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ABSTRACT Our study examines the functional and structural effects of amino acid substitution in the distal side of B-chains of
human Hb Duarte (a85242~P). We have compared the functional properties of the purified Hb Duarte with those of HbA, and
through proton NMR and molecular dynamics simulations we have investigated their tertiary and quaternary structures. The
variant exhibits an increased oxygen affinity with a normal Hill coefficient and Bohr effect. The abnormal function of Hb Duarte is
attributed to the presence of a proline residue at the 862 position, since the functional properties of another Hb variant in the
same position, Hb J-Europa (852412~ A%P) have been described as normal. Thereafter 'H-NMR studies have shown that the 362
Ala— Pro substitution causes structural modifications of the tertiary structure of the 8 globins, leaving the quaternary structure
unaltered. These results have been confirmed by extensive all-atom molecular dynamics simulations. All these findings lead
to the conclusion that the g62 Ala— Pro substitution produces a destabilization of the E-helix extending downward to the CD
corner. Particularly, a cavity near the distal histidine of the B-chains, connecting the heme pocket to the solvent, is affected,

altering the functional properties of the protein molecule.

INTRODUCTION

The crucial structure-function connection is classically rep-
resented by the role of hemoglobin (Hb) in the respiratory
process (see the recent review of Lukin and Ho (1)). The
allosteric behavior of the hemoglobin in favoring oxygen
binding and releasing is a textbook example. However, de-
spite the impressive number of investigations and amount of
available data starting from the x-ray structures of Perutz
(2,3), the open questions related to the structure-function para-
digm in the respiratory proteins are far from being reduced
and need an enlightening study. The complexity of the
globular molecules at the level of number of degrees of free-
dom as well as of involved interactions calls for a continuous
deepening process in the research. Hence, the effects of a
point mutation in the amino acid structure of the protein are
hardly traced back to an intuitive and immediate change in
the protein function. However, this information is important
at a clinical level for identifying possible connections be-
tween mutations and pathological aspects but can also open
new scenarios for achieving results in the realization of blood
substitutes (4,5). Thus, a multi-disciplinary study is strongly
required to enlighten such issues.

The use of such an investigating strategy allows the com-
parison and the connection between different time and size
scales, aiming at a strong interplay and a continuous feedback
between techniques and investigation ranges. From the experi-
mental side, proton NMR spectroscopy has been widely used
to deepen the tertiary and quaternary structure of the HbA in
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the ligated (R) and unligated (T) status (6—10). Functional
characterization can yield specific data of biochemical and
biological interest, enabling the identification of mutants and
their oxygen-binding properties. Especially for this latter, the
timescales are meso- to macroscopic, but the extracted data
take the burden of identifying specific biological aspects.
Apparently, computer simulations cannot handle these tem-
poral ranges, as nanosecond time intervals are already a
severe challenge for classical molecular dynamics (MD) sim-
ulations. Thus, the goal of all-atom molecular modeling is
not to directly tackle questions related to allosteric motions.
However, since the biological activity of hemoglobins de-
pends also on other factors (i.e., ligand partitioning between
the solvent phase and the protein matrix, transport across the
polypeptide matrix to the coordination position, and the bind-
ing process), there are several aspects that can be clarified
by MD simulations and can be discussed in connection to ex-
perimental data.

All-atom MD simulations are a very powerful tool for
investigating dynamical and structural features at a high
accuracy level. Impressive results have been achieved on
different biological systems: myoglobins, enzymes, and ion
channels are only a few examples (11-14). However, due to
the complexity of the interactions, effects, and mechanisms
involved in hemoglobin problems, a very limited number of
MD simulations are present in the literature and are always
based on severe approximations concerning the simulation
times and/or the description of the solvent. In the past, such
approximations have led to an incorrect structure in the study
of another mutation (15), as shown after a few years by
experimental methods (16). Our MD study relies on an all-
atom description of the system (hemoglobin and solvent) to

doi: 10.1529/biophys;.106.083170



3530

possibly catch essential keynotes characterizing structure,
function, and solvent interactions. Our state-of-the art micro-
scopic modeling is the only way to capture such features.

In this work we investigate in detail the structure of a
naturally occurring mutant with the aim to correlate func-
tionality and structural properties at different level (meso-
scopic and microscopic), possibly identifying the hallmarks
of specific mechanisms. In tune with this spirit, analysis of the
substitution-induced structural changes can provide a basis
for understanding the functional consequences of the substi-
tution: altered cooperativity, an oxygen affinity that can be
moderately higher or moderately lower than that of HbA,
and possible instability of the tetramers (17-20). We have
focused our attention on the Hb Duarte (azﬁnglaﬂpr") @210).
The residue B62(E6) is external and lies close to distal heme-
linked histidine (E7) that, although not directly involved in
the heme contacts (22), helps maintain the stability of the E-
helix. Since proline can only be tolerated as one of the first
three residues of the regular E-helix, the substitution $62
Ala—Pro must be expected to disrupt the helix, conse-
quently changing the functionality of the protein. In Fig. 1 the
substituted alanines are shown in yellow.

Previous work (21) demonstrated that Hb Duarte has a
high oxygen affinity. The presence of this hemoglobin
variant offers the opportunity to deepen the role played by an
amino acid in determining structural modification, which
reflects on functional behavior. A normal oxygen affinity has
been reported for Hb J-Europa, a variant affecting the same
residue as Hb Duarte (23). In this case the Ala residue at
E6 is replaced by Asp. The resulting variant, despite the
introduction of a negatively charged residue near the distal

FIGURE 1 Deoxy hemoglobin with the a1 (red), a2 (orange), B1 (blue),
and B2 (gray) subunits. Heme groups are evidenced via licorice represen-
tation, and the substituted ALA residues are in yellow. This figure as well as
all the structural figures were obtained with the visualization program VMD
(59).

