High-resolution crystal structure of deoxy hemoglobin
complexed with a potent allosteric effector
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Abstract

The crystal structure of human deoxy hemoglobin (Hb) complexed with a potent allosteric effector (2-[4-
[[(3,5-dimethylanilino)carbonyl]methyl]phenoxy]-2-methylpropionic acid) = RSR-13) is reported at 1.85
A resolution. Analysis of the hemoglobin:effector complex indicates that two of these molecules bind to the
central water cavity of deoxy Hb in a symmetrical fashion, and that each constrains the protein by engaging
in hydrogen bonding and hydrophobic interactions with three of its four subunits. Interestingly, we also find
that water-mediated interactions between the bound effectors and the protein make significant contributions
to the overall binding. Physiologically, the interaction of RSR-13 with Hb results in increased oxygen
delivery to peripheral tissues. Thus, this compound has potential therapeutic application in the treatment of
hypoxia, ischemia, and trauma-related blood loss. Currently, RSR-13 is in phase III clinical trials as a
radiosensitizing agent in the treatment of brain tumors. A detailed structural analysis of this compound
complexed with deoxy Hb has important implications for the rational design of future analogs.
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Hemoglobin (Hb) is an allosteric tetrameric protein that
exists in equilibrium between the deoxy (T or Tense) and
oxy (R or Relaxed) states. It is composed of two a3 dimers
that are arranged around a twofold axis of symmetry. This
arrangement yields a large central water cavity in the deoxy
state, and a narrower cavity in the oxy state. An indigenous
allosteric effector of Hb, 2,3 diphospoglycerate (2,3-DPG),
preferentially stabilizes deoxy Hb by forming intermolecu-
lar salt bridges between the two 3 subunits (Arnone 1992).
This added stabilization decreases the affinity of Hb for
oxygen, and subsequently allows for the release of more
oxygen in the cardiovascular periphery.

Due to the numerous potential therapeutic applications of
allosteric Hb modulators, a variety of synthetic organic mol-
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ecules have been examined for their effects on the Hb al-
losteric equilibrium. The search for antisickling agents led
to the discovery that the antilipidemic fibrate agents—clo-
fibrate (Abraham et al. 1983, 1984) and bezafibrate (Perutz
and Poyart 1983)—lower the oxygen affinity of Hb in a
physiologically similar fashion as 2,3 DPG. However, test-
ing of these compounds in whole blood indicated that they
had poor erythrocyte cell wall penetration, and that they
were also extensively bound to serum albumin. As a result,
numerous synthetic analogs of bezafibrate have been gen-
erated and tested for allosteric potency (Lalezari et al. 1988,
1990). One of these analogs, RSR-13, was synthesized in
our laboratories, and possesses superior activity when tested
for allosteric potency in whole blood (Randad et al. 1992)
(Fig. 1).

A difference electron density map of an unrefined low-
resolution structure of RSR-13 co-crystallized with deoxy
Hb indicated that this effector binds to three of the four
protein subunits (two o subunits and one 3 subunit) along
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Fig. 1. The structure of RSR-13 with atom numbering used in the text.

the central water cavity, and thus lowers the oxygen affinity
of Hb by stabilizing the deoxy state (Abraham et al. 1992a,
1992b; Wireko et al. 1992). However, the unrefined low-
resolution structure did not allow for a detailed analysis of
residue:effector and structural water:effector interactions.
Therefore, to better characterize the atomic level interac-
tions responsible for the allosteric activity of RSR-13, the
high-resolution (1.85 A) X-ray structure of this effector co-
crystallized with deoxy Hb has been determined.

In contrast to the low-resolution structure, our high-reso-
lution complex identifies several key interactions that allow
for a detailed description of how RSR-13 stabilizes deoxy
Hb. In particular, the high-resolution structure indicates that
several structural waters mediate effector:deoxy Hb hydro-
gen bonds; these waters were not observed in the low-reso-
lution structure. Importantly, we have identified a water that
mediates a hydrogen bond between the methylpropionic
acid moiety of the effector and the guanidinium side-chain
moiety of residue a Argl41. Conversely, the low-resolution
structure indicated a direct salt bridge between the effector
methylpropionic acid moiety and the aArgl41 side-chain
guanidinium moiety (Abraham et al. 1992a, 1992b; Wireko
et al. 1992). Based on this type of discrepancy between our
structure and the low-resolution structure, analysis of the
presented high-resolution structure is an important step to-
wards fully understanding all of the fundamental atomic
level interactions between RSR-13 and deoxy Hb, and will
play a key role in the future design of more potent RSR-13
analogs.

