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►Glossoscolex paulistus hemoglobin
(HbGp) was studied by DLS and SAXS.

► The thermal stability order is cyanomet-
>, oxy->, met-HbGp, at several pH
values.

►Analyses of SAXS experimental curves
were performed by GNOM and
OLIGOMER.

► Experimental p(r) curves were anayzed
by a linear combination of HbLt frag-
ments.

► Contributions from smaller fragments
were observed at higher pH and tem-
perature.
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Glossoscolex paulistus hemoglobin (HbGp) was studied by dynamic light scattering (DLS) and small angle X-ray
scattering (SAXS). DLS melting curves were measured for met-HbGp at different concentrations. SAXS temper-
ature studies were performed for oxy-, cyanomet- and met-HbGp forms, at several pH values. At pH 5.0 and
6.0, the scattering curves are identical from 20 to 60 °C, and Rg is 108 Å, independent of the oxidation form. At
pH 7.0, protein denaturation and aggregation occurs above 55 °C and 60 °C, for oxy andmet-HbGp, respectively.
Cyanomet-HbGp, at pH 7.0, is stable up to 60 °C. At alkaline pH (8.0–9.0) and higher temperature, an irreversible
dissociation process is observed, with a decrease of Rg, Dmax and I(0). Analysis by p(r), obtained fromGNOM, and
OLIGOMER, was used to fit the SAXS experimental scattering curves by a combination of theoretical curves
obtained for HbLt fragments from the crystal structure. Our results show clearly the increasing contribution of
smaller molecular weight fragments, as a function of increasing pH and temperature, as well as, the order of
thermal stabilities: cyanomet->oxy->met-HbGp.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Extracellular annelid hemoglobins are giant molecules that have
a characteristic two-disk hexagonal bilayer (HBL) as shown by
rights reserved.
electron micrographs [1]; they exhibit high cooperativity of oxygen
binding and heme contents [2–4]. Due to their extracellular nature,
large size and resistance to oxidation, erythrocruorins have been
proposed as useful model systems for developing therapeutic
blood substitutes and preliminary animal experiments have been
encouraging [5].

The extracellular hemoglobin of Glossoscolex paulistus (HbGp) is
an oligomeric protein constituted by subunits containing heme
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groups, monomers and trimers, and non-heme structures, named
linkers. The whole protein has a molecular mass of 3.6×106 Da [6],
being homologous to Lumbricus terrestris hemoglobin (HbLt) [7]
that is the most extensively studied annelid hemoglobin.

In recent years, some papers have described the dissociation
mechanisms of this class of proteins. Analysis by analytical ultracen-
trifugation (AUC) of HbGp solution in the oxy- and cyanomet-forms,
at pH 10.0, has shown the existence of several species in equilibrium
[8]. For oxy-HbGp four species were observed, which were assigned
to the following subunits: subunit d, dimers of subunit d, d2, trimers
abc and a fourth species associated, probably, to the tetramer abcd.
No contribution from undissociated integral protein was observed,
suggesting that, at pH 10.0, the reduced form of the hemoglobin is
completely dissociated. However, for cyanomet-HbGp, 17% of the
protein remains in the native undissociated form, suggesting a
higher oligomeric stability of the oxidized cyanomet form in
alkaline medium.

In a previous work, we made use of small angle X-ray scattering
(SAXS) experiments [9] and investigated the structural conformation
of the HbGp in the oxy- andmet-forms in the absence and presence of
anionic surfactant SDS, at pH 7.0 and 9.0. At pH 7.0 and 25 °C, the
SAXS curves were consistent with HBL structure, resulting in Rg and
Dmax values of 110 Å and 300 Å, respectively. In the presence of
20 mM of SDS and/or at alkaline pH of 9.0 Rg and Dmax decreased, sug-
gesting oligomeric dissociation. However, this previous work did not
include the temperature effect on the denaturation and dissociation
of HbGp in the different iron oxidation forms (oxy, met and cyano-
met), and the effect of pH in the acidic range, where according to re-
cent dynamic light scattering (DLS) data the oligomeric stability is
very high [10,11].

The thermal stability of HbGp was addressed in our recent work,
and DLS experiments have shown that oxy-HbGp is very stable up
to 52 °C, at pH 7.0, presenting a hydrodynamic diameter of
27–28 nm [11]. Above 52–54 °C, oxy-HbGp denatured with formation
of large size aggregates with Dh of 300 nm. In acid solution, in the pH
range from 5.0 to 7.0, the protein is also very stable and upon dena-
turation, at somewhat higher temperatures (around 56 °C) as com-
pared to pH 7.0, a stronger aggregation is observed, forming large
aggregates with hydrodynamic radius of 3000 nm (at pH 6.1). On the
other hand, at alkaline pH, the oxy-HbGp undergoes oligomeric dissoci-
ation upon temperature increase. The critical dissociation tempera-
ture changes from 44 to 32 °C upon increasing the pH from 7.5 to
8.3; further increase in temperature leads to denaturation and mod-
erate aggregation [11]. More recently, studies on the thermal dena-
turation of oxy- and cyanomet-HbGp monitored by differential
scanning calorimetry (DSC) and DLS were reported, where for the
first time some thermodynamic parameters were obtained for
HbGp at pH 7.0 and 8.0 [10]. These studies also show that
cyanomet-HbGp is more stable than the oxy-form, and both HbGp
oxidation forms have high activation energies for denaturation, at
pH 7.0 and 8.0. These DSC studies also indicate that oxy-HbGp, at al-
kaline pH, undergoes oligomeric dissociation before denaturation.
Besides, the HbGp thermal denaturation process is dependent on
the protein concentration, and the denaturation temperature shifts
to a higher value upon increase of protein concentration [10].

In the current work, we extend our previous investigation and
study the thermal stability of HbGp in different oxidation states and
in the range of pH acid, neutral and alkaline, by SAXS and dynamic
light scattering.

2. Materials and methods

2.1. Purification and preparation of HbGp

The hemoglobin of G. paulistus was prepared using freshly drawn
blood from worms as described earlier [11–14]. The blood sample
was centrifuged at 4 °C (2300×g for 15 min) to eliminate cell debris. An
ultra-filtration (molecular mass cut-off 30 kDa) in 0.1 M Tris–HCl buffer
pH 7.0, at 4 °C, was performed in order to eliminate lowMw components.
After the ultracentrifugation at 250,000×g, at 4 °C, during 3 h, HbGp is
obtained as a pellet and then resuspended in a minimum amount of
0.1 M Tris–HCl buffer pH 7.0 and stored in the oxy-form at 4 °C. Chroma-
tography at pH 7.0 in a Sephadex G-200 column furnished the samples
used in our experiments. All concentrations were determined spectro-
photometrically in a Shimadzu 1601PC spectrophotometer, using the
molar extinction coefficients ε415nm=5.5±0.8(mg/ml)−1 cm−1 for
oxy-HbGp, ε402nm=4.1±0.5(mg/ml)−1 cm−1 for met-HbGp and
ε420nm=4.8±0.5(mg/ml)−1 cm−1 for cyanomet-HbGp [11,14]. The
samples used for SAXS experiments were prepared, in general, 24–48 h
prior to the measurements.