Biophysical Journal 91(9) 3529-3541

Ceccarelli et al.

histidine, shows normal oxygen-binding properties. How-
ever, a molecular picture of these yields is missing at the
structural as well as the dynamical level; and to acquire such
a picture, an NMR investigation and MD simulations at an
all-atom level and in explicit solvent have been carried out
on Hb Duarte for several nanoseconds with the aim to
capture the local rearrangements produced by the mutation.
Note that the affinity issue has raised interest in connection
with the screening of possible blood substitutes. Recent work
(4,5) has stressed the importance of having a high O, affinity
for cell-free polymerized hemoglobins to successfully ensure
a reliable functionality.

An important question concerns the validity of the sim-
ulations on the hemoglobin variant starting from the HbA
structure, that is, to extract the starting mutated structure not
from x-ray data but from the HbA via a by-hand docking.
Kim et al. (15) pointed out the importance of reliable NMR
data for both hemoglobins to infer the difference on the qua-
ternary structures. Only small departures between these latter
validate the set-up procedure and the validity of the simu-
lations. As described below, this is the case for this study, as
shown by our NMR structural analysis. Simulations have
been carried out for both deoxy- and oxyhemoglobins (HbA
and Hb Duarte). Since the extracted trends associated with
the mutation are similar in oxy and deoxy structures, we have
essentially focused our discussion on the deoxy form.

MATERIALS AND METHODS
Functional techniques
Blood samples

After informal consent, venous samples from heterozygote carriers were
collected using heparin as an anticoagulant. Cells were washed in an
isoosmotic NaCl solution.

DNA analysis

DNA was extracted from peripheral blood samples with the saline method.
To obtain the definition of mutations, DNAs of & and  globin genes were
amplified by polymerase chain reaction (24) and directly sequenced with the
Sanger procedure.

Hemoglobin analyses

The red cells were lysed by adding distilled water in a 1:1 ratio and then
centrifuged for 30 min at 12,000 X g to remove the ghosts. The hemolysate
was analyzed by isoelectrofocusing (IEF) in 5% thin layer polyacrilamide
gels (Pharmalyte pH range 6.7-7.7; Amersham Pharmacia Biotec AB,
Buckinghamshire, UK) (25).

Dissociated globin chains were analyzed by reverse-phase high perfor-
mance liquid chromatography (RP-HPLC; Agilent 1100 series, Agilent
Technologies, Milan, Italy) on a Zorbax 300SB-C18 column (Agilent
Technologies). Each chromatogram was developed at room temperature
with a linear gradient from 60% to 80% of the solvent A (50% acetonitrile,
20% methanol, 30% NaCl, 155 mM) in solvent B (25% acetonitrile, 40%
methanol, 30% NaCl, 155 mM). The solvent program was a 90-min gradient
with a flow rate of 1.4 ml/min. Absorbance was monitored at 215 nm. The
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components present in the hemolysate were purified by ion-exchange
chromatography (IEC) using a HilLoad Q column (Amersham Pharmacia
Biotec AB). The column was first equilibrated with 20 mM Tris-HCl buffer,
pH 8.0; then the pH was decreased to 7.0 with a linear gradient. Absorbance
was monitored at 280 nm. The purity of the two Hb variants’ was checked by
IEF and RP-HPLC. The 2,3-diphosphoglycerate (2,3-DPG) bound to
abnormal Hb was removed during the process of isolation.

Functional studies

Oxygen-equilibrium curves were obtained at 25°C and 37°C, in the pH
range 6.5-7.8, at an Hb concentration of 5 mg/ml by the tonometric method
as described by Giardina and Amiconi (26). The values of pso show an aver-
age standard deviation of =3%. Experiments were carried out in 100 mM
Tris/HCI or bisTris/HCI buffers, containing 100 mM NacCl, in the presence
and absence of 5 mM 2,3-DPG. The amount of met-Hb contained in the
samples, after oxygen-binding experiments, was determined spectrophoto-
metrically and ranged from 2% to 7% of total Hb.

NMR

The 'H-NMR spectra were recorded on a Varian (Palo Alto, CA) Unity-
Inova spectrometer at a resonance frequency of 399.948 MHz. All Hb
samples (~3%) were dissolved in 0.1 M sodium phosphate buffer (10%
D,0) at pH 7.0. The experiments were performed at 29.0°C * 0.1°C for Hb
in the CO form, whereas 29.0°C, 36.0°C, and 41.0°C were the experimental
temperatures used for Hb in the deoxy form. The samples treated at higher
temperature underwent an additional check, collecting the spectrum at
29.0°C to verify that the observed chemical shift variation could not be
ascribed to denaturation effects. All the "H-NMR experiments were carried
out on 5-mm Wilmad high-pressure NMR tubes (outside diameter 5 mm and
inside diameter 4.2 mm) using 3.7-us pulse (90°), 1-s repetition time, and
spectral width of 12 kHz for CO form and 80 KHz for deoxy form. Fifty-
hertz exponential line broadening was applied to increase the signal/noise
ratio for the very low signals in the deoxy form, and 5 Hz was used for all the
other signals in the deoxy and CO form.

Suppression of the intense water signal was achieved by direct saturation
during the relaxation delay. The accuracy of chemical shift measurements in
our samples was determined by repeating the experiments with three dif-
ferent samples and were found as follows: +0.08 ppm for the resonances in
the CO form and in the range 10-25 ppm in the deoxy form; *0.3 ppm for
the hyperfine shifted proximal resonances NsH exchangeable resonances in
the region 60 to 80 ppm in the deoxy form. Chemical shifts in all spectra are
referenced to DSS (2,2-dimethyl-2-silapentane-5-sulfonate) through the
water signal set at 4.80 * 0.05 ppm.