Results

Structural description

The final model for the RSR-13:deoxy Hb complex consists
of 574 Hb amino acid residues, four heme groups, and 260
water molecules. Two sulfates were identified in association
with the B-subunits, as described previously (Fronticelli et
al. 1994), and two RSR-13 molecules were allosterically
bound within the deoxy Hb central water cavity. The struc-
ture has a crystallographic Ry, of 17.7% and an R, of
20.8% for all data at 1.85 A resolution. The main chain-
dihedral angles for most residues in the final model (93.8%)
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lie in the most favored regions of the Ramachandran plot
(Laskowski et al. 1993), with the remainder in the additional
allowed region. Detailed crystallographic data are summa-
rized in Table 1. Overall, the electron density map of the
structure is very good, with only weak main-chain electron
densities observed for N-terminal residues 31Vall, B1His2,
and 2Vall. Both effectors are well ordered, as shown by
their refined 2Fo—Fc electron density maps (Fig. 2). Struc-
ture factors and the atomic coordinate set have been depos-
ited in the Protein Data Bank, entry code 1G9V.

Effector:deoxy Hb residue interactions

The co-crystallized structure indicates that two RSR-13
molecules, which will be referred to as 801 and 802, bind to
deoxy Hb along the central water cavity in twofold symme-
try-related, but not crystallographically identical, sites. Each
effector interacts with three different subunits (two a-sub-
units and one B-subunit of the deoxy Hb tetramer). Mol-
ecule 801 engages in contacts with residues from the al,
o2, and 1 subunits; molecule 802 makes symmetrically
related contacts with the a2, al, and (32 subunits. Table 2
summarizes hydrogen-bonding interactions between the two

Table 1. Crystallographic data and refinement statistics for
RSR-13:Deoxy Hb complex®

Data collection statistics

63.20 83.56 53.86 99.16
55.0-1.85 (1.91-1.85)

Unit cell dimensions
Resolution (A)

Observed reflection 165826 (14162)
Unique reflection 44139 (3912)
Completeness 93.7 (85.1)
Rmerge® 5.9 (27.1)

Refinement statistics

Resolution (A)
Number of reflections

55.0-1.85(1.91-1.85)
44139 (9721)

Rfactor® 17.7 (32.8)
Rfree® 20.8 (34.8)
rmsd from ideal values
Bond length (A) 0.011
Bond angle (°) 1.67
average B-values (A?)
All non-hydrogen atoms 22.2
Protein atoms 21.3
Heme atoms 194
Water atoms 36.2
Effector atoms 28.4
estimated positional error (Luzzatti)
Rfactor 0.21
Rfree 0.25

¢ Numbers in parantheses refer to the outermost resolution bin.

®Rmerge = () - /3L

¢ The Rfactor and Rfree are based on 95% and 5% of the reflections used
in the refinement, respectively.
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Fig. 2. Stereo figure of the final 2Fo—Fc electron density map of bound RSR-13 effector molecules at the allosteric sites contoured
at 1 o. The figures were generated with TOM (Cambillau and Horjales 1987).

effectors and the protein; Figure 3 sets out a two-dimen-
sional schematic of interactions by and surrounding RSR-13
(molecule 801).

The methylpropionic acid moiety of effector 801 fits into
a cavity surrounded by residues olThr134, a2Pro95,
o2Thr137, a2Tyr140, a2Argl4l, and B1Trp37 (Figs. 3,
4A). These contacts are mainly hydrophobic in nature, with
the exception of two water-mediated hydrogen bonds be-
tween the methylpropionic acid and the protein. The phe-
noxy ring of effector 801 is sandwiched between, and en-
gages in hydrophobic contacts with, residues alLys99,
a2Argl4l, B1Tyr35, and B1Trp37. Symmetry-related ef-
fector:protein interactions are found at the 802 allosteric
binding site.

