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ARTICLE INFO ABSTRACT

Keywords: Human hemoglobin (Hb) Coimbra (BAsp99Glu) is one of the seven BAsp99 Hb variants described to date. All
Hemoglobin variant BAsp99 substitutions result in increased affinity for O, and decreased heme-heme cooperativity and their car-
Hb Coimbra riers are clinically characterized by erythrocytocis, caused by tissue hypoxia. Since BAsp99 plays an important
Allostery o role in the allosteric a1B2 interface and the mutation in Hb Coimbra only represents the insertion of a CH, group
1?:1};/ i?r;lf:l?:y in this interface, the present study of Hb Coimbra is important for a better understanding of the global impact of

small modifications in this allosteric interface. We carried out functional, kinetic and dynamic characterization
of this hemoglobin, focusing on the interpretation of these results in the context of a growth of the position 99
side chain length in the alf2 interface. Oxygen affinity was evaluated by measuring p50 values in distinct pHs
(Bohr effect), and the heme-heme cooperativity was analyzed by determining the Hill coefficient (n), in addition
to the effect of the allosteric effectors inositol hexaphosphate (IHP) and 2,3-bisphosphoglyceric acid (2,3-BPG).
Computer simulations revealed a stabilization of the R state in the Coimbra variant with respect to the wild type,
and consistently, the T-to-R quaternary transition was observed on the nanosecond time scale of classical mo-
lecular dynamics simulations.

1. Introduction The stability of the tetramer is controlled by the alfl/a232 con-

tacts, whereas the alB2/a2p1 interface ensures the stability of the

Human hemoglobin (Hb) is the hemeprotein found in high con-
centrations in erythrocytes, and is functionally responsible for the
transport of oxygen (O,) from the lungs to peripheral tissues. Hb is a
tetramer comprised of two a-like (a or ¢) and two B-like (B, 8, y or €)
globin chains, each associated with a heme group, a protoporphyrin IX
with a ferrous iron atom that can reversibly bind molecular O,. The
different combinations of globin chains are adapted to distinct stages of
human development from the embryonic period to adult life, depending
on the O, demand and environmental availability. During fetal life, for
example, fetal hemoglobin (HbF) (a2f32), a variant that has high affi-
nity for O,, due to its decreased affinity for the allosteric effector 2,3-
biphosphoglycerate (2,3-BPG), is expressed to compete for the O, from
maternal HbA (a2(32), which is mainly produced during adult life [1].

transition between the two conformations with different oxygen affi-
nity, known as the T (Tense) and R (Relaxed) states, with low and high
affinity for O,, respectively [2,3]. The alf2 interface is particularly
close to the heme pocket, such that changes in this interface are closely
related to O, binding. One of the most important interactions in the
alP2 interface involves BAsp99, which forms hydrogen bonds with
aTyr42 and aAsn97, stabilizing the T state (Fig. 1) [2,4].

Until now, 99 human Hb variants with high oxygen affinity have
been reported, and 79 of them involve (-chain residue replacements.
The majority of these variants have substitutions at one of the three
crucial regions for Hb stability and function: the B-chain C terminus, the
alf2 interface and the 2,3-BPG binding site. To date, seven hemoglobin
BAsp99 substitution variants have been detected: Hb Ypsilanti
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Fig. 1. The alB2 Hb interface; al in orange and B2 in purple. BD99 interactions in the (A) HbA deoxy, or T state (PDB ID 2HHB), and (B) the oxy, or R state (PDB ID 1HHO). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(BAsp99Tyr), Hb Kempsey (BAsp99Asn), Hb Yakima (BAsp99His), Hb
Radcliffe (BAsp99Ala), Hb Hotel-Dieu (BAsp99Gly) and Hb Coimbra
(BAsp99Glu). In all these cases, substitution of BAsp99 resulted in in-
creased O, affinity and a decreased heme-heme cooperativity.
Moreover, individuals with any of these mutations, in heterozygosis,
are clinically characterized by erythrocytosis [5]. The mechanism of
this compensatory production of red blood cells (also known as poly-
cythemia), mediated by the presence of these hemoglobin variants is,
therefore, caused by tissue hypoxia that prompts higher levels of ery-
thropoietin and consequently intensive erythropoiesis [1,6-8].

