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Abstract
Varieties of hemoglobin (Hb) forms exist in fish, which are usually well adapted to the different
ecological conditions or various habitats. In the current study, Hbs from two Sturgeon species of
the Southern Caspian Sea Basin were purified and studied upon interaction with n-dodecyl
trimethylammonium bromide (DTAB; as a cationic surfactant) by various methods including UV-
visible absorption, dynamic light scattering (DLS), and ANS fluorescence spectrophotometry. The
chemometric analysis of Hbs was investigated upon interaction with DTAB under titration, using
UV-visible absorption spectra. The chemometric resolution techniques were used to determine the
number of the components and mole fraction of the oxidized Hbs. These results provided the
evidence for the existence of three different molecular components including native (N),
intermediate (I) and denatured (D) in sturgeon Hbs. According to the distribution of intermediates,
which were broadened in a range of DTAB concentration, the aggregation states, DLS
experiments, and thermal stability (Tm obtained by differential scanning calorimetry (DSC)), the
Acipenser stellatus Hb was more stable compared to Acipenser persicus Hb. These results
demonstrate a significant relationship between the stability of fish Hbs and the habitat depth
requirements.
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1. Introduction
Hemoglobin multiplicity has physiological and evolutionary significance in many fish
species, as well as other vertebrates. Multiple hemoglobin components, as an index for
molecular adaptations, enable fish to adapt to variable ecological conditions[1]. The
different Hbs, play different structural and functional roles in the animal respiratory system.
Vast variations in the number and in the structural and functional properties of Hbs among
species have been revealed in a number of investigations [2–8]. This multiplicity is a basis
for surprising adaptation of fish to their surrounding environment [9–11]. These adaptations
developed during a long evolutionary process over the course of many thousands of years to
permit the need for oxygen demand, due to the different environmental conditions that need
to be satisfied. Variations in oxygen tension, salinity, temperature, and pH are examples of
such environmental factors [12, 13]. In the literature, there are many reports addressing
different aspects of purification and characterization of Hbs from various fish species [14–
22].

The thermal stability of proteins, including hemoglobin is strongly coupled with its
electrostatic and hydrophobic interactions and salt bridge formations [23, 24]. The thermal
stability of the Hb in fish and amphibians is much lower than birds, reptiles, and mammals
[25]. The thermal stability of various types of Hbs has been studied by the differential
scanning calorimetry (DSC) [26], which measures the heat changes during increases or
decreases in temperature [27, 28]. The stability of a protein in dilute solution can be
determined by measuring changes in the partial molar heat capacity of the protein at
constant pressure (ΔCp). The ability of heat absorption for a compound can be measured by
monitoring the changes in its heat capacity [29]. The hemoglobin aggregation is also studied
under denaturing conditions [30, 31]. Several external factors such as temperature, ionic
strength, and additives play important roles in controlling or affecting protein aggregation
[32–34].

A surfactant is a substance which lowers the surface tension of a liquid while increasing the
contact between the liquid and another substance. One of the important applications of
surfactants is denaturation of protein structure. The use of surfactant-protein interactions is
very common in different fields including medicine, chemistry, and biology [35, 36]. The
presence of n-dodecyl trimethylammonium bromide (DTAB) as a cationic surfactant
destabilizes a protein [37–39]. The effect of DTAB on hemoglobin has been examined in
many studies [37, 40, 41]. Valuable information including thermodynamic stability,
cooperativity, and the nature of the forces required to maintain tertiary structure [42, 43],
and the native state of a protein can be extracted from denaturation studies of the protein
[44].

The chemometric analysis was employed to interpret the Hb denaturation by interaction with
DTAB. Chemometrics is the science of relating measurements made on a chemical system
or process to the state of the system via application of mathematical or statistical methods.
This definition can be generalized to biochemical systems as well [45]. The chemical and/or
physical information can be recovered from the experimental data using chemometric
resolution methods. Among the various chemometric methods, multivariate resolution
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methods are widely used for the analysis and interpretation of spectroscopic data obtained
during monitoring of a chemical or physical process [46].

An intermediate as a molecular entity, which is formed from the reactants, has important
role in identification of the reaction and it constituents. The number of intermediates present
in a reacting system in the presence of surfactants can be determined using their spectra and
related concentration profiles through chemometric methods [47–49]. The concentration
profiles and the spectra of the protein conformations involved in the unfolding process can
be recovered by employing multivariate curve resolution-alternative least square (MCR-
ALS) method [48–51]. The mechanism of the unfolding process during thermal evolution of
the system can be interpreted using the MCR-ALS results. Resolved spectra can reveal the
nature of the conformations of intermediates and therefore, the effect of temperature on each
conformation can be evaluated using the results of chemometric techniques[52].