2.2. DLS measurements

The commercial instrument Zetasizer Nano ZS (Malvern, UK) was
used on the light scattering measurements for particle size determina-
tion. This instrument allows dynamic light scattering measurements
incorporating noninvasive backscattering (NIBS) optics. A He–Ne laser
has been used as a light sourcewithwavelengthλ=633 nm. The inten-
sity of light scattered at an angle of 173° is measured by an avalanche
photodiode. The solutions were placed in the thermostated sample
chamber that is temperature regulated formeasurements over an inter-
val from 25 to 70 °C, controlled with an accuracy of 0.1 °C. At each
temperature seven measurements are performed and for each one a
number of measurements are taken (normally around ten) to obtain
an adequate statistics. The instrumentmeasures the time dependent in-
tensity fluctuation of light scattered from the particles in solution.
Malvern's DTS software analyzes the acquired correlogram (correlation
function vs. time plot) for the calculation of the hydrodynamic diame-
ter, Dh. Hydrodynamic diameters of the particles were estimated from
the autocorrelation function, using the Cumulant's method based on a
single exponential fit of the correlation function to obtain the mean
size (Z-average diameter) and an estimate of the width of the distribu-
tion (polydispersity index — PDI). These experiments were performed
using met- and cyanomet-HbGp concentrations in the range from 0.5
to 3 mg/ml at pH 7.0 to 8.0. Additional melting experiments for met-
HbGp, at pH 5.0, were performed at several protein concentrations, in
the range from 0.5 to 3.0 mg/ml.

2.3. Optical absorption measurements

Samples of met-HbGp 3.0 mg/ml were subjected to heating, main-
taining them at 50, 60 and 70 °C, for 1 h, with subsequent cooling
down to room temperature (25 °C). After this heating cycle, all sam-
ples were centrifuged at 5000 rpm, collecting the supernatant for
spectral analysis, in the range between 250 and 700 nm. The amount
of protein remaining in solution was estimated based on the absor-
bance values at 403 nm, as compared to the sample maintained at
25 °C.

2.4. SAXS measurements

Solutions with protein concentrations at 3.0 mg/ml were mea-
sured as a function of temperature and pH values for different protein
oxidation forms (oxy-, cyanomet- and met-HbGp) for 5 min exposure
time and recorded in a 2-dimensional position sensitive detector
MARCCD. SAXS experiments were performed at the National Syn-
chrotron Light Laboratory, Campinas, Brazil, using a detector–sample
distance of 1500 mm. The scattering vector amplitude q is defined as
q=4πsinθ/λ, 2θ being the scattering angle and λ the X-ray wave-
length of 1.608 Å [15]. Scattering curves were recorded within the q
range from 0.01 to 0.25 Å−1. According to the sampling theorem
[15], the maximum dimension of scattering particle that could be
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Fig. 1. Effect of temperature on the met-HbGp hydrodynamic radius at different protein
concentrations and pH values. The buffers used were acetate–phosphate–borate
30 mM, at pH 7.0 (A), 7.5 (B) and 8.0 (C). The insets highlight the plots, between 30
and 55 °C, to show the partial oligomeric dissociation, at pH 7.5 and 8.0, and the high
stability at pH 7.0. Protein concentrations are 0.5 (squares), 1.0 (circles), 2.0 (triangles)
and 3.0 (inverted triangles) mg/ml, respectively.
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achieved was circa 628 Å (Dmax=2π/qmin). The experimental intensi-
ties were corrected for sample's attenuation, detector homogeneity,
and buffer scattering.

2.5. SAXS data analyses

In the absence of interference effects, a Fourier transform connects
the scattering intensity I(q) to the pair distance distribution function,
p(r), which is related to the probability of finding a pair of small ele-
ments at a distance r within the entire volume of the scattering parti-
cle [15,16]. This is a model-independent function that provides
information about the scattering particle maximum dimension,
Dmax, its radius of gyration, Rg, and its shape.

In this work, we made use of the GNOM program [17] to calculate
p(r) functions from the theoretical and experimental scattering
curves and the respective Rg values (see Tables 2–4). Considering
that SAXS measurements are made in a limited q range, between
qmin and qmax, and assuming the validity of the Guinier approxima-
tion, the intensity I(q) below qmin was extrapolated to I(0) [18,19].
It is important to mention that at qmax=0.25 Å−1 HbGp scattering
intensity is very similar to the scattering of the buffer.

Furthermore, we also performed a non-linear fitting (Origin 8.0
software) between the obtained p(r) functions at a given tempera-
ture and pH conditions, and a linear combination of the p(r) functions
correspondent to the scattering of the fragments (subunits) of the
protein. The scattering curves for the fragments were obtained from
HbLt crystal structure (PDB under ID code 2GTL [7]) by using the
CRYSOL software [18]. The use of HbLt structure as a model for
HbGp, both in the native form and in the smaller fragments, seems
reasonable due to the fact that both proteins present a similar molec-
ular mass (3.6 MDa), as well as an oligomeric dissociation equilibri-
um, involving the co-existence of multiple species, and also the
similarity in structure [6,7,9,20]. Moreover, the monomeric HbGp glo-
bin chain (d) has been fully sequenced [21] and presents 57% amino
acid sequence identity with its homologue HbLt, indicating a common
evolutionary origin [21]. Since the complete sequence is only known
for the HbGp monomeric chain (d), at the present time it is yet not
possible to obtain the complete resolution of HbGp structure. We
consider that this fit in the r-space is more intuitive to monitor the
size changes.

2.6. Molecular weight determination

From I(0) values, we evaluated the molecular weight, M, of the
scattering particles by means of SAXSMoW software [19], which
allowed us to determine M from SAXS data measured on a relative
scale [19].

TheM value obtained for the native protein is very close to the lit-
erature [6]. However, the values obtained for the dissociated systems
are only a crude approximation, since this program was applied
under the assumption of monodisperse systems, which is certainly
not true.

2.7. Multimeric state analysis

In thiswork,wemadeuse of theOLIGOMERpackage [18] to evaluate
the percentage of dissociated and aggregated species in equilibrium in
solution, depending on pH and temperature. The scattering data is con-
sidered as a linear combination of the species (components) present in
solution according to the equation:

I qð Þ ¼ ∑k
k¼1vkIk qð Þ ð1Þ

where vk and Ik(q) are the volume fraction and the scattering intensity
from the k-th component, respectively, and the sum is over all compo-
nents in the solution [18].
As the initial set of species, we used the results obtained from the
analysis of the p(r) function. This will be better explained in Section 3.4.

3. Results and discussion

3.1. Thermal stability of HbGp, as a function of pH and iron oxidation
state, monitored by DLS

3.1.1. Met-HbGp
The hydrodynamic diameter of the met-HbGp, estimated from DLS

data, is shown in Fig. 1, for different pH values and protein concentra-
tions. For met-HbGp, at 25 °C, at pH 7.0 (Fig. 1A) and 7.5 (Fig. 1B), the
protein is in its native oligomeric form, showing a significant stability
upon heating. The Z-average diameter of the met-HbGp 0.5 mg/ml,
followed during 24 h, at 25 °C and pH 7.0, was 27±1 nm. At pH 7.5,
a slight reduction of diameter is observed at 24±1 nm after 24 h.
However, at pH 8.0 and 25 °C, an initial protein dissociation is ob-
served. The average polydispersity indexes observed for met-HbGp,
at pH values 7.0, 7.5 and 8.0 are, respectively, 0.01, 0.11 and 0.19. In
a previous work we associated the increase of polydispersion indexes
with the phenomenon of oxy-HbGp oligomeric dissociation [11].