It is interesting that these deleterious mutations can be as subtle as
that of the Asp99Glu mutation in Hb Coimbra, and still significantly
affect Hb function. The difference between HbA and Hb Coimbra is, at a
molecular level, the insertion of a methylene group in the al1f2 inter-
face. Nevertheless, this variant is characterized by an increased affinity
for O, and subsequent erythrocytosis, as well as other clinical compli-
cations caused by the hyperviscosity of the blood in its carriers. The
study of Hb Coimbra is, therefore, key to a better understanding of the
underlying mechanisms of the T-to-R transition [9,10], because it is an
example of how a small change in the alp2 interface can have a dra-
matic impact on protein function.

2. Materials and methods

The samples studied here were obtained from peripheral blood of
three carriers of Hb Coimbra, who were referred to the Hematology and
Hemotherapy Center, University of Campinas, in Campinas, State of Sao
Paulo, Brazil, for investigation of hemoglobinopathies. Ethical aspects
and inform consent involved in this project were approved by the
Brazilian research ethics committee (CAAE.0036.0146.000-07; Project
061/2007). The results obtained here were compared to six control
samples: three samples collected from adults, mainly containing HbA;
three samples from newborn individuals, mainly composed of HbF).

The erythrocytes were isolated, washed in cold saline and the Hb
content were extracted by lysis in deionized water and the debris were
removed by centrifuging.

2.1. Functional assays

Oximetry tests at pH 7.4 were carried out in a Hemox Analyzer
system (TCS Scientific Corporation, New Hope, PA, USA) using 25 [L of
red blood cell concentrate, stored at —80 °C, and following the stan-
dard protocol and reagents recommended by the manufacturer (TCS
Scientific Corporation). The results of oxygen affinity and heme-heme
cooperativity of the Hb Coimbra in the lysates (containing Hb Coimbra,
HbA, as well as HbA, — approximately 2.5%, and HbF — approximately
1%), were compared to three standard hemolysate mainly containing
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HbA (95%), as well as three newborn erythrocytes lysates (with levels
of HbF varying from 63.8% to 87.4%). No protein purification was
performed for these analyses and all samples were treated and stored
under the same conditions and period.

The function of Hb Coimbra from cell lysates were also studied after
purification with Sephadex G-25 gel chromatography (Sigma-Aldrich,
St. Louis, MO, US), at pH 8.2 and pH 6.2, in Hepes buffer (N-
(2Hydroxyethyl) piperazine-N’-2-ethane sulfonic acid) buffer- 50 mM
(Sigma-Aldrich, St. Louis, MO, US), without addition of NaCl. In order
to guarantee the elimination of 2,3-BPG and other organic phosphates
from the samples, an Amberlite Mixed Bed column (MB 150;
Sigma-Aldrich, St. Louis, MO, US) was also used. Hb and globin chain
integrity was verified by Native-PAGE and SDS-PAGE (data not shown).
The stripped lysates (Hb concentration of 70 f M/heme) were submitted
to spectrophotometric method at 25 °C, pH range 6.5-8.5, as previously
described by Rossi-Fanelli and Antonini [2,11]. The equilibrium curves
were performed in the absence and the presence of inositol hexapho-
sphate (IHP, 1 mM) (Sigma-Aldrich, St. Louis, MO, US). Sigmoidal
fitting was performed using OriginPro 8.0. Oxygen affinity (determined
by p50), Bohr effect and heme-heme cooperativity (determined by the
Hill coefficient) from the lysates with Hb Coimbra were compared to
stripped lysate mainly containing HbA [2,11,12]. The O, affinity of Hb
Coimbra was also determined under the influence of 2,3-Bipho-
sphoglyceric acid (2,3-BPG, 1 mM) (2,3-Biphospho-p-glyceric acid
pentasodium; Sigma-Aldrich, St. Louis, MO, US), pH 7.6, 25 °C, and
compared to that of HbF and HbA, from newborn and adult stripped
samples, respectively.