Molecular dynamics simulations

We performed state-of-the-art MD simulations at an all-atom level on the T
deoxy form (Protein Data Bank (PDB) code: 1hbb; resolution 1.9 A) and on
the recent RR2 oxy structure (PDB code: 1MKO, 2.18 A). The RR2 struc-
ture we used as starting point is more recent with respect to the R structure
and with similar resolution provides the whole tetramer, contrary to the
R structure where we have just two monomers and the tetramer is obtained
by symmetry. All simulations have been performed using the program ORAC
(27) with the Cornell et al. 1994 force field (28) and TIP3P water (29).
Given the spherical shape of hemoglobins, to reduce the number of water
molecules without changing the dimension of the solvation shell, we in-
serted the protein in a truncated octahedron cell with an initial size of 80 A,
resulting in a system of ~37,000 atoms for both oxy and deoxy forms (9500
water molecules including the crystallographic waters). It should be pointed
out that previous MD simulations (15) on hemoglobins were based on severe
approximations concerning the limited number of water molecules explicitly
treated in the simulations. The smoothed particle mesh Ewald (SPME)
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scheme (30) has been used to treat long-range electrostatic interactions, as-
suming a 10-A cutoff in the direct space (equal to the one assumed for the
Lennard-Jones potential), an 80 X 80 X 80 grid (this corresponds to a grid
space <1 A in the relaxed structure) with a 5 B-spline order interpolation,
and a 0.40-A~" cutoff in the reciprocal space. Constraints on the bonds
involving H atoms were imposed via the SHAKE-RATTLE algorithm asso-
ciated with a 5 shell rRespa algorithm (31) with time steps of 12, 4, 2, 1, and
0.5 fs, respectively. Starting from x-ray structures hydrogens are not as-
signed. This task is straightforward for all amino acids except the charged
groups and histidines. Whereas for the former we used standard protonation
at neutral pH, as done in other investigations, for the latter we followed the
NMR assignments (32), without distinguishing between oxi and deoxy forms.

Another important point is the parametrization of the heme-histidine
covalent environment that differs for the T and R structures. Although
bonded and nonbonded parameters for heme are present in the Amber force
field parm94 (28), we make use of the distances and bending angles in-
volving the iron and nitrogens of the heme and the proximal histidine as
evaluated by Rovira and co-workers in their ab-initio-based investigation
(33,34): d(Fe,His-N,) = 2.08 A (bound) and 2.14 A (unbound),
O (Neme,Fe,His-N,) = 90° (bound) and 110° (unbound).

The simulation protocol for both deoxy and oxy forms consisted of a
preliminary 3-ps minimization at 50 K with the protein’s atoms kept fixed
and free solvent molecules and of a subsequent slow-stepped-heating
procedure: 100 K (6 ps), 200 K (18 ps), 250 K (36 ps), and finally 300 K (36
ps). Since the density of our system was unknown, the Parrinello-Rahman
(35) scheme was followed at 250 K to carry out simulations under constant
pressure, in our case 10> Pa, varying the box isotropically. This first relaxa-
tion produced a decrease of the size of the simulation cell from 80 to 77.6 A.
After the volume equilibration we simulated hemoglobins for 3 ns in the
isothermal-isobaric (NPT) ensemble to obtain a good relaxation of the solvent.
At the end of this latter cycle we introduced by hand the mutation substituting
the alanine amino acids in prolines at the positions E6 of the 3-chains. Both
the HbA and mutated systems were simulated for an additional 6 ns (deoxy)
and 3 ns (oxy) saving data every 1000 fs. This procedure allows us to follow
relaxation of both systems and compare them to possibly point out the
structural and dynamical perturbations induced by the mutation.

Cavities calculations

The cavity volumes of HbA and Hb Duarte hemoglobins were calculated
with VOIDOO (36,37), a computational tool for evaluating molecular
volumes and studying cavities in macromolecules such as proteins. In the
program, the cavity volume is defined as the volume swept out by a probe
sphere rolling over the molecule surfaces. The contacts between the probe
sphere and the van der Waals protein surface delimit the probe-occupied
cavity, which is similar to the Connely-type surface (38).

For the systems considered in this work volumes were calculated on 600
structures extracted from the MD simulations, corresponding to a structure
each 10 ps of the simulation. The evaluated volumes appeared very sensitive
to the input values of the grid size and the probe radius. Different probes,
with radius ranging from 1.0 to 1.4 A, and grids from 0.3 to 0.5 A were
tested. A probe radius of 1.4 A (corresponding to a volume of 11 A*) and an
initial grid of 0.35 A, with a volume refinement <1% (corresponding to a
final grid of 0.15 A), gave the most reliable results since the volumes were
found consistent with those reported in the analysis of cavities in the sperm
whale myoglobins (39).

RESULTS
Functional analysis

DNA analysis

Analysis of amplified DNA showed in the propositus the
presence at codon 39 of the B-globin gene of a nonsense
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mutation in the heterozygous state. Direct DNA sequencing
on amplified o globin genes revealed a single nucleotide
mutation C— A at codon 68 that results in the Asn— Lys
amino acid substitution, whereas sequencing of 3-globin genes
revealed a mutation at codon 62 G— C with the Ala— Pro
substitution.

Hb analyses

The IEF procedure on hemolysate revealed the presence of
two hemoglobins that have been separated by IEC. Fig. 2 a
shows the hemoglobins purified. The Hb component that
moves like HbA (20) corresponds to Hb Duarte
(apB5*Ma7Pro) a5 confirmed by RP-HPLC analysis (Fig. 2 b).