At pH 7.0, where HbGp is very stable in all three oxidation forms
(oxy, met and cyanomet), the increase in the temperature does not
induce the dissociation of the protein (see inset in Fig. 1A, [11]). How-
ever, when a high temperature is reached (48 °C, Fig. 1A, Table 1)
protein denaturation occurs, followed by some protein aggregation,
as judged by the formation of a complex with a Z-average, bDh>, of
194 nm for 0.5 mg/ml at the highest temperature (Table 1). As
mentioned above, a critical denaturation temperature (Tden) for
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met-HbGp was defined at 48 °C and pH 7.0, where the scattering par-
ticle dimension changed drastically, suggesting the appearance of ag-
gregates in solution as a result of the denaturation process. The
increase of protein concentration did not alter the Tden value for
met-HbGp, at pH 7.0 (inset in Fig. 1A, Table 1). Nevertheless, an in-
crease in the bDh> for the aggregates is observed as the protein con-
centration increases, which is a common phenomenon for all pH
values in the range 7.0–8.0. So, higher protein concentrations induced
the formation of larger aggregates (Fig. 1), independent of pH. Note,
however, that the mechanisms of protein dissociation and aggrega-
tion have different pathways depending on pH value [10,11,14].
First of all, in going to acidic pH range, closer to the protein pI,
which is 5.5 [14], the protein becomes more prone to aggregate. In
this way, upon going to lower pH values the aggregation/precipitation
becomes more prominent. This is clearly seen in the melting curves
for met-HbGp, at pH 5.0, shown in Fig. S1 of the Supplementary data.
Besides, in going to the opposite direction, alkaline pH, the protein
undergoes oligomeric dissociation, which in turn affects the aggrega-
tion process and reduces the precipitation phenomenon and limits the
sizes of the aggregates. It is worthy of notice, that the higher the pH
value the lower the size of the aggregates attained at the highest tem-
peratures (Table 1, Fig. 1).

At pH 7.5 and 0.5 and 1.0 mg/ml of protein, a slight decrease of
bDh> is associated to the temperature induced protein oligomeric
dissociation, followed by an increase of bDh>, which is gradual and
starts at a higher temperature, as compared to the temperature for
protein dissociation (see inset in Fig. 1B). The temperatures at the be-
ginning of the dissociation and denaturation processes (Tdiss and Tden,
respectively) are included in Table 1. It is clear that the dissociation is
not complete since bDh> values are higher than that expected for
oligomeric dissociation (around 10 nm, [10,11]), and that the
Table 1
Values of the sizes and critical temperatures associated to the effects of pH, tempera-
ture and protein concentration on met- and cyanomet-HbGp. Z-average hydrodynamic
diameter (bDh>) at different pH values. The melting points were obtained from the
data in Fig. 1.

[HbGp]
mg/ml

Tdiss (°C) bDh>diss (nm) bDh>min (nm) Tden(°C) bDh>den(nm)

Met-HbGp
pH 7.0

0.5 – – – 48±1 194±7
1.0 – – – 47±1 288±10
2.0 – – – 48±1 632±15
3.0 – – – 48±1 664±20

pH 7.5
0.5 40±1 27±1 19±1 45±1 52±2
1.0 38±1 27±1 24±1 44±1 73±3
2.0 – – – 44±1 119±5
3.0 – – – 44±1 248±8

pH 8.0
0.5 25±1 26±1 20±1 44±1 35±1
1.0 25±1 27±1 22±1 45±1 47±2
3.0 34±1 27±1 25±1 43±1 153±5

Cyanomet-HbGp
pH 7.0

0.50 – – – 56±1 100±5
1.0 – – – 56±1 123±4
2.0 – – – 56±1 138±7
3.0 – – – 56±1 690±12

pH 8.0
0.50 42±1 27±1 16±1 51±1 29±2
1.0 43±1 27±1 17±1 52±1 36±3
2.0 45±1 27±1 19±1 52±1 53±4
3.0 49±1 27±1 23±1 56±1 70±5

Tdiss critical dissociation temperature (beginning of the dissociation process); Tden critical
denaturation temperature (beginning of the denaturation process); bDh>diss Z-average
hydrodynamic diameter at the beginning of thedissociation; bDh>den Z-average hydrody-
namic diameter at the highest temperature (70 °C), bDh>min Z-average hydrodynamic
diameter at the minimum of the melting curves.
beginning of the denaturation overlaps with the dissociation process.
Table 1 also includes the minimal bDh> values observed in the melt-
ing curves (inset in Fig. 1B). At higher protein concentrations, 2.0 and
3.0 mg/ml, the dissociation phenomenon is not observed. It is inter-
esting to notice that, in going from pH 7.0 to pH 7.5, Tden, for met-
HbGp, reduces from 48 °C to 44 °C (Table 1).

At pH 8.0, for met-HbGp, the thermal stability is reduced as com-
pared to pH 7.0. In the protein concentration range from 0.5 to
3.0 mg/ml, a slight decrease of bDh> is also observed (inset in
Fig. 1C). The oligomeric dissociation is also not complete (bDh>
values are higher than 10 nm) and the beginning of the denaturation
overlaps again with the dissociation process. The lowest value of
bDh> at pH 8.0 (25 nm) is also higher than that observed for oxy-
HbGp, which is around 12 nm corresponding to a more extensive
oligomeric dissociation [10,11].

Complimentary experiments were also performed for met-HbGp, at
pH 5.0 and 7.0, to investigate the influence of the protein concentration
on its thermal denaturation. Firstly, a DLS study was made, changing
the protein concentration in the range from 0.5 to 2.0 mg/ml, at pH 5.0
(Fig. S1, Table S1), to compare with the results shown in Fig. 1 (for pH
7.0). The melting curves (Fig. S1) present a change of Dh from the very
beginning of the heating cycle, suggesting that some slight protein aggre-
gation takes place upon heating met-HbGp, at pH 5.0. After the comple-
tion of the melting experiment a very significant amount of precipitated
protein is observed in the sample cuvette. Besides, as can be noticed in
Fig. S1 and Table S1, the bDh>values increase significantly, at the highest
temperatures, in the heating cycle. This makes it quite difficult to make
some reliable assessment of aggregate size during this experiment. The
critical denaturation temperatures are also higher at pH 5.0 (Table S1)
as compared to pH 7.0 (Table 1), being around 60 °C, consistent with
previous findings for oxy- [11] and cyanomet-HbGp [10].

Using optical absorption spectroscopy, another experiment was
performed with met-HbGp, aiming to estimate the amount of aggre-
gate/precipitate, at pH 5.0 and 7.0, produced upon heating the pro-
tein, at 50, 60 and 70 °C (Fig. S2). The results show that, at pH 5.0
(Fig. S2A) a significant amount of hemichrome is formed at 25 °C.
After heating to 50 or 60 °C, around 9% of protein precipitation is ob-
served, while, at 70 °C, a higher aggregation/precipitation of around
40% of protein takes place (Fig. S2A, Table S2). This observation is
consistent with previous studies [10,11,14]. Moreover, at pH 7.0, it
is clear that met-HbGp undergoes a change into hemichrome upon
heating above 25 °C (Fig. S2B). The amount of protein remaining in
solution after the heating cycle is quite similar to that observed at
pH 5.0, even though the final aggregate size at the acidic pH seems
to be much higher as compared to the neutral pH. These findings illus-
trate the fact that differences are found for the dissociation/aggregation
phenomena at acidic and neutral pH. Since the protein aggregation is
not the focus of the present work it will be a very interesting matter
for future research.

3.1.2. Cyanomet-HbGp
Similar DLS melting experiments were performed for cyanomet-

HbGp, at pH 7.0 and 8.0. In Table 1 the corresponding results are
also included. The melting curves for both oxidized forms of HbGp,
met and cyanomet, are very similar, showing the same protein con-
centration trends.

Cyanomet-HbGp at pH 7.0 is very stable, and increase in the tem-
perature does not induce protein dissociation. However, when a high
temperature is reached (56 °C) protein denaturation occurs, followed
by some protein aggregation. At pH 8.0, the protein becomes more
stable at higher concentrations, as monitored by the increase in Tdiss
with the increase in protein concentration (Table 1). Regarding pro-
tein aggregation beyond the denaturation, the trend at pH 8.0 is sim-
ilar to that at pH 7.0: the higher the protein concentration the higher
the size of the aggregates. The corresponding values of critical param-
eters are also shown in Table 1. At pH 7.0, and differently from



Fig. 2. Experimental small angle X-ray scattering curves of 3.0 mg/ml oxy-HbGp in
30 mM acetate–phosphate–borate buffer at pH 5.0, 20 °C and theoretical scattering
curve obtained using the program CRYSOL [18] and based on the structure for HbLt
deposited in the Protein Data Bank under ID code 2GLT [7] (A); normalized distance
distribution function p(r) obtained from GNOM program.
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oxy-HbGp [10], for the cyanomet-form the increase in protein con-
centration is not accompanied by any change in the value of Tden.