2.2. Kinetics

Kinetic studies were performed using stopped-flow spectro-
photometry in a stopped flow module SFM-300 (Bio-Logic Science
Instruments, Seyssinet-Pariset, France) and the UV-vis traces were re-
corded using the Bio-kine 32 software (Bio-Logic Science Instruments).
An integration time of 0.8 ms was used for all measurements (mon-
itoring Hb-O, dissociation and Hb-CO ligation in the range of
400-700 nm), at 25 °C. Hb concentration (from stripped hemolysate)
used here was 80 uM/heme in 100 mM phosphate buffer (J. T. Baker —
Fisher Scientific, Pittsburg, PA, US), adjusted to pH 7.4. The dissocia-
tion rate constant k.s was obtained from the reaction of Hb with
Sodium dithionite (DTS - Sigma-Aldrich, St. Louis, MO, US) 6 mM, as
reducing agent [13-15], in the ratio of 1:3 (Hb:DTS). Absorbance at
430 nm (absorbance maxima of the deoxi-Hb in the Soret region) as a
function of time was used, and the kinetic trace was adjusted mono-
exponentially, to obtain one characteristic unimolecular constant for
the process (Table 2). The same experimental conditions were used to
determine kg in presence of 1 mM IHP (Sigma-Aldrich, St. Louis, MO,
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US). Two distinct samples of Hb Coimbra were used for this experiment
(20 measurements each) and the results were compared to kinetic
traces obtained from the reaction of two control samples of HbA with
DTS (20 measurements each).

The constant of ligation of Hb-CO was obtained from the reaction
between reduced Hb (80 LM/heme) by DTS (6 mM) in 100 mM phos-
phate buffer saturated with CO. To achieve saturation, the solution was
exposed to carbon monoxide (CO) produced from a mixture of formic
and sulfuric acid at low temperature for 1 h. A pseudo first order rate
was obtained, and then corrected using the tabulated CO solubility at
25 °C to retrieve a second order rate. The reaction ratio was 1:5 [ferrous
Hb: phosphate buffer saturated with CO]. Five measurements from two
distinct samples of Hb Coimbra were obtained and the results were
compared to two control samples of HbA (5 measurements each).

2.3. Molecular dynamics (MD) simulations

All simulations were performed using the Amberl4 software
package. The ff99SB force field [16] was used for the polypeptide
chains and the TIP3P water model [17] for the solvent. The heme group
parameters were generated and widely tested in our group, for both R
and T states [10,18-21]. The tetrameric protein was solvated in a 36 A
truncated octahedron. Periodic boundary conditions were used and a
cutoff of 12 A for van der Waals interactions. A time-step of 2.0 fs was
used, keeping bonds to hydrogen atoms rigid using the SHAKE algo-
rithm [22]. The total charge of the system was neutralized using Am-
ber's uniformly charged plasma. A standard protocol for heating and
equilibration was used, consisting of a slow heating of 500 ps from 0 to
300K was carried out, followed by 200 ps of NPT molecular dynamics,
to achieve a reasonable density of the system. Finally, a 200-ns pro-
duction MD was performed in NVT conditions. The Berendsen ther-
mostat and barostat were used to control the system temperature and
pressure, respectively [23].

Since there are no crystallographic structures of hemoglobin
Coimbra, all simulated Coimbra systems refer to in silico mutations of
wild type adult human hemoglobin structures. We performed molecular
dynamics simulations of the Hb tetramers starting from the R (oxy) and
T (deoxy) X-ray structures of the wild type HbA to check if the simu-
lations were able to maintain their respective quaternary states, and
avoid spontaneous T-to-R transitions [24]. PDB structures 1HHO [25]
and 2HHB [26] were chosen as initial structures for the simulations of
the R and T states, respectively.