Functional studies

The experimental data reported previously (21) have de-
scribed only partially the functional properties of Hb Duarte.
In this work, we have analyzed the oxygen ligand properties
at 25°C and 37°C on purified Hb Duarte compared to HbA,
both in the absence and presence of 2,3-DPG. From Fig. 3 it
is clear that this variant possesses an oxygen affinity higher
than that of HbA at all experimental conditions examined.
Its cooperativity, 2,3-DPG response, and Bohr effect were
not appreciably different from those of HbA. At 37°C the
isopropanol test indicated that the hemolysate is slightly
unstable compared with that of HbA.

NMR

NMR spectra of Hb Duarte 362Ala— Pro in the deoxy and
carbonmonoxy form were compared to those of native HbA
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to define effects of amino acid change on the heme envi-
ronment and subunit interface interactions.

Heme environment

The "H-NMR spectra resonances of HbA and Hb Duarte in
the CO form from 0.5 to —2.5 ppm are reported in Fig. 4.
These 'H resonances arise from protons of the amino acid
residues close to the heme distal and proximal cavities of the
Hb molecules and are known to be sensitive to the heme
orientation and their environment (6,40). The two resonances
at —1.72 and —1.82 ppm, situated in the distal cavity, have
been assigned to the y,-methyl group of the E11Val of the
a- (62Val) and B-(67Val) chains, respectively.

In the "H-NMR spectrum from Hb Duarte, the resonance
assigned to a62Val results shifted downfield to —1.71 ppm
and the resonance assigned to 867 Val shifts upfield to —1.84
ppm. The chemical shifts of the y2-methyl group result
essentially unaffected, in the limit of the experimental errors,
by the 62Ala— Pro substitution in the 3-chain compared to
the corresponding signal in the HbA. Small differences in the
intensity and frequencies of the unassigned resonances are
observed in the Hb Duarte except in the HbA in the region
from 0.5 to —1.5 ppm. These minor changes have been
attributed to slight adjustments of the conformation of the
heme and/or the amino acid residues in the heme proximity
as a result of the mutation (8,9,15,40,41).

The 'H-NMR spectrum of Fig. 5 shows the large
downfield hyperfine shifted signals assigned to NsH ex-
changeable protons of the proximal histidine residues (42,43)
of the deoxy HbA and Hb Duarte collected at 29.0°C. In the
HbA "H-NMR spectrum the signal at 63.9 ppm is attributed
to 87His in the a-chain, whereas the signal at 75.9 ppm is
attributed to 92His in the B-chain. The chemical shift of the

FIGURE 2 (a) IEF of total hemolysate

A 0 -/:_:, e b S W I W (line 1), HbA (line 2), and Hb components
¢ 'H!’ Ny (7 [~~~ purified by IEC (lines 3 and 4); (b) RP-

HPLC of the globin chains of HbA and
purified Hb Duarte.
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resonance assigned to the NsH in the Hb Duarte are down-
field shifted to 76.5 ppm for the S92His, whereas the chemi-
cal shift of the «87His resonance, 63.9 ppm, does not change.

In the range 10-25 ppm of HbA and Hb Duarte in the
deoxy form (Figs. 6 and 7), several resonances are present
which arise from protons on the heme groups and nearby
amino acid residues hyperfinely interacting with the unpaired
electrons of iron in the heme (6).

The hyperfine shifted resonances of the Hb Duarte
spectrum collected at 29°C show chemical shift changes at
~11.9 and ~14.6 ppm and at ~22.8 and ~21.8 ppm; these
last two resonances are associated with protons in the
B-chains of deoxy HbA (42). No changes are observed in the
other range, 16-21 ppm, the resonance at ~18.7 ppm is as-
sociated with protons in the 8 chains, and the resonance at
~17.1 ppm is assigned to the protons in the a-chains of deoxy
HbA (42). It is clear from these spectra that substitution at the
B62Ala— Pro position causes adjustment of the configura-
tion of the amino acid residues and/or the heme groups in the

-CHa E11Val
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o
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Hb-Duarte

Hb-A
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FIGURE 4 Downfield ring current-shifted resonances of HbA and Hb
Duarte in the CO form.

B-chains, leaving unperturbed the corresponding groups in
the a-chains.

In the range 11.0-16.0 ppm new resonances appear at
~12.1 and ~15.1 ppm, this last resonance being very large.
Contemporaneously, the disappearance of the signals at 14.6
and 11.9 ppm in the deoxy Hb Duarte spectrum collected at
29.0°C is observed. When the spectrum is collected at higher
temperatures, 36.0° and 41.0°C, the two peats at 12.1 and
15.1 ppm are shifted. The temperature-sensitive chemical
shift position indicates that these new resonances are likely
to be hyperfine shifted resonances rather than exchangeable
resonances (44,45). For HbA and Hb Duarte the differences
in the ring current-shifted and hyperfine-shifted proton reso-
nances clearly suggest that the substitution of S62Ala— Pro
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FIGURE 5 Downfield hyperfined-shifted NsH of proximal histidines
resonances of HbA and Hb Duarte in the deoxy form.
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causes significant changes in the conformation of the heme
pockets in the Hb Duarte.