It is important, that lowering the temperature back to 25 °C, after
heating to 70 °C, does not lead to a change in the final value of bDh>
indicating that the temperature induced protein dissociation is an ir-
reversible process for all HbGp forms studied in this work.

The higher critical denaturation and dissociation temperatures in-
dicate that cyanomet-HbGp is more stable than both the oxy- [10,11]
and the met-HbGp. At pH 7.0, the denaturation temperature for
cyanomet-HbGp (Table 1) is also higher as compared to oxy-HbGp
[10,11] and met-HbGp. This observation is in agreement with previ-
ous work on oxidized HbGp [12–14].

Our present results based on DLS for melting of HbGp at different
pH values and protein concentrations, for different protein oxidation
forms (met-, and cyanomet-HbGp), suggest that the effects of protein
concentration on the thermostability are similar to those reported
previously for oxy-HbGp [11], but not identical. Met-HbGp, for in-
stance, seems to have a higher tendency to aggregate at pH 7.0 as
compared to oxy- [11] and cyanomet-HbGp, as judged by the larger
sizes of the aggregates and relatively small dependence of denatur-
ation temperatures on the protein concentration (Table 1).

We now focus our attention on SAXS measurements performed on
3.0 mg/ml HbGp at different pH and temperature values.

3.2. SAXS data analysis

3.2.1. Theoretical SAXS curves obtained from Protein Data Bank (PDB) for
HbLt

Theoretical SAXS curves were obtained from L. terrestris hemoglo-
bin (HbLt) coordinate data deposited in the Protein Data Bank (PDB)
under ID code 2GTL [7] by using Crysol software [18]. The architecture
of the full particle of approximately 3.6 MDa is based on two hexago-
nal disks in which the most prominent substructure corresponds to
one-twelfth of the whole particle (a protomer) which is composed
of a dodecamer of globins, (abcd)3, together with three non-globin
chains called linkers, L1, L2, and L3. Thus, assuming a high similarity
of the three dimensional structure between HbGp and HbLt, we
obtained the theoretical SAXS curves of the different subunits of the
HbGp, based on the deposited coordinates for HbLt [7]. It is worthy
of mention that a recent report [20] on the preliminary crystal struc-
ture of HbGp confirmed its close similarity to HbLt structure [7]. The
theoretical scattering curves obtained from PDB structure, which
were the most representative for analysis of our experimental SAXS
scattering curves, will be discussed later into the text.

3.2.2. Independent-model data analysis
The scattering curves of HbGp at three different iron oxidation

states, oxy-, met- and cyanomet-HbGp, were analyzed initially by
Guinier law [15] and p(r) functions through GNOM program [17] to
assess the corresponding values of the parameters Rg, Dmax and I(0).
The Rg values obtained from p(r) functions agree quite well with
those obtained from Guinier plots.

3.2.3. Stability of HbGp oxidation forms in acidic medium
Fig. 2 shows a representative scattering curve for oxy-HbGp,

3.0 mg/ml, at pH 5.0, and 20 °C. HbGp SAXS curves are characterized
by two well defined shoulders in the q region of 0.04 Å−1 and
0.07 Å−1 and a third one, not so pronounced, in the q region of
0.12 Å−1. These shoulders are characteristic of extracellular giant
hemoglobins as reported in previous work [1,9,22].

All three HbGp oxidation forms show very similar SAXS scattering
curves in the acidic pH range, which are also similar to the native olig-
omeric protein at pH 7.0. It is worthy of notice that this native scatter-
ing curve is maintained in the whole studied temperature interval
from 20 to 60 °C, suggesting a significant oligomeric stability of
HbGp, at 3.0 mg/ml, in the acidic pH range. Another interesting
observation is the protein precipitation at temperatures above 60 °C,
precluding more detailed studies at higher temperatures. These re-
sults are quite consistent with previous DLS data [14]. In Fig. 2A the
superposition of the experimental scattering curve with the theoreti-
cal curve obtained based on HbLt coordinates, as described above, is
quite good. In Fig. 2B the pair distance distribution function, p(r), is
shown, which is characteristic for the HbGp native state, with a Dmax

of 300 Å and a radius of gyration Rg of 107 Å [9]. Such a value of Rg is
consistent with the hydrodynamic diameter of HbGp, obtained by DLS
measurements, of 27(1)nm (Rg=(√3/5)×R for a sphere, [16]).

The parameters for all three forms of HbGp are reported in
Tables 2–4. Inspection of the parameters for the acidic range is quite
informative. For all different oxidation forms where dissociation is
not observed, at 20 °C, the I(0) value is constant. This observation is
consistent with data obtained from other experiments and suggests
that the quaternary structure is similar regardless the protein oxida-
tion form. For pH values of 5.0 and 6.0, at temperatures higher than
40–50 °C (see Tables 2–4), the I(0) values showed a slight decrease
due to the initial protein precipitation. This result is in agreement
with a recent paper [14] describing the isoelectric point determina-
tion of HbGp, which is around 5.5.

Besides, the M value obtained by SAXS MoW program was about
3.3 MDa for temperatures up to 40 °C, corresponding to the native
whole oligomeric form of HbGp. Such a value is close to the



Table 2
Rg, I(0) and Dmax values obtained from GNOM software analysis for extracellular hemo-
globin of G. paulistus, in the oxy-form, at indicated pH and temperature values.

T (°C) Oxy-HbGp pH 5.0 pH 6.0 pH 7.0 pH 8.0

20 Rg (Å) 107±1 106±1 108±1 107±1
Dmax (Å) 300 300 300 300
I(0) (a.u.) 0.10±0.01 0.10±0.01 0.10±0.01 0.10±0.01

30 Rg (Å) 107±1 107±1 108.±1 106±1
Dmax (Å) 300 300 300 300
I(0) (a.u.) 0.10±0.01 0.10±0.01 0.10±0.01 0.10±0.01

40 Rg (Å) 106±1 106±1 108.6±0.2 105±1
Dmax (Å) 300 300 300 300
I(0) (a.u.) 0.10±0.01 0.10±0.01 0.05±0.01 0.07±0.01

50 Rg (Å) 108±1 106±1 108±1 104±1
Dmax (Å) 300 300 300 280
I(0) (a.u.) 0.10±0.01 0.10±0.01 0.03±0.01 0.03±0.01

55 Rg (Å) 107±1 107±1 137±1 50±1
Dmax (Å) 300 300 420 190
I(0) (a.u.) 0.08±0.01 0.09±0.01 0.03±0.01 0.003±0.001

60 Rg (Å) 104±1 105±1 143±1 50±1
Dmax (Å) 300 300 450 190
I(0) (a.u.) 0.08±0.01 0.08±0.01 0.012±0.005 0.003±0.001

Table 4
Rg, I(0) andDmax values obtained fromGNOM software analysis for extracellular hemoglobin
of G. paulistus, in the met-form, at indicated pH and temperature values.