Four deoxy systems were simulated. Two of them, wild type and the
BAsp99Glu in silico mutant, were started from the crystallographic
structure in the T state: WT-XR and Coimbra-XR, respectively. After 200
ns MD of the XR systems, each of these was mutated in the 399 position
(wt to BAsp99Glu and vice versa), generating two new structures which
will be referred as Coimbra-MD and WT-MD. Three replicas of each of
these systems were simulated. The essential mode that connects the T
and R quaternary states was calculated [27] using principal component
analysis of the two wild type crystallographic tetrameric structures; we
refer to these modes as the T-to-R quaternary transition mode. The 200
ns MD trajectories were later projected onto these essential modes to
characterize the conformational states.

Two conformational parameters were also monitored to evaluate
the T-to-R quaternary state transition: the al-f2 and a2-f1 angle,
which is known to be an indicator of the quaternary state of the tet-
ramer, and the aThr38-BHis97 distance, which is a relevant magnitude
associated with the hinge region. In addition, the Ca -Cf -C8 angle of
the 399 side chain, an indicator of whether the residue is pointing to-
wards the neighbouring a subunit or not, was considered.

The AAG of the T-to-R transition due to the BAsp99Glu mutation
was estimated using a thermodynamic cycle that connects the R and T
quaternary states in wild type and Coimbra variants. AG for both mu-
tations in each state was calculated using an alchemical free energy
transformation [28,29], in which a coupling parameter A, with values
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between 0 and 1 corresponding to the wild type and Asp99Glu states,
respectively, was introduced into the classical Hamiltonian. To enhance
the sampling across A-space, the adaptive integration method (AIM)
implemented in the PMEMD module of Amber was used [30], in which
a single trajectory attempts Monte Carlo changes in its value of A.
Twelve values for A were used for the in silico mutation: [0, 0.05, 0.1,
0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 0.95, 1] and the multi-state Bennett
Acceptance Ratio [31] estimator was used to estimate the AG values.
Both the number of roundtrips in A space, as well as the time-evolution
of the AG estimate, were taken into account in assessing the con-
vergence of the free energy calculations.

3. Results
3.1. Functional assays

Functional assays by oximetry performed with unpurified ery-
throcyte lysate, at pH 7.4 and temperature of 37 °C, close to the phy-
siological conditions, indicate that the O, affinity of Hb Coimbra is
greater than that of adult hemoglobin (HbA) and that of fetal he-
moglobin (HbF) from newborn samples with levels of HbF of
68.3-87.4%. The unpurified samples of Hb Coimbra also demonstrated
higher affinity in comparison to samples with 100% of HbF, which is
known to have very high oxygen affinity because of its decreased affi-
nity for 2,3-BPG (Table 1 and Fig. 2).

The Asp99Glu variant had the same behavior in both O,-dissocia-
tion (Fig. 2A) and O,-association curves (Fig. 2B), with a consistently
lower p50 value than HbA and newborn hemolysate. As expected, the
Hill coefficient (n) indicated decreased heme-heme cooperativity
(Table 1).

In agreement with the oximetry functional assays, tonometry-spec-
trophotometry experiments with stripped lysate also demonstrated in-
creased affinity for oxygen, even in the presence of allosteric effector
2,3-BPG (1 mM), in 50 mM Hepes buffer, pH 7.5, 25 °C (Fig. 3).

Under these conditions, the stripped hemolysates containing mainly
HbF had a lower O, affinity than adult Hb (Fig. 3A). On the other hand,
in the presence of 2,3-BPG, HbF had higher O, affinity than HbA, be-
cause of its known lower affinity for 2,3-BPG. In contrast, Hb Coimbra
demonstrated higher O, affinity than both HbA and HbF hemolysates,
regardless of the presence of 2,3-BPG.

Consistent with the experiments performed with unpurified lysates
containing the HbA variant, the Hill coefficient for stripped Hb Coimbra
was also decreased in comparison to controls  (ng,
Coimbra = 1.20 = 0.12; nggp o = 2.0 = 0.01; nggy ¢ = 2.2 * 0.05). In
the presence of 2,3-BPG, the Hill coefficient was slightly increased,
however still lower than those of HbA and HbF (ng
Coimbra = 1.45 = 0.13; ngpa = 2.0 = 0.08; nypr = 1.73 = 0.15).