Exchangeable proton resonances

Several exchangeable proton resonances in the range 1015
ppm are present in the "H-NMR spectrum (Fig. 7) of the
deoxy HbA (T). They are considered sensitive indicators of
the T quaternary structure (46,47). The resonances at 14.1 ppm
and at 11.2 ppm have been identified as the intersubunit
H-bond between a42Tyr and B99Asp and between a94Asp
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and B37Trp in the o3, interface. The analysis of these
proton resonances gives indications on the quaternary con-
formational modifications, as a consequence of residue
substitutions, in the T state (10,32,46—48). The resonance
at 13.2 ppm has been assigned to the H-bond between
a103His— 131GlIn in the a8, subunits interfaces in the
deoxy state of HbA (48). The chemical shift position of the
resonance attributed to the H-bond between «103His—
B131GIn in the spectrum of Hb Duarte is exactly the same
as this of HbA, indicating no perturbation in the 13 subunit
interfaces in the deoxy Hb Duarte. However, the resonances
at 14.1 ppm and 11.2 ppm in the HbA are slightly downfield
shifted, 0.11 ppm and 0.13 ppm, respectively, indicating that
the perturbations are not just confined to the substitution site
and that the 862 Ala— Pro mutation can affect the a8,
subunits’ interfaces in the deoxy state of Hb Duarte.

Fig. 8 shows the exchangeable proton resonances of HbA
and Hb Duarte in the CO form. These resonances belong to
the exchangeable proton resonances in the subunit interfaces.
The "H resonance at 12.8 ppm has been assigned to a122His,
making a water-mediated hydrogen bond with B35Tyr,
whereas the resonance at 12.1 ppm has been assigned to
a103His hydrogen bonded to $131Gln (32,49-51). Both
H-bonds are located in the «;B; subunit interface of the
HbA. These exchangeable 'H resonances are considered
excellent markers for the legated quaternary structure (R).
Their chemical shift positions in Hb Duarte are exactly the
same as those of HbA, indicating no perturbation on the
o131 subunit in the CO form of Hb Duarte. The resonances
at 10.2 ppm, 10.4 ppm, and 10.7 ppm have been assigned to
the 'He of B15Trp, a14Trp, and B37Trp in the spectrum of
HbA in the CO form, respectively (10,32). These three
resonances as observed for the resonances at 12.8 ppm and
12.1 ppm do not change in the spectrum Hb Duarte.
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MD results

The structural analysis was performed monitoring the fol-
lowing features of the deoxy tetramer:

1. Total Xrms. Xrms is the instantaneous mean-square devi-
ation of C, carbons from their x-ray structure. This devia-
tion is calculated after performing a rigid body fit of the
two structure (rigid translation and rotation) that mini-
mize the deviation itself;

2. Chain Xrms (total and relative);

. Secondary Xrms;

4. Hydrogen bonds involved in the a-3 interfaces and in the
mutation region.

98]

The presentation of the results starts with those related to
the HbA. Then, the mutated system will be reviewed. We
have performed MD simulations for both deoxy and oxy he-
moglobins (HbA and Hb Duarte). Since the extracted trends
associated to the mutation are similar in oxy and deoxy struc-
tures, we have essentially focused our discussion on the
deoxy form.

HbA

A first issue we addressed concerned the stability of our
simulated system. According to the total Xrms shown in
Fig. 9 a the structure is very stable: the Xrms is practically
constant for the entire production run (9 ns) and does not
exceed a value of 1.2 A.

The result is remarkable because we are dealing with a
protein made by four subunits held together by H-bonds.
Hence, the predictive power of the simulations is potentially
increased, relying on the validity of the interaction param-
etrization. The relative stability of the four subunits is
inferred from the analysis of the deviations from the x-ray
counterparts represented by the black curves in Fig. 9, b—e,
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FIGURE 9 Xrms of deoxy HbA: (a) tetramer, (b)—(e) B2, a2, B1, and
al chains, respectively. The black curves refer to the deviations, the gray
curves to the absolute deviations.
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for the B2, a2, B1, and a1 chains, respectively. The a-chains
deviate less from the corresponding x-ray structures than the
B ones, 0.8 Avs. 1.2, A, However, to discriminate between
an internal motion of the subunit and a motion of the whole
subunit, we plot in the same figure the absolute deviations
(gray curves) that account also for the rotations and trans-
lations of the subunit within the box. Apart from the 82 chain
at the beginning of the simulation (Fig. 9 b), the gray and black
curves do not differ remarkably for each subunit. This means
that the deviation from the x-ray structure during the simu-
lation should be traced back to internal motion of the mono-
mers, with possible larger fluctuations in the 8-chains than in
the a-subunits. It should be pointed out that the Xrms are
evaluated considering the contributions of the backbone and
not those of the lateral chains. The inclusion of these latter
would slightly increase the deviations but not affect the
previous conclusions on the stability of the simulations.
The simulations also yielded information on the secondary
structure, i.e., on the proximal and distal (E- and F-) helices
of the subunits (data not shown). For all the subunits the
deviations from the x-ray structure are small for both kinds
of helices (0.4 A) with larger fluctuations for the $-helices.
The calculated absolute deviations for these latter are of
the order of 1.2. A, practically the same value obtained for
the entire B-chains. This accordance is a further fingerprint of
the internal motion origin of the departure from the x-ray
structure during the simulation. In conclusion, the analysis of
the data for the HbA system provides evidences of a very
stable simulated structure, enhancing the confidence in the
simulation scheme as well as in the used force field.

Mutation and function-structure relation

The same kind of analysis used for the HbA is applied to the
mutated structure. Fig. 10 shows the deviations from the
x-ray structure of the HbA (black curves) and of the mutated
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tetramers (gray curves). The tetramer structure of the
mutated hemoglobin is characterized by a slight increase of
the Xrms with respect to that of the HbA (Fig. 10 a). Despite
the increased deviation, the simulations can be considered
quite stable. The tertiary structure exhibits a small drift for
the B-chains (Fig. 10, b and d), whereas practically no
changes are noticed in the a-chains (Fig. 10, ¢ and e), this
pointing out the localization of the induced rearrangement
on the mutated chains. The inspection of the secondary
structures reveals increased deviations from the x-ray
structure for the two (-distal helices with respect to the
HbA: 0.4 A for this latter, 0.8 A for the mutated system.
The proximal helices appear to be unaffected by the
mutation. The augmented deviation from the x-ray structure
for the distal helices arises from the break of the helices
exactly at the mutated site (E6). The breaking is accompa-
nied by a displacement of the E1-E6 portion toward the
heme. Additional insights into these changes can be gained
by monitoring the contacts of the involved residues, as
illustrated in the Discussion.