The carbonyl oxygen (O16) of each effector forms a hy-
drogen bond with the side-chain amino group of aLys99 at
both allosteric binding sites. Interestingly, residues
alLys99 and o2Lys99, unlike other residues engaging in
interactions with the effectors, experience extensive side-
chain movement during effector binding. The native posi-
tion of a2Lys99 partially overlaps with the allosteric bind-
ing site of effector 802. The 3,5-dimethyl benzene ring of

Table 2. Hydrogen bonds between the RSR-13 effector and
Deoxy Hb at the allosteric site®

Interaction Distance

Effector Water® Protein Effector 801  Effector 802
02 Wat2  alLys99 (NZ) 3.3-3.0 —

03 Watl  «a2Argl4l (NE) 3.0-2.7 2.8-2.7
o7 Wat2  «alLys99 (NZ) 3.3-3.0 —

016 — alLys99 (NZ) 33 3.0
N17 Wat4  B1Tyr35 (OH) 2.9-3.1 3.3-2.9
N17 Wat3  alLys99 (O) 3.5-2.9 3.5-2.8
C18-C25°¢ — B1Asn108 (ND2) 3.2-3.8 3.3-3.8

aUpper limit of hydrogen bond contact set to 3.8A.

®Only waters that bind directly to RSR-13 are shown.

“ar-electrons of the dimethyl substituted aromatic ring engage in hydrogen
bond interactions with the ND2 of BAsn108.

effector 801 binds in a narrow hydrophobic pocket com-
posed of residues «alVal96, olLys99, «alLeul0O0,
alHis103, a1Phe36, and B1Asn108. As observed in Figure
4A, one of the methyl groups points toward the central
water cavity, while the other is oriented toward the hydro-
phobic binding pocket. Comparable symmetry-related inter-
actions are observed at the effector 802 binding site. Fur-
thermore, the m-electrons of the effectors 3,5-dimethyl ben-
zene rings engage in hydrogen bonds with the side-chain
amide nitrogens (ND2) of residue BAsn108 at both alloste-
ric binding sites. Perutz and Poyart (1983) have observed a
similar interaction between the m-electrons of a bezafibrate
aromatic ring and $Asn108.
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Fig. 3. Two-dimensional schematic of contacts between RSR-13, sur-
rounding Hb residues, and structurally conserved water molecules. Narrow
dashed lines indicate hydrogen bond and electrostatic interactions; broad
dashed lines indicate hydrophobic contacts.
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Water structure at effector binding sites

Several water-mediated hydrogen bonds exist between
RSR-13 and Hb residues, and contribute significantly to
effector binding. At the effector 801 binding site, seven
water molecules form a hydrogen-bonding network between
RSR-13 and several Hb residues (Figs. 3, 4A). These water
molecules are labeled Watl-Wat7. Water molecules Watl,
Wat2, and Wat6 are not found in the native deoxy Hb struc-
ture (Fermi et al. 1984), while water molecules Wat3, Wat4,
Wat5, and Wat7 are conserved, and are located in roughly
the same positions as observed in the native structure. All
water molecules at the 801 binding site are replicated at the
802 binding site, with the exception of Wat2.

The water labeled Watl mediates a hydrogen bond be-
tween the methylpropionic acid (O3) of effector 801 and the
guanidinium side-chain moiety of a2Argl41, while water
Wat2 bridges between the 801 methylpropionic acid (02)
and the side-chain amino group of alLys99. For effector
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Fig. 4. Stereoview of the allosteric site of effector 801.
Similar effector environment is observed at the effector
802 site. Protein and effector atoms are shown in stick,
and waters are spheres. For clarity, not all residues lining
the allosteric binding site are shown. (A) Interactions be-
tween effector 801 (cyan) and Hb residues from the al
subunit (green), a2 subunit (gold), and B1 subunit (ma-
genta) are shown. Oxygen and nitrogen atoms are colored
red and blue, respectively. Hydrogen bonds are indicated
by black dashes. (B) Superimposition of the allosteric site
of the native deoxy Hb structure (red) and the RSR-13:de-
oxy Hb complex structure (cyan). Note that the water
molecules Wat 3, Wat 4, Wat 5, and Wat 7 are conserved,
while Wat 1, Wat 2, and Wat 6 are unique to the com-
plexed structure, and Wat 8 is unique to the native struc-
ture. The figures were generated using InsightIl (Molecu-
lar Simulations Inc.) and labeled with Showcase.