This behavior was also confirmed in the pH range 6.5-8.5, at 25 °C,
in stripped condition (Fig. 4).

We further evaluated the allosteric effect of IHP, an organic phos-
phate that presumably occupies the same 2,3-BPG site in human Hb,
decreasing its O, affinity [32], in the same pH range of 6.5-8.5, at
25 °C. In both wild type and Hb Coimbra, the O, affinity tends to de-
crease in the presence of IHP (Fig. 4). Regarding the Bohr effect, no

Table 1
p50 values and Hill coefficients (n) for O, saturation and dissociation, measured for HbF,
HbA and Coimbra variants from unpurified cell lysates.

p50 (mmHg) Hill coefficient (n)
HbA (~ 95%) dissociation 15.56 = 0.50 251 = 0.18
saturation 15.56 = 0.77 2.41 = 0.22
HbF (~ 77%) dissociation 10.03 + 0.58 2.25 += 0.16
saturation 11.41 = 0.77 1.77 = 0.36
Hb Coimbra dissociation 7.94 = 0.69 1.46 = 0.06
saturation 7.60 = 1.06 1.38 = 0.15
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Fig. 2. Equilibrium curves of the unpurified hemolysates. Dissociation (A) and saturation (B) curves for Hb-O, for lysates containing mainly HbA (blue), HbF (green) and Hb Coimbra

(cyan). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

significant difference was observed in comparison to HbA, under the
analytical conditions analyzed here (Fig. 4).

3.2. Kinetics

Despite the low heme-heme cooperativity in Hb Coimbra, we found
that the dissociation rate constant ko Hb-O, was not significantly dif-
ferent between HbA and Hb Coimbra (Table 2). We also found that the
presence of IHP (1 mM) decreases the O, dissociation rate more so in
stripped Hb Coimbra than in wild type Hb A (Table 2).

Using CO as a molecular probe, we compared the association rate
kinetics for both hemoglobins and found that the k,, CO value for Hb
Coimbra was much higher than that of the wild type, indicating a fa-
cilitated T-to-R displacement in Hb Coimbra that favors the R state
(Table 2).

3.3. MD simulations
After adequate equilibration, the deoxy state of both HbA and Hb

Coimbra was simulated for 200 ns in triplicate, beginning from either
the crystallized T state or an MD conformation, as described in the
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Table 2

Values of dissociation rate constants (ko) of Hb Coimbra- O, in absence and presence of
IHP and association rate constants of Hb Coimbra-CO (k,,CO), determined by Stopped
Flow experiments.

Kogr (s ™) Kot (+IHP) (s™1) Kon CO (s"' M~ 1)
Hb A 39 + 35.7 = 0.6 94.73 = 0.02
Hb Coimbra 38 =1 25.8 = 0.4 160.72 = 0.02

Methods section. The time evolution of the root mean square deviation
(RMSD) from the initial structure was analyzed as an indication of the
conformational stability. Whereas both wild type systems remained
stable during the MD simulations, both Coimbra-XR and -MD systems
showed an increase in RMSD at approximately 20 ns.

To assess whether the large RMSD observed in the simulations of Hb
Coimbra was due to a quaternary structural transition, we calculated
the angle between the af3 heterodimers of each system and compared to
that of deoxy HbA after structurally aligning the al and 1 monomers
(Fig. 5A) [21,33]. We also monitored the distance between Ca atoms of
aThr4l and BHis97, residues located in the switch region. Both
Coimbra systems (XR and WT) showed an increase in the aThr41Ca
-BHis97Ca distance (Fig. 5B).

We calculated the quaternary T-to-R transition essential modes be-
tween the 2HHB to 1HHO crystallographic structures, as described in
the Methods. We then projected the structures from the MD trajectories
onto these modes to classify the conformational state during the si-
mulations. In Fig. 6 the projection of all four systems onto the first T-to-
R quaternary transition mode is shown.