DISCUSSION

The discussion is organized following an analysis of the
structural behavior of the hemoglobin regions mostly af-
fected by the mutation and/or crucial in possibly determining
the affinity of the molecular system.

Quaternary and tertiary structures

The simulation findings and the NMR data point out the
absence of mutation effects on the quaternary structure.
According to the NMR data, the T state and the R state
intersubunit contacts are unaffected by the 862Ala— Pro
mutation. The exchangeable 'H resonances arising from
a42Tyr—B99Asp and a94Asp—37Trp, characteristics of the
integrity of the T state, and the «122His—B35Tyr and
a103His—3131GIn in the R state are at the same position in
both HbA and Hb Duarte. The slight shift to low field
observed for a42Tyr—399Asp and a94Asp—B37Trp seems
to be limited to minor adjustments of the a3, interface,
whereas the a8 interface is totally unaffected.

The very minor structural perturbations observed in the
quaternary structure at the level of the a3, interface do not
seem to modify the protein functionality associated to confor-
mational changes: the essential features of the quaternary tran-
sition R <> T are preserved upon mutation as confirmed by the
unaltered cooperativity, DPG effect, and Bohr effect pin-
pointed by experiments (see the section Functional analysis).

In tune with this issue is the comparison of the simulated
Xrms for the tetramer of HbA and Hb Duarte (Fig. 10 a) that
suggests the absence of mutation effects on the quaternary
structure, at least for the time spanned by MD calculations.
Note that the MD simulation times are of the order of tenths
of nanoseconds, whereas quaternary structural changes occur
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on the microsecond scale. Nevertheless, the successful com-
parison with the NMR data confirms that the fingerprints of a
stable quaternary structure extracted from MD results could
be valid on the longer timescale.

These conclusions are also confirmed by the results of the
simulations collected in Fig. 11. Here the probability distri-
butions of the distances characterizing the switch region for
the HbA (solid curves) and Hb Duarte (dotted curves) are
shown. The solid and dotted curves practically coincide for
the «103His—3131GlIn distance, whereas a slight broadening
in the a42Tyr—399Asp and a94Asp—337Trp distance distri-
butions is observed, in agreement with the experimental data.
Notice the small departure of the most probable MD dis-
tances from the x-ray data (dot-dash lines in Fig. 11). Thus,
the "H-NMR and MD results of deoxy Hb Duarte indicate that
the effect of the mutation is limited mostly to changes in the
environment of the proximal heme pocket of the 3-chains.

Heme region

According to the NMR data, the mutation does produce ap-
preciable perturbation in the region around the proximal
heme pocket of the B-chains. Following the time evolution of
the region during the simulations we have extracted some
fingerprints of a structural change involving the histidines F8
(a87His and B92His) and the leucines F4 (a83Leu and
B88Leu). Probability distributions of the representative dis-
tances and angles of H-bonds between F8 and F4 are
collected in Figs. 12 and 13, respectively. The geometrical
arrangement of the two residues is characterized via the
reciprocal positions of two N atoms of F8 (Ns and Nycp, in
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FIGURE 11 Probability distributions of the distances in the switch region

of the deoxy Hbs: (upper panel) Asp-94-Trp-37 at the a1B2 interface;
(central panel) His-103—GIn-131 at the a1B1 interface; (lower panel)
Tyr-42—Asp-99 at the a182 interface. Solid and dotted curves are for HbA
and Duarte variants, respectively. The dash-dot lines indicate the corre-
sponding distances in the x-ray structures.
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FIGURE 12 Probability distribution of the distances Ns(His F8)-CO(Leu
F4) (black curves) and Nyxpn(His F8)-CO(LEU F4) (gray curves) for the
deoxy Hbs. The solid and dotted curves refer to data for HbA and Hb Duarte,
respectively. In the inset, the N ions and the leucine residue involved in the
formation of H-bonds are shown.

the inset of Fig. 12) and the CO group of F4. For the
a-chains, the curves for HbA and Hb Duarte perfectly
overlap (see lower panels of Figs. 12 and 13) whereas some
differences are present for the 8 chains (see Fig. 12). The
probability distribution of the CO-Nyp, distance is shifted
toward larger values in the Hb Duarte variant than in HbA.
Such a shift is not observed in the distribution of the CO-Ng
distance. An increasing distance weakens the strength of the
associated H-bond. The angular distribution does not exhibit
any difference between HbA and Hb Duarte, and only a
general enhanced planarity of the CO-Nyy,, bond compared
to the CO-Nj one is observable in Fig. 13.

The decreased strength of the H-bond connecting the F8
and F4 residues might be interpreted as a tendency of the de-
oxy variant toward the R state with a consequent change in
the affinity of the system. Table 1 emphasizes the H-bond
removing action associated with the mutation. The occur-
rence frequencies of H-bonds detected during the simulation
on HbA and Hb Duarte: are there collected in this latter there
is a noticeable decrease of H-bonds in the -chain with
respect to HbA (the occurrence probabilities are 68% and
82%, respectively). However, the tendency toward R can be
ruled out, since the structural parameters involving the heme
do not show any fingerprints of R-state-like configuration.
For example, the probability distributions of the angles and
distances involving the atoms of the residues F8 in HbA and
Hb Duarte overlap perfectly.