802 a symmetry-related water-mediated interaction is ob-
served with alArgl41. However, water-mediated interac-
tions for the two effectors differ in that no structural water
is observed to bridge between the methylpropionic acid
moiety of 802 and the side-chain amino group of a2Lys99.
Significantly, the positioning and orientation of the meth-
ylpropionic acid moieties of the effectors in the high-reso-
lution structure differ substantially when compared to cor-
responding methylpropionic acid moiety positioning in the
low-resolution structure, which were shown to engage in
direct contacts with aArgl41 (Abraham et al. 1992a, 1992b;
Wireko et al. 1992). Water molecule Wat2 in the high-
resolution structure also links the ether oxygen (O7) of ef-
fector 801 to the amino group of alLys99 (Fig. 4A). There
is no such interaction at the 802 binding site, as this water
molecule is not present (vide supra).

The four conserved water molecules (Wat3, Wat4, Wat5,
and Wat7) and one non-conserved water molecule, Wat6 (in
the 801 binding site), form a network of hydrogen bonds
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that link the effector amide nitrogen atom (N17) to six Hb
residues (Figs. 3, 4A). Four of the water molecules (Wat3,
Wat4, Wat5, and Wat6) and the effector amide nitrogen
(N17) form a pentagonal network. All water molecules de-
scribed above are well ordered, as indicated by their B-
factors. Comparable waters and water-mediated interactions
are observed at the 802 binding site.

Comparison of the deoxy Hb:RSR-13
complex and native deoxy Hb

A least-square fit of all Ca in the RSR-13:deoxy Hb com-
plex and the native deoxy Hb structure produces an rmsd of
only 0.14 A. For all atoms, the rmsd is 0.52 A. The two
structures also display similar overall B-factors of 22.1 A?
and 24.8 A? respectively. Significant differences in the two
structures occur at the N-terminal residues: (1Vall,
B1His2, and B2Vall, and at the allosteric binding sites.
Furthermore, residue aGlu43, which is located at the o3,
(a,f3,) interface, also reorients to engage in a stronger hy-
drogen bond with BArg92 in the complexed structure.

Superimposition of the allosteric binding sites in the na-
tive deoxy Hb structure and the RSR-13:deoxy Hb structure
clearly shows that the side chains of both aLys99 residues
have reoriented to effect hydrogen bonds with the three
atom bridge carbonyl oxygens of both effectors (Fig. 4B).
Analysis of all other residues participating in effector bind-
ing indicates very little structural change.

Figure 5 displays B-factor plots for residues close to, and
lining, the effector 801 allosteric binding site in both the
native and complexed structures. A similar plot is obtained
for the effector 802 site. On average, B-factors for residues
are lower in the complexed structure. Of particular interest

are the residues olAspl26, alLysl127, o2Tyrl40, and
o2Argl4l. In native deoxy Hb (Bolton and Perutz 1970;
Ward et al. 1975; Fermi et al. 1984; Perutz and Fermi 1993)
strong hydrogen bonds between a2Argl41 and alAspl126,
and a2Argl41l and alLys127 are important for stabilizing
the deoxy state. During the transition from the T to R-state,
the hydrogen bond between o2Argl4l and alAspl26
breaks, and as a result, a2Argl4l becomes disordered
(Baldwin and Chothia 1979; Shaanan 1993). The interaction
between a2Argl41 and a1Lys127 is not lost during the T to
R-state transition; however, this bond is significantly weak-
ened in the T-state. Also, the penultimate residue a2Tyr140,
which hydrogen bonds with a1Val93 in the T-state, be-
comes less ordered in the R-State (Baldwin and Chothia
1979). The observed decrease in B-factor for these residues
in the effector:deoxy Hb complex is indicative of more con-
strained interactions between residue a2Argl41 and resi-
dues alAspl126 and alLys127, and also between residues
a2Try140 and «1Val93, and consequently, may lead to a
more stabilized deoxy Hb tetramer. Residues a1Lys99 and
31Asnl108 also display lower B-factors in the effector:de-
oxy Hb complex. In fact, examination of the native structure
indicates that the side-chain of alLys99 is highly disor-
dered, and that its position is tenuous.

Interestingly, residues BArgl04 and BGlulOl in the
RSR-13:deoxy Hb structure also display significant drops in
B-factors, but do not engage in direct contact with the ef-
fector. The reason for the drop in temperature for these two
residues is not clear, but appears to reflect a general de-
crease in B-factor for all residues adjacent to, and lining the
allosteric site in the complexed structure. In general, the two
allosteric binding sites are less ordered in the native deoxy
Hb structure, but become well ordered after effector bind-
ing.