T (°C) Met-HbGp pH 5.0 pH 6.0 pH 7.0 pH 8.0

20 Rg (Å) 107±1 107±1 107±1 92±1
Dmax (Å) 300 300 300 280
I(0) (a.u.) 0.10±0.01 0.10±0.01 0.10±0.01 0.010±0.005

30 Rg (Å) 107±1 107±1 107±1 90±1
Dmax (Å) 300 300 300 295
I(0) (a.u.) 0.10±0.01 0.10±0.01 0.10±0.01 0.010±0.005

40 Rg (Å) 106±1 107±1 107±1
Dmax (Å) 300 300 300
I(0) (a.u.) 0.10±0.01 0.09±0.01 0.09±0.01

50 Rg (Å) 107±1 107±1 105±1
Dmax (Å) 300 300 300
I(0) (a.u.) 0.09±0.01 0.09±0.01 0.07±0.01

60 Rg (Å) 106±1 106±1 122±1
Dmax (Å) 300 300 400
I(0) (a.u.) 0.09±0.01 0.09±0.01 0.04±0.01
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experimental one obtained by analytical ultracentrifugation of
3.6 MDa [6]. As I(0) values suffer a slight decrease for higher temper-
atures, the resulting M values decrease from 3.3 MDa to 2.8 MDa,
being certainly underestimated due to protein precipitation.

3.3. Stability of HbGp in neutral and alkaline media

3.3.1. Oxy-HbGp
Fig. 3A and B presents, respectively, the experimental scattering

curves and distance distribution functions, p(r), as well as the corre-
sponding scattering curves calculated by GNOM for oxy-HbGp, at
pH 7.0 and pH 8.0. The Rg, Dmax and I(0) values are included in
Table 2. Similar to previous analysis, the HbGp keeps its native state
up to 30 °C, with M=3.3 MDa. However, at pH 7.0, I(0) decreases
for temperatures above 40 and up to 50 °C, without changing in
Dmax and Rg values. Further temperature increase leads to an enlarge-
ment of the protein maximum dimension Dmax that reaches 450 Å at
60 °C, pointing out the denaturation process followed by aggregation
of the HbGp. The Rg value also increases to 143 Å, consistent with the
shift of the maximum frequency in the distance distribution function
p(r) (see dotted lines in Fig. 3A). Such apparent increase in scattering
protein dimension due to HbGp aggregation precludes the real esti-
mate of I(0) because the corresponding information is hidden in a q
range not accessible by our experimental resolution. In this way, we
cannot infer about the protein molecular weight at this experimental
condition. Moreover, the reduction in I(0) could also be associated to
Table 3
Rg, I(0) and Dmax values obtained from GNOM software analysis for extracellular hemoglobin of G

T (°C) Cyanomet-HbGp pH 5.0 pH 6.0

20 Rg (Å) 107±1 107±1
Dmax (Å) 300 300
I(0) (a.u.) 0.10±0.01 0.10±0.0

30 Rg (Å) 107±1 107±1
Dmax (Å) 300 300
I(0) (a.u.) 0.10±0.01 0.10±0.0

40 Rg (Å) 107±1 107±1
Dmax (Å) 300 300
I(0) (a.u.) 0.09±0.01 0.10±0.0

50 Rg (Å) 107±1 107±1
Dmax (Å) 300 300
I(0) (a.u.) 0.09±0.01 0.09±0.0

60 Rg (Å) 107±1 106±1
Dmax (Å) 300 300
I(0) (a.u.) 0.09±0.01 0.09±0.0
the protein precipitation due to high protein aggregation, that is in
agreement with our recently published paper [14], reporting signifi-
cant precipitation at acidic pH, and moderate precipitation at pH 7.0.

At pH 8.0, a significant decrease of Rg and Dmax to 50 Å and 190 Å,
respectively, is observed starting at 55 °C, as oligomeric protein disso-
ciation occurs, accompanied by a decrease in the forward scattering
intensity I(0). This means that a decrease of approximately 5 times
on I(0) is equivalent to the M value obtained. The protein molecular
weight obtained by SAXS MoW software results to be 0.14 MDa.
Thus, these results evidence the oligomeric dissociation of the oxy-
HbGp at alkaline pH and high temperatures. As mentioned above, in
the DLS data presentation, oligomeric dissociation of HbGp, at alka-
line pH values, has been previously observed and well characterized.
So, our present SAXS data for oxy-HbGp are consistent with previous
DLS data [10,11].

3.3.2. Cyanomet-HbGp
At pH 7.0 (Fig. 4A), the protein is very stable, similar to the acidic

pH range, maintaining the unchanged native scattering curve up to
60 °C, in good agreement with DLS data (see Table 1). For the
cyanomet-HbGp form, the heme iron is oxidized being in the ferric
state, and due to the coordination of the cyanide ion to the iron cen-
ter, a significant oligomeric stability is achieved as a function of tem-
perature. The values of Dmax and Rg remain also constant in the whole
temperature range, equal, respectively, to 300 and 108 Å (inset of
Fig. 4A, Table 3). The values of M estimated by SAXS MoW remain
constant and equal to 3.3 MDa.

However, at pH 8.0 (Fig. 4B), the protein is not as stable as at pH
7.0, practically loosing the characteristic shoulders at 60 °C and the
. paulistus, in the cyanomet-form, at indicated pH and temperature values.

pH 7.0 pH 8.0 pH 9.0

107±1 108±1 107±1
300 300 300

1 0.10±0.01 0.10±0.01 0.07±0.01
107±1 108±1 106±1
300 300 300

1 0.10±0.01 0.10±0.01 0.07±0.01
108±1 108±1 106±1
300 300 300

1 0.09±0.01 0.10±0.01 0.06±0.01
108±1 75±1
300 245

1 0.09±0.01 0.012±0.001
108±1 93±1
300 250

1 0.09±0.01 0.02±0.01



Fig. 4. Experimental small angle X-ray scattering curves of 3.0 mg/ml cyanomet-HbGp
in 30 mM acetate–phosphate–borate buffer at pH 7.0 (A), pH 8.0 (B) and pH 9 (C) as a
function of the temperature. The best normalized distance distribution functions p(r)
obtained from GNOM program are included as insets on the figures and the corre-
sponding scattering curves are represented as solid lines onto the experimental data.

Fig. 3. Experimental small angle X-ray scattering curves of 3.0 mg/ml oxy-HbGp in
30 mM acetate–phosphate–borate buffer at pH 7.0 (A) and pH 8.0 (B) as a function
of the temperature. The best normalized distance distribution functions p(r) obtained
from GNOM program are included as insets on the figures and the corresponding scat-
tering curves are represented as solid lines onto the experimental data.
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corresponding values of Dmax and Rg are reduced to, 250 and 93 Å, re-
spectively (Table 3). The M value reduced from 3.3 MDa to 0.59 MDa
due to the protein oligomeric dissociation. This dissociation of the
whole oligomer into smaller subunits is also clearly seen in the inset
of Fig. 4B showing a significant contribution of frequencies of smaller
distances in the p(r) function corresponding to low molecular weight
components (see dotted lines in the inset of Fig. 4B). Oligomeric dis-
sociation for cyanomet-HbGp at pH 8.0 is also observed from our DLS
data (Table 1).

At pH 9.0 (Fig. 4C), the SAXS curves show a clear further reduction
of I(0) value already at 20 °C (see also Table 3). However, the three
well defined shoulders in the q region of 0.04, 0.07 and 0.12 Å−1

are partially maintained up to 40 °C. At 50 °C the shoulders are prac-
tically absent, suggesting a reduction of thermostability of the
cyanomet-HbGp form at this alkaline pH. Dmax and Rg reduced, re-
spectively, to 245 Å and 75 Å, at 50 °C (Table 3). Based on SAXS
MoW analysis, at pH 9.0, the oligomeric dissociation is already ob-
served at 20 °C since the M value reduces to 2 MDa. Increasing the
temperature from 20 to 50 °C the M value reduces further to
0.27 MDa. Monitoring the changes in the p(r) function in going
from pH 8.0 to pH 9.0 the reduction of the contribution at the higher
pH of the higher molecular mass species and the simultaneous
increase in the low molecular mass component contribution (see
inserts of Fig. 4B and C, and dotted lines) are evident.