The MD results are in agreement with the NMR data, since
only a slight perturbation of the hyperfine-shifted NsH-
exchangeable proton resonance of the proximal histidine
residue in the mutated B-chain is observed. The same agree-
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ment is reached for the region around the distal histidine:
both experiment and theory do not provide evidence of
mutation-induced perturbations. The probability distributions
for the distances between Val E11 («62Val and 867Val) and
the heme, collected in Fig. 14, are paradigmatic. Here the
characterizing distance is between one of the two CG carbon
atoms of E11 and the Fe atom of the heme group (see inset in
Fig. 14). During the simulation the two CG atoms exchange
their position, thereupon the probability distribution refers to
the shortest distance between one of the CG atom and Fe. No
remarkable differences between Hb Duarte (dotted curves)
and HbA (solid curves) emerge from the comparison, in agree-
ment with the results of the NMR analysis.

E-helix and CD corner

In the previous section the unaffected behavior of a
characterizing residue of the E-helix, the E11 valine, under
mutation has been discussed. The situation for the other
sector of the E-helix in the B-chains is different. As shown in
Fig. 15 the mutation induces distortion of the helix section

TABLE 1 Occurrence of H-bonds in the deoxy Hbs during
the simulations

Qas Qpckbn Bs Bockbn
HbA 75 82 78 82
Hb Duarte 77 82 78 68

Probability (in %) over 12,000 MD steps for the occurrence of H-bonds in
the deoxy Hbs (HbA and Hb Duarte). a5 and apckpn denote the H-bonds
involving N5 and Nyckpn in the a-chains, respectively, and Bs and Bpckbn
refer to the analogous H-bonds in the B-chains. The criteria for labeling
a H-bond between A and B are rap < 3.5 A and Oapp < 30°.
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lines) and deoxy Hb Duarte (dashed lines) during the simulation.

E1-E6 in Hb Duarte (blue tube) with respect to HbA struc-
ture (orange tube). Superimposing the two structures obtained
for Hb Duarte and HbA, respectively, after 6 and 9 ns of
simulation we obtained a tilt angle of ~26°. In particular, the
mutation and the related effects modify the contact map of
B57Asn (E1), B59Lys (E3), and B61Lys (ES). The hydrogen
bonds to the CD loop of B857Asn and 859Lys via contact
with 44Ser (CD3) and B45Phe (CD4) in the HbA are
eliminated by the mutation. 859Lys is now closer to the
heme group and forms a hydrogen bond with a propionate
group. This latter was linked to 866Lys (E10) in the HbA.
The mutation-induced rearrangement includes a displace-
ment of B61Lys toward B21Asp (B3), already in contact
with B65Lys (E9). In the HbA B61Lys was linked to B55Met
(D6), but the mutation annihilates this linkage. A further
aspect related to the mutation and with a possible influence
on the affinity is the structural change of the residue 345Phe
(CD4) caused by the displacement of 359Lys from the CD
loop. In the HbA 345Phe points toward the imidazole ring of

FIGURE 15 Helix section E1-E6 in Hb Duarte (blue tube) and HbA
(orange tube), respectively, after 6 and 9 ns of MD simulation.
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the distal histidine protecting, in some sense, the accessibility
to the distal cavity. The latter, after mutation, is protected by
the long tail of B59Lys whereas 345Phe is displaced.

To quantitatively monitor this feature, we have calculated
the probability distribution of the distance between the car-
bon atoms CZ of 845Phe and CG of 863His (E7) as obtained
from the simulations. The results are collected in Fig. 16 for
the B- (upper panel) and a- (lower panel) chains. Solid and
dashed lines refer to the HbA and the Hb Duarte hemoglo-
bins, respectively. The difference between the simulated
distances and those extracted from the x-ray structures (the
dotted lines in Fig. 16) is clear. This is the expected
difference for a system in crystalline form and in solution.
The increased mobility can be recognized by the different
shapes of the distribution in the upper and lower panels of
Fig. 16. The results for the B-chains in the deoxy Hb Duarte
hemoglobin show two well-separated maxima, whereas the
deoxy-HbA data are characterized by a single maximum. In
the a-chain (lower panel), the distributions for HbA and
Hb Duarte differ only slightly but both keep the single-
maximum behavior. We do observe experimentally several
changes in the hyperfine shifted resonances (Figs. 6 and 7) at
~11.9 and ~14.6 ppm and at ~22.8 and ~21.8 ppm. These
changes, in agreement with the MD simulation results, clearly
indicate that the mutation at the B62Ala— Pro position
provokes adjustment of the configuration of the amino acid
residues and/or of the heme groups in the B-chains.

Cavities

A further issue addressed in our study is the analysis of the
cavities in the protein structures during the simulations.

L éhll LD L BB N R
-chains i
0.12_ — oA ]
— — Hb Duarte|
[ “ e+ Xeray E
0.08 |- .
c L ]
b [ -\ i
3 004 P .
7= [ / A ]
-— o 7 Y
2 F - - ~ 1
T o+ e e ararm L - P
> | 3
£ o1 a-chains k ]
-g ( Eowuec
8 3 CD4 PHE
o 0.08 N — E. o Wz nis ]
0.04 } .
| é F8 HIS ]
ol I P I B

Distance (A)
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inset) in the B- (upper panel) and a- (lower panel) chains for deoxy HbA
(solid lines) and deoxy Hb Duarte (dashed lines) during the simulation. The
vertical dotted lines refer to the values extracted from the x-ray structure.
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Among the various cavities, we have focused our attention
on that closer to the heme region (see Fig. 17) connecting the
heme pocket to the distal histidine; we expect that this pocket
may be more involved in determining the ligand trajectory.
This cavity is located between the E-helix and the CD corner,
the two structures most affected by the mutation. In particu-
lar the residues lining the cavity in the 3-chain are Leu-28
(B10), Leu-32 (B14), Phe-42 (CD1), Phe-45 (CD4), Val-60
(E4), His-63 (E7-distal), and their equivalent in the a-chain.
Their average volumes and their occurrence frequency dur-
ing the simulations are reported in Table 2 for the a), deoxy
and b), oxy species (HbA and Hb Duarte). In our evaluation,
a cavity is considered when its volume is >11 A%, A com-
parison of the occurrence probabilities immediately points
out a remarkable difference between a- and B-chains in both
HbA and Hb Duarte: The cavities occur more often in the
a-chains than in the 3 ones (the occurrence probabilities are
81% vs. 20% in HbA, 72% vs. 25% in Hb Duarte).