Fluorescence analysis is also used for studying properties of the tryptophan residues in the
Hb, as the most hydrophobic residue and determined the effective hydrophobicity of
proteins [53, 54]. Hydrophobicity, as an important property, measures the tendency of
molecules to aggregate in an aqueous solvent and shows their non-polar moieties. These
structural differences in Hbs are related to their physiological role as a gas carrier under
different environmental conditions [55]. In this paper, we compared the conformational
stability, aggregation state and chemometric analysis of Hbs from two Acipenser species of
the Caspian Sea with different habitat depths upon interaction with DTAB by various
mathematical and physical techniques.

2. Materials and Methods
2.1. Materials

Fresh hemoglobin samples from Sturgeons (Acipenser persicus and Acipenser stellatus)
were prepared as previously reported [27]. Sodium dodecyl sulfate (SDS), CM-cellulose,
dithiotreitol (DTT), dodecyl trimethylammonium bromide (DTAB) and other chemical
reagents (salts, detergents) were obtained from Sigma. Other reagents were of analytical
grade. All solutions were prepared using double-distilled water. The experiments were
carried out at 25°C, pH 7.3 using 10 mM phosphate buffer. The concentrations used for
DTAB were under critical micelle concentration (CMC) [56].

2.2. Methods
2.2.1. Preparation and purification of hemoglobins—The experimental procedures
and protocols for preparation and purification of hemoglobins were as previously described
[57]. Briefly, Sturgeons (Acipenser persicus and Acipenser stellatus) hemoglobins were
prepared from red blood cells of three-year-old sturgeons obtained from the Ghorogh Center
of Sturgeon Aquaculture (The Iranian Fisheries Research Organization, Caspian Sea, Iran)
according to the method of Williams and Tsay [58]. For Hb purification from Acipenser
species, ion-exchange chromatography on CM-cellulose column equilibrated with 10 mM
phosphate buffer in the pH range of 5.5 to 10 was used. The accuracy of method was
confirmed by IEF and SDS-PAGE and native-PAGE analysis [57]. Only the dominant Hbs
of sturgeons were used for all the experiments. The Hb concentrations were determined
spectrophotometrically using a millimolar extinction coefficient of 13.5 (monomer basis) at
541 nm for oxyhemoglobin[59].

2.2.2. Aggregation assays—The aggregation of Hb samples was monitored at 360 nm
by Shimadzu model UV-3100 spectrophotometer using a 10 mm path length quartz cuvette.
The average time for the mixture in the cuvette necessary to reach the predetermined
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temperature of the cell-holder was 3 min. All measurements of absorbance were performed
by incubating Hb with DTT(6.523 mM) for 60 min at 50 °C (with ± 0.1 °C error) vs. time in
10 mM sodium phosphate buffer (pH 7.3). The Hb concentration was constant (1.3 mg/ml)
in all experiments.

2.2.3. UV-vis spectrophotometry—Using UV-vis spectrophotometer, Shimadzu 3100,
the spectrum of Hb solutions (1.3 mg/ml) in a phosphate buffer (10 mM, pH 7.3), in the
range of 200–600 nm, was obtained in the absence and presence of different concentrations
of DTAB. The experiment was first base lined with buffer solutions and then Hb spectra
were obtained upon titration of DTAB. The absorbance values between 250 – 600 nm were
plotted versus DTAB concentration.

2.2.4. Dynamic Light Scattering (DLS) spectrophotometry—DLS is a well-
established technique for measuring the protein aggregation over wide ranges [60]. Hb
solutions (2.34 mg/ml) in a phosphate buffer (10 mM, pH 7.3 at 25 °C) were measured, by
dynamic light scattering (DLS), using a Malvern Instrument (Brookhaven Instruments
Corporation, USA). The protein samples were filtered using Whatman cellulose acetate
puradisc 30 syringe filter (0.2 Micron) before performing the experiments. In these
experiments for each Hb in absence or presence of DTAB (10 mM), five autocorrelation
functions were recorded.