3.3.3. Met-HbGp
For the met-HbGp, at pH 7.0 (Fig. 5A), up to 40 °C the scattering

curve with the characteristic shoulders is maintained and the initial
scattering intensities decrease significantly above a temperature
around 50 °C. I(0) reduces from 0.10 to 0.04 upon going from 20 °C
to 60 °C (see Table 4). At 60 °C, a drastic change is observed
(Fig. 5A), and the parameters Dmax and Rg increased to 400 and
122 Å, respectively. The marked decrease in the initial scattering in-
tensity is accompanied by the disappearance of the characteristic
shoulders in the experimental scattering curve. For met-HbGp, at
pH 7.0 above 40 °C, the M value was not determined due to protein
precipitation. As mentioned above, at 20 °C the M value is equal to
3.3 MDa, the same as for native HbGp independent of oxidation
form. The p(r) function at pH 7.0 (Fig. 5A) has a maximum of frequen-
cies shifted toward r values smaller than those observed for oxy- and
cyanomet-HbGp (Figs. 3A and 4A). It is possible that the met-form is
more prone to undergo dissociation, prior to the aggregation, as com-
pared to the other two forms. However, DLS data (Table 1) show that
the denaturation temperature is lower as compared to the other
forms, with no dissociation, and large aggregates are formed above
this critical temperature. Therefore, such displacement of the distri-
bution of frequencies in the p(r) function to smaller distances may
be also correlated to some denaturation process followed by aggrega-
tion at Tden (Table 1).

The scattering curves for met-HbGp at pH 8.0 are shown in Fig. 5B.
It is clearly observed that already at 20 °C the characteristic native
structure with the shoulders is not observed, indicating extensive
oligomeric dissociation. The values of Dmax, Rg and I(0) are all consis-
tent with this behavior: 280 Å, 92 Å and 0.01 a.u., respectively at 20 °C
(Table 4). At pH 8.0, already at 20 °C, the value of M is reduced
(0.27 MDa) as compared with the value at pH 7.0, indicating again
the occurrence of the oligomeric dissociation process. In this way,
our results point out that the oxidation state of the iron interferes sig-
nificantly in the protein oligomeric dissociation: at the same pH the
met-form of HbGp is more thermally unstable, as compared with
the oxy- and cyanomet-forms.
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Fig. 6. Theoretical SAXS curves based on the structure forHbLt deposited in the ProteinData
Bank under ID code 2GLT [7] obtained using the program CRYSOL [18]. Higher molecular
mass fragments (A) and lowermolecularmass fragments (C). Insets (B) and (D) correspond
to the distance distribution function p(r) obtained from GNOM program.

Fig. 5. Experimental small angle X-ray scattering curves of 3.0 mg/ml met-HbGp in
30 mM acetate–phosphate–borate buffer at pH 7.0 (A) and pH 8.0 (B) as a function
of the temperature. The best normalized distance distribution functions p(r) obtained
from GNOM program are included as insets on the figures and the corresponding
scattering curves are represented as solid lines onto the experimental data.
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3.4. Analysis of oligomeric dissociation of the HbGp

As described in the Materials and methods section, the program
GNOM was used in the present study to obtain the distance distribu-
tion functions p(r) for each subunit based on the corresponding the-
oretical scattering curves for HbLt fragments. It should be stressed,
however, that this is just a crude approximation since the HbLt theo-
retical scattering curves for the fragments are obtained as parts from
the rigid body crystallographic structure that might not be exactly the
same as the scattering for the corresponding fragments (subunits) in
the aqueous solution, as is the case for the experimental curves. We
also applied the OLIGOMER software to obtain fits for the experimen-
tal SAXS curves based on a linear combination of the theoretical scat-
tering curves from HbLt fragments. In both fits, obtained either by
p(r) from GNOM using Origin or directly from I(q) using OLIGOMER,
the fragments corresponding to the lower molecular masses, associat-
ed to the globin trimers, monomers and some combinations including
linkers (abc, d, abc+L and abc+d), were not considered, due to their
very small scattering intensity contribution in respect to larger spe-
cies. In fact, we tested initially the use of smaller fragments by using
the OLIGOMER software, but their inclusion increased significantly
the errors in the fragment contribution estimation without improving
the quality of the fits. Moreover, the fits performed by using a linear
combination of p(r) for the fragments, and based on the Origin soft-
ware, were used as a starting point to have reasonable parameters
as an initial guess for the fits by the OLIGOMER program.

In Fig. 6 the theoretical scattering curves for the HbLt fragments
along with the corresponding p(r) functions (see insets) are shown.
For clarity, the curves were split in two parts, emphasizing the greater
(Fig. 6A) and the smaller (Fig. 6C) molecular mass subunits. The scat-
tering intensities in Fig. 6A and C are not normalized and obey the
corresponding mass relations. Moreover, the p(r) functions are
normalized by the corresponding factor, assuming an HbGp stoichi-
ometry of 12(abcd)3L3 for the whole oligomer, aiming to facilitate
the comparisons.

In order to better evaluate how the heat impacts on the dissocia-
tion process of different HbGp oxidation forms, the analysis through
p(r) composition combined to OLIGOMER was performed for the pro-
teins at different conditions of pH and temperature, as described
below.

Fig. 7A shows the p(r) function obtained from the experimental
scattering curve by GNOM, for oxy-HbGp, at pH 7.0 and 20 °C, and
the corresponding fit (solid line) obtained by the linear combination
of the HbLt fragments. The data were fitted, in this case, with 100%
of the native whole protein. Inset in Fig. 7A shows the corresponding
experimental scattering curve for oxy-HbGp in this condition and the
fit by OLIGOMER software, which gives also 100% of the native form.
In this way, for the native HbGp, which is a single species system,
both the p(r) analysis and the OLIGOMER program present a reason-
able description of the experimental data.

Fig. 7B shows the p(r) function obtained from GNOM, for oxy-
HbGp, at pH 8.0 and 60 °C, and the corresponding fit obtained from
the linear combination of the theoretical HbLt fragments (see
Fig. 6), as described above. Using this procedure the following con-
tributions are obtained: one half of the native whole protein,
6×(abcd)3L3 (2±1%), dodecamer, (abcd)3 (48±13%), and tetramers,
(abcd) (50±43%). This result is consistent with the fact that the ex-
perimental p(r) goes only up to 200 Å and the scattering curve lacks
the oscillations characteristic of higher mass fragments. It is also
clear that the p(r) for this condition presents a tail above 100 Å, cor-
responding, probably, to denatured protein. The fit shown in Fig. 7B
was limited to 150 Å, since the extension of the distance range to
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Fig. 7. Experimental SAXS curves and p(r) obtained for different HbGp oxidation forms. The electronic density distribution as function of distance p(r) obtained from GNON for
experimental scattering curves and the better fit considering the p(r) of the theoretical scattering curves of the high resolution subunits from HbLt (Lumbricus erythrocruorin)
deposited in the Protein Data Bank under ID code 2GTL [7]. (A) oxy-HbGp pH 7.0 and 20 °C (B) oxy-HbGp pH 8.0 and 60 °C, (C) cyanomet-HbGp, pH 8.0 and 60 °C,
(D) cyanomet-HbGp, pH 9.0 and 50 °C, (E) met-HbGp, pH 8.0 and 30 °C. Insets present experimental SAXS I(q) (a.u.) vs q (Å) curves and fits from OLIGOMER [19]. The open circles
correspond to the experimental points and the solid lines to the best fits.
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190 Å would produce an averaging of the experimental curve in the
higher r region, changing slightly the contributions, but maintaining
these three species. The existence of this long distance tail precludes
an improvement of the fit since the p(r) for denatured protein is una-
vailable. Thus, this result is only an approximation since the fit of the
p(r) is not good enough at high values of r (Fig. 7B). Inset in Fig. 7B
shows the same experimental scattering curve and the corresponding
fit obtained by OLIGOMER. The best fit results in a combination of
one half of the whole protein (5.3±0.2%), the dodecamer (abcd)3
(23±1%), and the tetramer (abcd) (72±1%). Both fits, obtained
from the linear combination of the p(r) for the fragments, and by
OLIGOMER, which uses in essence the same approach, show clearly
a high contribution of dodecamer and tetramer, together with a few
percent of half of the whole protein. All fitting results are collected to-
gether in Table 5.