60

Average B-factor (A?)

Fig. 5. B-factor plots for the native deoxy Hb structure
(thick lines) and the RSR-13:deoxy Hb complex structure
(thin lines). Shown are the average B-factors (A?) for the
main-chain (continuous lines) and side-chain (dashed
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Discussion

The ability of allosteric effectors to modulate Hb oxygen
affinity is based on the natural allosteric equilibrium be-
tween the T- and R-states of this protein. RSR-13 shifts this
equilibrium by stabilizing the T-state, leading to a decrease
in the oxygen affinity of Hb. The high-resolution structure
presented in this study provides a significantly more de-
tailed description of the RSR-13:deoxy Hb complex than
previously reported (Abraham et al. 1992a, 1992b; Wireko
et al. 1992). Examination of our structure indicates that two
allosterically bound effectors engage in several important
interactions that include not only direct effector—protein
contacts, but also water-mediated hydrogen bonds. Several
of these contacts were not identified for each bound effector
in the previously reported low-resolution structure.

Based on analysis of our structure, interactions between
alys99 residues and effector carbonyl oxygens (O16) at
both allosteric binding sites are extremely important in
regulating the allosteric equilibrium, as these interactions
serve to significantly stabilize the deoxy Hb dimer—dimer
interface. Similar analogs of RSR-13, with their carbonyl
oxygen pointing away from aLys99, do not lower the Hb
oxygen affinity as effectively as RSR-13 (Wireko et al.
1992). These analyses also indicate that insertion of the
effector 3,5-dimethyl benzene group, and particularly one of
its methyl substituents, into a hydrophobic groove of the
G-helix constrains deoxy Hb by preventing subunit rotation
during the allosteric transition. This is corroborated by stud-
ies that have shown decreased potency for analogs missing
one or both of these methyl substituents (Randad et al.
1992). Our RSR-13:deoxy Hb structure also indicates that
interactions between the amide ND2 of BAsn108 and the
m-electrons of the effectors 3,5-dimethyl benzene rings are
important for stabilizing the T-state. Kroeger and Kundrot
have shown that mutation of BAsnl108 to Lys results in a
marked decrease in Hb oxygen affinity (Kroeger and
Kundrot 1997). In the native deoxy Hb structure, 3Asn108
does not engage in any direct residue-residue interac-
tions, but does participate in a water-mediated hydrogen
bond with residue BTyr35. Upon mutation, a direct interac-
tion between mutant 3Lys108 and BTyr33 was observed to
stabilize the T-state. Similarly, RSR-13 hydrogen bonds
with BAsnl108 should also serve to further stabilize the
T-state.

The high-resolution structure reveals that water-mediated
interactions, which were not identified in the low-resolution
structure, are also important for RSR-13 binding. In par-
ticular, water-mediated interactions between the effector
methylpropionic acid moieties and the side-chain gua-
nidinium of aArgl41, in both allosteric binding sites, ap-
pear to be the key for allosteric potency. Preliminary struc-
tural analyses of RSR-13 analogs that do not maintain these
water-mediated interactions, but instead engage in direct
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hydrogen bonds with aArgl41, are weaker allosteric effec-
tors (Abraham, unpubl.). This observed decrease in potency
may be attributed to the movement of residue aArgl4l
upon effector binding, which subsequently weakens an im-
portant deoxy Hb stabilizing interaction between it and resi-
due aAsp126. During transition from the T- to the R-state,
aArgl41 moves by 7.5 A, and a salt bridge between it and
aAspl26 is lost. Mutant Hb aArgl41-His (Poyart et al.
1980) and aAsp126—Asn (Moo-Penn et al. 1977) have both
been shown to disrupt this salt bridge, and consequently
result in Hb with increased oxygen affinity (i.e., the T-state
of these mutants is destabilized). Our high-resolution struc-
ture reveals that the new water-mediated interaction be-
tween aArgl4l and RSR-13 does not significantly change
the original position of this residue compared with the na-
tive deoxy Hb structure. Thus, original residue-residue con-
tacts made by aArgl41 with aAsp126 are not significantly
perturbed upon effector binding. Conversely, when the
methylpropionic acid moieties of effectors engage in direct
interactions with the aArgl41 side-chain guanidinium moi-
ety, this residue reorients to facilitate the new interaction
with the effector, and its salt bridge with aAsp126 is weak-
ened. As a result, the deoxy state is less constrained, and
these effectors are less potent allosteric effectors than RSR-
13. In the high-resolution RSR-13:deoxy Hb complex, B
factors for both aArgl41 and aAsp126 are lower than ob-
served in the native deoxy Hb structure, which confirms that
the binding of this effector confers stability to these impor-
tant residues, and further stabilizes the T-state.