We expected that the WT-MD system would not return from the R to
the T state in the time scale of the simulation. This process is expected
to happen on the order of 20 ps, even though a direct time-scale com-
parison should not be made between simulated time and experimental
measurements. Our results show that the Coimbra-XR and -MD systems
undergo the T-to-R transition in 10-20 ns, whereas the wild type si-
mulations remain in their initial conformational states. This rapid
conversion in Hb from the T state to the R state, inducing a large-scale
conformational change, in Hb Coimbra is consistent with the preference
of the variant for the R conformation suggested by the experiments.

Due to the efficient packing of D99 in the deoxy and not in the oxy
state (Fig. 1), we did not expect a significant effect of the fAsp99Glu
replacement on the simulation time scale of HbA Coimbra. To further
investigate the thermodynamic basis of the enhanced quaternary T-to-R
transition observed in simulations of HbA Coimbra, we computed the
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AAG of the T-to-R transition as the result of the fAsp99Glu substitution,
as illustrated in the thermodynamic cycle in Fig. 7. Specifically, we
performed the alchemical transformations corresponding to the
BAsp99Glu replacement in both T and R conformational states; i.e, AG;
and AG. in Fig. 7. We found that the mutation favors the T-to-R tran-
sition by approximately 6 kcal/mol, and this bias is indeed due to a
stabilization of the R state as the result of D99E substitution, whereas
the T state is unaffected by the mutation. This is consistent with the
observed T-to-R transition in the short time scale of the unbiased MD
simulation.

4. Discussion and conclusion

Our results indicate that Hb Coimbra consistently has very high
affinity for O, than wild type HbA and HbF, in the percentages found in
human hemolysates. Decreased p50 values were found in all different
conditions studied here: samples without purification/desalinization
treatment, samples stripped and studied in the absence and presence of
allosteric effectors 2,3-BPG and IHP, and in a range of pH values from
6.5 to 8.5. No differences in Bohr effect were found.

Though k¢ values of Hb Coimbra and HbA show no difference in
intrinsic O, affinity resulting from local changes close to the heme
moiety, our results demonstrate that the favored T-to-R transition in Hb
Coimbra coincides with an increase in the k,,. The underlying cause of
the differences observed in Hb Coimbra appear to be allosteric in
nature. Indeed, the experiments performed both in presence and ab-
sence of the allosteric effectors 2,3 BPG and IHP clearly show that the
Asp99Glu substitution decreases heme-heme cooperativity.

Projection of the MD simulations onto the transitional essential
mode allowed us to follow the conformational state of the tetramer. MD
simulations of the deoxy structures of the in silico variant showed a
facilitated transition from the T to the R state, whereas the HbA
structures remained in their initial quaternary states on the time scales
of our simulations.

Free energy calculations confirmed a preference of Hb Coimbra for
the R state. This fact can be interpreted from a molecular point of view
in terms of the alf2 interactions. Hydrogen bonding at this interface is
crucial in stabilizing the quaternary state, and the steric hindrance due
to the longer chain of aspartate than that of glutamate modifies the free
energy hypersurface in the quaternary transition path.

The inter-chain interactions present in the af interfaces play an
important role in the relative stability of the T and R states. In this case,
the disruption of hydrogen bonds in this region in the T state resulted in
a thermodynamic preference for the R conformation, a fact that is ex-
perimentally supported by a decreased p50 value. Evidence from the
measured kinetic rate constants are also in agreement, with an in-
creased k,, CO value with respect to wild type HbA, and an IHP-in-
duced decrease in the kg value revealing the tendency of Hb Coimbra
to shift from the T towards the R state.

Taken together, our computational and experimental results point
to the fact that the observed pathological effects related to the presence
of the Hb Coimbra replacement are due to the alteration of the T-to-R
transition thermodynamics, promoted by a subtle change of the inter-
molecular interactions responsible for the stabilization of the qua-
ternary structure.
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