Fig. 7C presents the analysis of scattering data for cyanomet-
HbGp, at pH 8.0 and 60 °C. From the p(r) fitting, the following contri-
butions are obtained: whole protein (11±1%), 1/12 of the whole pro-
tein (6±3%), dodecamer (61±5%), and tetramer (22±2%). This
result is quite consistent with the inspection of both the scattering
curve (inset of Fig. 7C) and p(r) function, where some oscillations
and shoulder at high r values are, respectively, observed. It is also
consistent with the fact that cyanomet-HbGp, at pH 8.0 and 60 °C, is
more stable toward oligomeric dissociation as compared to oxy-
HbGp (Fig. 7B). The fit obtained by OLIGOMER (inset of Fig. 7C) indi-
cates that the experimental SAXS curve can be composed by native
protein (13±1%), 1/12 of the whole protein (12±1%), the dodeca-
mer (49±1%), and the tetramer (26±1%), showing that both fits
are quite good giving consistent values for species contributions
(see also Table 5).

Fig. 7D shows the p(r) obtained from GNOM for cyanomet-HbGp,
at pH 9.0 and 50 °C, and the corresponding fit obtained by the linear
combination of the theoretical curves for the HbLt fragments
(Fig. 6). In this case the best fit shows contributions from one half
of the whole protein (7±1%), dodecamer (47±4%), and tetramers
(46±1%). For cyanomet-HbGp, in going from pH 8.0 to pH 9.0, the
contribution of higher mass species is reduced, and a significant in-
crease in the amount of tetramers is observed (almost doubled).
The fit obtained by OLIGOMER (inset of Fig. 7D) indicates the pres-
ence of the following subunits: one half of the whole protein (7.8±
0.2%), dodecamer (38±1%), and tetramer (54±1%). Again the con-
tributions obtained from the two fits are quite consistent (Table 5).

Finally, for met-HbGp, at pH 8.0 and 30 °C (Fig. 7E and Table 5),
analyses by p(r) indicated a contribution of native (2.0±0.3%), one
half of the whole protein (12±1%), dodecamer (16±8%), and the
sum of trimers and monomers, abc+d (70±26%). The results based
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Table 5
Percentages contributions of fragments of the whole protein, obtained from linear combination of corresponding theoretical p(r) curves, and from OLIGOMER analysis, for the oxy-,
cyanomet- and met-HbGp forms, at pH 7.0, 8.0 and 9.0, at indicated temperatures.

Oxy-HbGp Cyanomet-HbGp Met-HbGp

pH 7.0 pH 8.0 pH 8.0 pH 9.0 pH 8.0

20 °C 60 °C m 50 °C 30 °C

Fragments %p(r) %OLIG. %p(r) %OLIG. %p(r) %OLIG. %p(r) %OLIG. %p(r) %OLIG.

Native 100% 100% – – 11±1 13±1 – – 2.0±0.3 1±1
6×(abcd)3L3 – – 2±1 5.3±0.2 – – 7±1 7.8±0.2 12±1 11±1
1/12(abcd)3L3 – – – – 6±3 12±1 – – – –

(abcd)3 – – 48±13 23±1 61±5 49±1 47±4 38±1 16±8 16±1
(abcd) – – 50±43 72±1 22±2 26±1 46±1 54±1 – –

abc+d – – – – – – – – 70±26 72±1

%p(r) — percentages obtained by linear combination using p(r) fragments of the HbLt shown in Fig. 6.
%OLIG. — percentages obtained by OLIGOMER program.
Native protein corresponds to 12 protomers (abcd)3L3, one half of the native protein corresponds to 6 protomers (abcd)3L3, dodecamer (abcd)3, tetramers abcd, sum of trimer and
monomer (abc+d) fragments.
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on p(r) analysis are again quite consistent with the fact that met-
HbGp, at pH 8.0, is quite unstable already at 20 °C, where a significant
amount of lower mass components is observed, leaving only 30% of
higher mass components. As mentioned above, this is just an approx-
imation for the estimates of species contributions. We believe that
despite the limitations of this analysis, for comparative purposes re-
garding the pH and temperature effects, it can be useful. OLIGOMER
fit indicated the contribution of the whole protein (1±1%), one half
of the whole protein (11±1%), dodecamer (16±1%), and the sum
of trimer and monomer, abc+d (72±1%). In this case the quality of
the fit has been quite improved upon the choice of the scattering
curve resulting from the sum of trimer and monomer instead of
using the tetramer. It is possible that this is associated also to the
higher tendency of met-HbGp to completely dissociate at pH 8.0.

4. General discussion

In the last 10 years the number of studies aiming to obtain struc-
tural information for different proteins based on the SAXS technique
has increased [23–29]. This technique allows following changes on
the tridimensional protein structure, monitoring the solution under
controlled conditions of salts, substrates, co-factors, etc., which
mimics closely the biological environment involved with the protein
function. In a favorable situation, it is possible to study the equilibri-
um among different species in solution based on their molecular
mass. Most of these studies in the literature reports protein denatur-
ation induced by high concentrations of denaturing agents [30], by
rising the temperature [26], changing the pH [25], or even the ionic
strength [28], as well as, describes the process of oligomeric dissocia-
tion and aggregation [24].

Interestingly, Spinozzi et al. [28] studied the effects of GuHCl and
NaCl on the structural properties of the hemocyanin (Hc) from
Carcinus aestuarii, at different conformational states: hexameric
holo- and apo-Hc forms, as well as the holo- and apo-forms of the
monomeric subunit CaeSS2, by means of small angle X-ray scattering
(SAXS). By analyzing the data, assuming equilibrium of different spe-
cies in solution (GENFIT software), the authors evidenced that the
presence of small amounts of GuHCl (up to 1.25 M) was not able to
disrupt the hexameric holo-Hc form, which is ~92% of total Hc in so-
lution. Increasing GuHCl concentration, however, in the range of
1.25–2.50 M, higher aggregated forms, like dodecamers and icosate-
tramers, were observed. At concentrations higher than 2.5 M GuHCl,
the authors evidenced a complete dissociation of the protein, fol-
lowed by an unfolding process. A different effect was observed in
the presence of NaCl, were no dissociation or aggregation processes
were observed up to 3 M NaCl. Therefore, SAXS is a suitable technique
to study protein–protein dissociation and/or aggregation, as well as
folding/unfolding processes.
However, many of the studies found in the literature are performed
with monomeric and homo-dimeric proteins that are very simple sys-
tems, where the determination of the species in solution can be per-
formed with the use of softwares, such as, OLIGOMER, SAXS MoW and
GNOM [17–19]. Besides, using other programs such as CRYSOL [18], it
is possible to generate theoretical SAXS curves corresponding to either
a fragment or to the whole crystallographic structure of a protein.