Finally, the extensive water-mediated interactions be-
tween the amide nitrogens (N17) of the RSR-13 effectors (at
both binding sites) and surrounding protein residues also
contributes significantly to effector binding, and addition-
ally stabilizes the T-state.

Conclusions

The high-resolution crystal structure of the RSR-13 co-crys-
tallized with deoxy Hb has provided new insights into the
atomic level intermolecular interactions that lead to the al-
losteric modification of Hb by this effector. The presented
analysis of interactions between RSR-13 and deoxy Hb will
aid in the identification of new sites of effector modifica-
tion, which will aid in the development of more potent
allosteric effectors. The well-ordered water molecules
around the effector may be targets for occupation by sub-
stituent polar atoms. In particular, the water molecules la-
beled Wat3 and Wat4 may be replaced with electronegative
atoms, which may directly interact with protein residues
(see Fig. 4A). Furthermore, the 3,5-dimethyl aromatic ring
may also be targeted as a site for the generation of addi-
tional hydrophobic interactions.
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Materials and methods

Crystallization, X-ray data collection, and processing

The synthesis of RSR-13 is described elsewhere (Randad et al.
1992). For RSR-13: deoxy Hb complex formation and crystalliza-
tion, a solution of 3.72 x 1072 mM of RSR-13 Na salt (13.5 mg)
was added to 7.44 x 10~ mM of oxygenated Hb solution in 50
mM Bis Tris, pH 6.8 (60 mg/mL). The complex was deoxygenated
under vacuum for 1 h. The reduced solution was reconstituted to
60 mg/mL with 10 mM phosphate buffer at pH 7.4 in a nitrogen-
filled glove box. The solution had a final ratio of five effector
molecules to one Hb molecule. Crystals were then grown in 3.6 M
sulfate/phosphate precipitant (pH = 6.5) by the batch method as
described by Perutz (1968). X-ray quality crystals grew within 5
days. Crystals for diffraction were mounted in a capillary between
layers of mother liquor under nitrogen atmosphere.

X-ray diffraction data were collected using an R-axis II image
plate detector equipped with a Rigaku RU-200 generator operating
at 50 kV and 180 mA. The space group is P2, with one molecule
in the asymmetric unit. The crystal is isomorphous to that of the
native deoxy Hb structure (Fermi et al. 1984). Diffraction data
were collected at room temperature to 1.85 A, and processed using
the program Biotex from Molecular Structure Corporation and the
CCP4 suite of programs (CCP4 1994). The final structure factor
file contains anomalous differences, and was used to refine the
structure. Data collection and processing statistics are summarized
in Table 1.

Structure refinement

The isomorphous 1.7 A native deoxy Hb structure (PDB code
1HHB) (Fermi et al. 1984), excluding the water and phosphate
molecules, was used as the starting model for the refinement of the
complex. The refinement was performed with the X-PLOR pro-
gram (Brunger 1992a), with a bulk solvent correction applied. A
statistically random selection of 5% of the total reflection data was
excluded from the refinement and used to calculate the free R,
(Rjee) @s @a monitor of model bias (Brunger 1992b). The model was
subjected to positional refinement with data from 55.0 to 2.0 A and
extended to 1.85 A. The 2Fo—Fc and Fo—Fc electron density maps
indicated clear densities for two sulfates at the [3-subunits, and also
two molecules of RSR-13 at the allosteric binding sites, as previ-
ously observed (Abraham et al. 1992a, 1992b; Wireko et al. 1992).
The sulfate and RSR-13 molecules were added to the model. The
model was then subjected to three alternate rounds of positional
and simulated annealing, with the addition of water molecules and
manual adjustments of some side chains. Only water molecules
with B-factors less than 55 A2 were retained in the model. All
model building and model corrections were carried out using TOM
(Cambillau and Horjales 1987). Refinement statistics are summa-
rized in Table 1.
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