2.2.5. Fluorescence Measurements—A Cary Eclipse (Varian, Australia)
spectrofluorimeter, equipped with a temperature controller bath model Cary, was used for all
the fluorescence experiments. The two Hb concentrations were adjusted to be the same. 8-
Anilino-1-naphthalenesulfonic acid (ANS) is a small organic compound used to probe the
accessibility of hydrophobic patches in proteins. In this study, Hb solution (1.3 mg/ml in 10
mM phosphate buffer pH 7.3 at 25 °C) was prepared using 20 μl of ANS (2 mM) with
DTAB (10 mM). The contribution of the DTAB/ANS solution was subtracted from Hb
solutions with DTAB/ANS. Emission scans were then obtained from 365 to 600 nm using
an excitation wavelength of 355 nm.

2.2.6. Differential scanning calorimery (DSC) studies—Thermal unfolding of
hemoglobin was monitored by DSC (Calorimetry Sciences Corporation, CSC 6100 N-DSC
II). All experiments were performed between 20–80°C. The hemoglobin concentration in the
sample solution was 1.3 mg/ml in a phosphate buffer (10 mM, pH 7.3) and heating rate was
2 °C/min. The sample cell was filled with protein solution and the reference cell was filled
with a phosphate buffer solution that contained all of the sample constituents, except the
protein. The sample and reference vessels were equilibrated with a precision of ±0.1 mg.
The temperature at each peak maximum was recorded as the transition temperature (Tm).

2.2.7. Chemometrical Analysis—The spectra information in the range of 250–600 nm
obtained from UV-vis spectrophotometer (section 2.2.3) were used for chemometric
analysis. The resolution study was performed while the wavelength region of 250–600 nm
was applied for determination of noise levels in the system. In multivariate curve resolution
using the Eq. (1), a bilinear decomposition of the experimental data matrix was performed:

(1)

In Eq. (1), subscripts show the dimensions of matrices. NR (number of rows) is the number
of spectra, NC (number of columns) is the number of wavelengths, N is the number of
considered components (different species contributing to the signal). In the current study, D
is a row-wise matrix augmentation of the UV-vis spectra, D is the matrix describing how the
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contributions of the N species changed in the NR different rows of the data matrix
(concentration profiles). ST is the matrix describing how the responses of these N species
changed in the NC columns of the data matrix (pure spectral profiles). E is the residual
matrix with the data variance unexplained by CST [61]. The problems to be resolve using
multivariate curve resolution may be described mathematically in the following steps:

1. Find the number of species (N) causing the observed data matrix D.

2. Find the concentration profiles of these species (matrix C).

3. Find the pure response or the spectral profiles of these species (matrix S).

Regarding the first step, the Singular Value Decomposition (SVD) method can be used to
evaluate the number of components of the system. SVD decomposes the original data matrix
D to score and load matrices, which contain the orthogonal eigenvectors spanning the row
and column spaces of the original data set respectively. Concerning steps 2 and 3, it is
obvious that without additional information, the inherent rotational freedom and scale
freedom in the solution of Eq. (1) led us to an ambiguous state for exact C and S. This
problem is often referred as factor analysis ambiguity problem (there is an infinite number
of possible solutions) [62]. Besides the selectivity and local rank constraints as the most
important constraints to limit the number of possible solutions, there are some other
restrictive constraints that are derived from the physical nature and previous knowledge of
the problem under study. These can considerably reduce the infinite number of possible
solutions. For instance, negative values for the concentration of components in the mixture
have no physical meaning. In many spectroscopic experiments only positive values are
allowed in the spectra. Unimodality is an essential constraint over concentration profiles. In
reaction based systems, closure constraint and/or mass balance equations should be
preserved. Under these constraints and using suitable method, unique solution for C and S
can be expected. In this study, The MCR-ALS (Multivariate Curve Resolution-Alternative
Least Square) algorithm [63] was used to resolve the components of the pure spectra and
their related concentration profiles. Considering Eq. (1), in the MCR-ALS analysis C and S
matrices are calculated in an iterative procedure such that the CST constructs the D matrix
with the minimal residual error (optimal fitting), E based on following equations (Eqs. 2, 3):

(2)

(3)

The ‘+’ superscript denotes the pseudo inverse of a matrix. For ALS optimization algorithm
to be started an initial estimate of the concentration profile or spectral profile of components
is needed. Simple-to-use interactive self-modeling mixture Analysis (SIMPLISMA) and
evolving factor analysis (EFA) are known methods to make these estimations. In the current
study after comparison of both methods, the SIMPLISMA was applied. In each iteration of
MCR-ALS optimization process, the non-negativity, unimodality (concentration profiles
must have cumulative shapes), and closure constraints were applied to concentration profiles
and non-negativity was applied to the spectral profiles. The MCR-ALS program was
downloaded from the webpage of multivariate curve resolution that coded by Tauler et al.
[52].

