,
B2(f1} residue  «1{ex2) residue Atomst  Distance (A)f  P4(82) residue  B1(A3) residue Atomst Distance {4)1
Pro(C2)368 Arg(FG4)92u 0o ¢ 338
Trp(C3)378 His(FG4)978 o 1] 341 (5)
Trp(C3)378 Asp((G1)998 s C31) 327 (3)
Trp(C3)378 Pro((G2)95x o2 342 Trp(C3)374 Pro(G2)1008 o2 ct 356 (8) =
GIn(C5)398 Arg(FG4)92a o' N 318 H
Arg(CH)408 Thr{C6)41a N0 341 Arg(C6)408 Arg(C6)408 CHly N"2) 343 (3)
Arg(C6)408 Phe(C7)418 Gy ot 319 (1)
Arg(C6)408 GIu(CD2)43p NTH2) 02 (ly 289 8B A
Arg(C6)408 Lew(FG3)968  N"(2) O 279(1) H
Arg(C6M408 His({FG4)978 N4} O 302 (14) H
Arg(C61408 Asp((G1)998 NH1)} 0%1) 270 (4) SB
Phe(C7)418 Arg(C63408 ¢ C2y 324 (B)
Leu(FG3)968 Arg(C6)408 o N'(1) 334 (67) H
His(FG4)978 Thr{C3)38x 0 o 322 His(FG4)978 Trp(C3)378 o c 345 (12) -
His{(FG4)978 Arg(C6}408 o N2} 309(1) H
Asp(G1)99p Trp(C3)378 oy oM 3-24 (6)
Asp(G1)998 Val{G3)96x croor 333
Asp(G1)998 Asn(G4)1028 31y N 273(3) H
Asn(G4)1028 Asp((:]1)944 0%§ 02 280 H Asn(G4)1028 Asp(G1)998 N#2 0%2(1) 276(4) H <=
Tyr(HC2)1458  Trp(C3)378 o c 355 (7)

t{1) Main conformer and (2) alternate eonformer.
1 As in Table 4 except: SB, salt bridge <32 A; and A, interactions are asymmetric between 8154 and 8283 interfaces at Glud3f due
to lattice contacts (this salt bridge probably does not exist in solution).
§ For a proper hydrogen-bonding pair, ¥2 in the atomic model needs to be rotated 180°.
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Table 6

Subunit-subunit contacts of the aa interface of oxyHb(R) and the S interface of COB4
axyHb(R) COj,
al residue a2 residue Atomst  Distance (A)f  SHB2) residue  B3(F4) residue Atomst Distance (A)f
Val(NAD)1 Ser(HZI)138x € O 307
Val(NAI)la Arg(HC3)14le N Op 224 SB Val(NA1)1 His(HC3)1468 (* O 326 (9)
Leu(NA2)20 Arg(HC3j14la N O 292 H His(NA2)2f His(HC3)1468 N Or 318(19) He
Lys(H10)127a  Tye(HCZ)1402 N° © 258 H Lys(H10)1328  Tyr(HC2)1458 C° 0 373 (27)
Lys(H10)127¢  Arg(HC3)14la N6 O 240 SB Lys(HI0)1328  His(HC3)1468 € 0 375 (26)
Ser(H21)138« Val(NAl)1x o o 308
Tyr(HC2)140a  LystH10)1270 O N 238 H
Arg(HC$}14la  Leu(NA2)2x 0, N 2892 H His(HC3)1468  His(NA2)28 o N 320 (2) He
Arg(HC3)141a  Val(NAL)lx 0, N 224 SB HistHC3)1468  Val(NAL)1B 0, G 3174
Arg(HC3)4lax  Lys(H10)127« O N° 240 SB

 C-terminal oxygen denoted as Or.
t As in Table 5.

retains many of the packing interactions that define
the alf1 interface (indicated by the <= symbols in
Table 4}, the COf, f152 interface i3 more loosely
packed than its o181 counterpart. In particular,
there are significant packing differences at the end
of the B helix between these homologous interfaces.
As seen in Figure 4(b), the B helix—H helix contact
region is spread apart by ~1A in COB, relative to
oxyHb{R). This difference in packing is reflected in
the number of f152(x141) close contacts (Table 4}.
Specifically, the COf, B1f2 interface does not
include close contacts between residues Prol25(H3)
and Val33(B135), GIn127(H5) and Val34{B16) and
Alal128(H6) and Val34(B16). Tn addition, the side-
chain disorder and high level of reactivity of
Cys112(G17) indicates that the center of the COS,
B1B2 interface is less tightly packed. Although it is
difficult to assign free energies to these differences,
they are probably the main reason for the reduced
stability of the COf, B182 interface relative to the
a1p1 interface.

While the alf2 interface and the analogous f154
interface of COf, are both constructed mainly from
the FG corners and C helices of the corresponding
subunits, only three of the a,f, interactions are
conserved in the fiy tetramer (indicated by =
symbols in Table 5) becanse of amino acid substitu-
tions between o and B-chains. Due to these differ-
ences, the COf, B1f4 interface is more tightly
packed (Fig. 3(a)) and has twice as many close
contacts (Table 5). Of particular interest iz the
Argd0(C8)-~ Asp99((i1) salt bridge, which is unique
to the COpB, tetramer. This interaction, and the
associated contacts that are created by burying the
salt bridge in the center of the interface, result in a
fourfold increase in the number of polar bonds at
the COB, B154 interface. Significantly, recent work
by Baudin ef al. (1993} indicates that several
Argd0(C6) mutations destabilize the B, tetramer
more than the a,f, tetramer. It seems reasonable to
conclude that the COf, f1fi4 interface is more
stable that its a1 2 counterpart in liganded Hb.

The ala2 and 182 interfaces of liganded a,f, Hb
are weak, poorly packed interfaces. In fact, the
152 interface does not include any contacts closer

than 4 A (Lesk et al., 1983), and most of the close
contacts in the ala2 interface involve N and
C-terminal residues with very high mobility. The
COp, symmetry-related f183 and $2f4 interface are
also relatively weak (see Table 6), but they include
anion binding sites that are not present in the
liganded «,ff, tetramer (Arnone et al., 1982). This is
consistent with the observation that high salt
enhances tetramer formation in liganded 8,4, but has
the opposite effect on liganded a,f, Hb (Tainsky &
Edelstein, 1973; Valdes & Ackers, 1977). The COj,
tetramer should be more stable than the o,f,
tetramer, since the salt-enhanced 284 and F183
interactions tie down both ends of the central
cavity, while the o,f, tetramer is only weakly teth-
ered at one end.

In summary, the main struoctural features of the
COf, tetramer indicate that the $1£2 interface is
less stable than its 211 counterpart in liganded Hb,
while the S1f4 interface is more stable than the
corresponding 12 interface of liganded Hb. If this
reversal in subunit interface stabilities is the domi-
nate structural reason for the different pathways of
COB, and a,ff, assembly, then mutations that
strengthen the COB, 152 interface, or weaken the
COB, F1P84 interface, should alter the monomer-
tetramer assembly mechanism to one in which a
significant amount of dimer is observed. The
mutation in Hb Kempsey (99 Asp—Asn), for
example, is of this type because the key
ArgdQfil--Agp99f4 interaction should be lost or
significantly weakened, greatly destabilizing the
COB, B184 interface. Recent experiments by Ackers
and co-workers indicate that Hb Kempsey f§ sub-
units do in fact assemble to homotetramers by a
pathway that is characterized by a high population
of stable dimer intermediates (G. K. Ackers,
personal communication).
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