In a recent paper, Shang et al. [23] described the dimerization pro-
cess and the structural flexibility of mammalian lipoxygenases. This
enzyme is characterized by a dimer, consisting of two structurally dif-
ferent monomeric conformers A and B. Guinier plot analysis yields a
radius of gyration Rg of 49 Å, and a particle volume of 300×103 Å3,
corresponding to a molecular mass of 150 kDa. This mass corresponds
to a dimer, which in the crystal structure presents smaller Rg (41 Å)
and Dmax (145 Å) values, explained by the authors as due to a differ-
ent degree of motional flexibility in the crystal as compared to the so-
lution. A monomer–dimer equilibrium was suggested, with a shift
toward dimer formation at higher protein concentrations.

The protein aggregation state can be followed through the analysis
of the changes of the forward scattering intensity I(0), as a function of
external parameters, such as the temperature or addition of denatur-
ants. For an ensemble of monomeric proteins of number density n
and known electron density contrast Δρ, I(0) is directly proportional
to the square of the protein volume VP. In the case of monomeric self-
aggregation giving N monomers in the aggregate, the scattering pro-
tein number density decreases by a factor of N, while the resulting
scattering protein volume increases to (NVP)2. In this way I(0) in-
creases by a factor of N and carries the information regarding the
multimeric state of the protein in solution, such that I(0)=N
(Δρ)2nVP

2. This means that the I(0) for a homo-dimer and homo-
tetramer is expected to increase by a factor of 2 and 4, respectively, as
compared to the monomer [29]. An interesting system behaving in
this way is the lectin peanut agglutinin (PNA) [27]. The theoretical
SAXS scattering curves, based on the crystallographic structure obtained
for the homo-tetrameric native protein, as well as for themonomer and
homo-dimer subunits, were in very good agreement with the corre-
sponding experimental curves and expected I(0) relations.

Certainly, for more complex protein oligomeric structures, such as,
for example, a hetero-trimer and/or a hetero-hexamer, the character-
ization of the solution species in equilibrium has proven to be signif-
icantly more difficult, as compared to the previous simple monomer,
homo-dimer and homo-tetramer situation. De Marco et al. [28] in a
study of human Cdt1-germin and its mutant forms, have shown the
existence of hetero-trimer (44 kDa) and hetero-hexamer (88 kDa)
structures. However, in this case, the theoretical scattering curve is
significantly different as compared to the experimental one. In this
way, for complex structures, the analysis of SAXS data based on the
crystal structures is not always completely successful.
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The description made above does not work with HbGp since the
aggregates and oligomeric fragments do not correspond to simple
monomers, dimers or tetramers of these monomers. The HbGp
system is quite complex. In this context, another recent investigation
shows that the complexity of the HbGp oligomeric dissociation pro-
cess is, at least partially, related to the difficulties in the characteriza-
tion of its isolated subunits, through size exclusion chromatography
(SEC), electrophoresis and MALDI-TOF-MS studies [31]. SEC studies,
at pH 9.6, show that oxy-HbGp undergoes oligomeric dissociation,
producing smaller subunits/fragments, such as, the dodecamer, the
trimer, the linkers and the monomer. Moreover, electrophoresis ex-
periments show that the linker subunits contaminate the trimer frac-
tion, implying a high affinity of the linkers to the trimer, preventing
the complete separation of these subunits. As mentioned above in
the Introduction, at pH 10.0, ultracentrifugation studies presented a
complex equilibrium of small molecular weight species without the
clear presence of the linkers [8]. Hydrodynamic properties of HbLt
fragments, obtained from the crystal structure, were also simulated
in this work, giving interesting results: the properties of the isolated
linker chains in different aggregation states (monomers, dimers and
trimers) are quite similar to HbGp globin monomers and dimers of
monomers, making their separation into pure form difficult [8].

Regarding the analysis of the SAXS data obtained in the present
work for HbGp, at different pH values, some care is necessary since
the behavior of the protein in acidic pH range, at pH 7.0 and in alka-
line medium is rather different. For instance, in acidic pH, the dena-
turation temperature is known to be higher as compared to pH 7.0
[11,14] and the aggregation phenomenon that occurs after denatur-
ation is more intense, probably, due to the proximity of the protein
isoelectric point, which is around 5.5 [14]. At pH 7.0, the protein un-
dergoes denaturation forming somewhat smaller aggregates than in
the acidic medium, as mentioned above. The physical visible precip-
itation is also not so strong, at pH 7.0, as compared to the acidic pH
range. Furthermore, in alkaline solution the oligomeric dissociation
takes place with increase of temperature, producing some mixtures
of fragments of the whole protein (subunits) with different volumes
and molecular masses. All these phenomena contribute to make it
more difficult the analysis of the HbGp denaturation process by
SAXS.

Despite all the difficulties, mentioned above, to find an adequate
model that describes HbGp temperature-induced dissociation/
denaturation, we believe that our present studies are an important
advance on the analysis and on the understanding of the protein
denaturation. Moreover, in this work, estimates of the percentage con-
tribution to the experimental scattering curves of some fragments of the
whole protein were obtained, for several characteristic fragments such
as, for example, half of the protein corresponding to a single hexagonal
layer, the one-twelfth of the whole protein ((abcd)3L3), corresponding
to one of the twelve protomers composing the hexagonal bilayer, the
dodecamer (abcd)3, and either the tetramer (abcd) or a combination
of the trimer (abc) and the monomer (d), as discussed above (see
Table 5).

Further work is still needed to establish a reliable model for oligo-
meric dissociation of HbGp under different conditions of pH, protein
concentration and temperature that would explain the extensive
spectroscopic and structural data accumulated until now. Work is
presently under way in our laboratory to characterize the different
aggregate species, obtained in the presence of the denaturant urea,
in different concentrations based in ultracentrifugation studies. How-
ever, we believe that our present SAXS data, despite the limitations of
the technique that is not able to separate isolated contributions, being
very sensitive to very small amounts of larger particles, is a nice con-
tribution, highlighting that even at high temperatures a fraction of
half of the whole molecule, as well as of the protomer (1/12 of the
whole oligomer), the dodecamer and the tetramer remains in solu-
tion contributing to the total scattering.
5. Conclusions

In this work, the stability of the HbGp in different oxidation
forms was studied in terms of different pH values and tempera-
tures. DLS results show that the protein oligomeric dissociation
and denaturation/aggregation are dependent on the protein concentra-
tion. Cyanomet-HbGp shows higher critical denaturation and dissocia-
tion temperatures, as observed from the melting curves, consistent
with its higher stability as compared to oxy- and met-HbGp.

SAXS studies of cyanomet-HbGp, at pH 7.0, as a function of tem-
perature, in the range 20–60 °C, show great protein stability. Our
results suggest that cyanomet-form is more stable and resistant re-
garding oligomeric dissociation than met- and oxy-HbGp. Different
analyses were performed in this work aiming to better characterize
the process of HbGp dissociation. The oligomeric dissociation induced
by temperature and alkaline pH for cyanomet-HbGp is not complete,
which is in agreement with the results obtained by the other tech-
niques. Besides that, our study evidences the high complexity of this
oligomeric system due, probably, to the existence of different combi-
nations involving both globin chains, as well as, linker chains that can
interact as the oligomer is dissociated. Consequently, this implies that
simple stoichiometric models are not enough to describe the species
in equilibrium in solution upon dissociation. In critical conditions, at
alkaline pH and higher temperature values our results indicated
that, independent of the iron oxidation form, the species present in
the equilibrium upon oligomeric dissociation are similar. The analysis
by linear combination from p(r) and OLIGOMER program shows that,
upon oligomeric dissociation, the percentage contributions of the
subunits, such as, the dodecamer (abcd)3L3 and the tetramer (abcd),
increase with temperature. On the other hand, the percentage of the
heavier species, un-dissociated protein, one half of whole protein
and one-twelfth of whole protein, present a significant decrease,
with increasing of temperature and pH. The data are in agreement
with recent results obtained by analytical ultracentrifugation, at alka-
line pH.
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