The greatly different behavior can account for the well-
known larger ligand accessibility of the a- than that of the
B-chains in the deoxy form (30), reinforcing the idea of a
strong correlation between affinity and cavities. The com-
parison between the deoxy and oxy data confirms the similar
mutation-induced trends in the cavity behaviors, supporting
our focus on the deoxy form in the discussion of the results.
Interestingly, the mutation has an influence on the size of the
considered cavities since in the S-subunits the average volume
is larger in the Hb Duarte than in HbA. It should be pointed
out that the computational error is quite large, ~10 A’
blurring somehow a clear-cut quantitative comparison. As a
matter of comparison, the difference between the average
volumes of the B-subunit in Hb Duarte and HbA amounts to
11.8 A? whereas the same difference is practically zero for
the a-chain. The large fluctuations in the volumes are

FIGURE 17 Cavity position in hemoglobin (see Table 2). The white
spheres refer to the position of the center of mass of the cavities.
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TABLE 2 Volume of the cavities in the region close to the
distal histidine in a- and B-chains

Deoxy led B
HbA 37 = 11 (83%) 33 = 13 (20%)
Hb Duarte 35 £ 10 (72%) 45 = 18 (25%)
Oxy a B
HbA 38 £ 14 (75%) 30 = 10 (7%)

Hb Duarte 36 = 12 (67%) 46 = 14 (19%)

Volume in A% of the cavity found close to the distal histidine during the
simulation on the deoxy and oxy Hbs (see Fig. 17 for identifying the cavity
in the structure). The analyzed structures were 600 corresponding to a
structure every 10 ps of simulation. In parentheses, the occurrence prob-
abilities (in %) of the cavities are reported.

fingerprints of a remarkable, not negligible dynamics of the
regions around the heme. Thus, the general larger affinity of
the a-subunit is maintained upon mutation as stated by the
values of the occurrence frequency (see Table 2), whereas
the measured increased affinity of the Hb Duarte variant with
respect to HbA can be traced back to the enlarged cavities ob-
served in the simulations.

A substantial pocket closed to the heme region may pro-
vide additional degrees of freedom for ligands that can spend
more time in the binding region. The importance of the
cavity structure and dynamics in determining the binding
kinetics of ligands has been pointed out in several works on
myoglobins (52-54), and more recently it has been stressed
by laser flash photolysis experiments on HbCO and HbO,
(55,56). According to these latter the ligand pathways into
and out of the hemoglobin dynamically involve cavities of
the heme region in analogy with the myoglobin case (57,58).
A further refinement can be achieved considering the out-
comes of the photolysis experiments (55,56): the escaping
process of ligand to solvent occurs mainly from the distal
pocket. It is reasonable to also expect that also the reverse
process, i.e., from solvent to protein, can find a favorable
gate in the same region. Thus, the ligand affinity seems to
be strongly correlated to the structure and fluctuations of
cavties close to the heme region.

CONCLUSIONS

In conclusion, our account of the characterization of Hb
Duarte shows that the substitution of alanine by proline at
position 362 (E6) leads to an increased oxygen affinity of the
variant that can be related to structural modifications just
behind the distal histidine. '"H-NMR and MD results on
deoxy Hb Duarte clearly indicate that the effect of the muta-
tion is limited to changes in the environment of the heme
pocket of the B-chains. MD simulations limit the range of the
perturbation to the first five residues of the E-helix and to
some residues of the CD corner: new hydrogen bonds be-
tween residues and with the propionic group of the pyrrole
IIT are observed together with displacements of involved
amino acids. In particular, 845Phe (CD4), which points

Biophysical Journal 91(9) 3529-3541



3540

toward the imidazole ring in Hb A and protects the acces-
sibility to the distal cavity, is now displaced by the mutation,
and an increased mobility of the residue chain has been
recognized. It should be pointed out that the imidazole ring
could be partially protected also by the long tail of 859Lys,
which is shifted by the mutation toward the propionic group.

The "H-NMR and MD calculations do not pick out evident
fingerprints of mutation-induced stabilization or destabiliza-
tion of the R and/or T structure of Hb Duarte to account for
the increased oxygen affinity. As pointed out, the modifica-
tions are limited at the level of the tertiary structure. The
observed structural change of the residue 45Phe (CD4)
caused by the displacement of 859Lys from the CD loop
together with mutation-induced rearrangements close to the
distal cavity might be one of the determining factors of
the ligand affinity of the Hb Duarte. This must be correlated
to the influence on the volume size of the pockets around the
B-distal cavity. Note that the very same mutation-induced
trend in the volumes is observed in both oxy and deoxy Hb
Duarte. Our results seem to indicate that the increased
oxygen affinity of Hb Duarte with respect to Hb A must be
searched in the structural modifications of the region close to
the distal cavity.

Calculations were carried out at CASPUR (Rome, Italy) and at CINECA
(Bologna, Italy).

CPU time at CINECA was obtained within the framework of an INFM
grant project and of a CINECA-Democritos agreement. This work was sup-
ported in part by MIUR through the project PON-CyberSar.
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