3. Results
Fig. 1A shows ANS fluorescence spectra of Hb solutions, and allows comparing different
Hbs with each other. This figure exhibits a large fluorescence enhancement upon ANS
binding to the hydrophobic patches of the studied Hbs. Fig. 1B indicates ANS fluorescence
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spectra of Hb solutions in the presence of DTAB. These findings confirmed that Acipenser
persicus Hb had more hydrophobic accessible surface patches than Acipenser stellatus Hb,
in absence or presence of DTAB.

The turbid metric method as a simple and traditional instrumental method was used to
monitor protein aggregation. This method, involves measuring the optical density of the
sample based on light scattering in the near UV or visible region, where proteins have
negligible absorption. DTT breaks up disulfide bonds formed by cysteines, and was used to
unfold the Hb and eliminate the bonds that promote its folding and aggregation. The DTT
can also operate as an aggregating agent. Fig. 2 shows that the aggregation of the Acipensers
Hbs was started from minute two and its amount increased with time. The increase in the
absorbance at 360 nm revealed that aggregation was reduced in Acipenser persicus Hb
compared to Acipenser stellatus.

Analyzing the aggregation size distributions by DLS is tabulated in Table 1. This confirmed
the results of aggregation measurements. This table indicates that Acipenser persicus Hb-
DTAB complex has more dissociation than Acipenser stellatus Hb. Thus, size distribution of
Acipenser persicus and Acipenser stellatus Hbs had a meaningful relationship with the
amount of aggregation caused by DTAB.

Fig. 3 shows heat capacity (Cp) profiles for the thermal denaturation of Hbs from two
species of Acipensers. Different Hb derivatives showed varying thermal unfolding
characteristics. The maximum point occurred at Tm in the profile.

The ratio between van’t Hoff (ΔHvH) and calorimetric (ΔHcal) enthalpies can be considered
as a sign for existence of intermediate states [64–65]. In the case of the current study, the
ΔHcal/ΔHvH ratios are greater than 1 for the A. stellatus Hb and the A. persicus Hbs which
is likely to be due to the intermediate state(s).

The row-wise UV-vis spectra were used as experimental data for the chemometric analysis.
The number of total components and mole fraction in unfolding process during DTAB
titration process in each of the two Hb solutions (1.3 mg/ml) in a phosphate buffer (10 mM,
pH 7.3) in the range of 250–600 nm was determined (Fig. 4).

Because of low-level noise in the data, preprocessing of the data was not necessary. Using
SVD the three components were determined for each of the Hb solutions. The fact that
singular values reflect the inherent properties of systems, differences between them can be
interpreted as a sign of meaningful variation between the functional properties of those
systems. SVD analysis showed that apart from native and denatured states, there is an
intermediate state for both Hbs. This means during unfolding process three components
were determined for both data sets including native (N), intermediate (I) and denature (D).

The evolution of Hb folding was also monitored by evolving factor analysis (EFA) method.
The SIMPLISMA was then used to monitor the evolution of protein folding and give
estimation of concentration profiles of the three components in each system under the study.
Finally, the intermediate folding which appeared during Hb denaturation, was detected,
identified, and quantized by applying MCR-ALS algorithm. The MCR-ALS approach
provided the spectra and concentration profiles of different structural components, which are
associated with analyzed processes (Figs. 4 and 5). Fig. 4A and Fig. 4B demonstrate the
relationship between each component with its specific pure spectrum for Acipenser persicus
and Acipenser stellatus Hbs, respectively. According to the figure, the maximum absorbance
occurred in the native state of Hb and the minimum absorbance occurred in the denatured
state for both Hb.
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Figs. 5A and 5B depicted the concentration profiles for Sturgeon Hbs. In the figure, the
mole fraction vs. DTAB concentration diagram for intermediate species showed that the
Acipencer stellatus Hb had wider distribution compared to Acipenser persicus. In addition,
the area under the curve (AUC) for Acipenser stellatus was about 19% wider than that of
Acipenser persicus. The difference between intermediate states is meaningful and can be
relevant to the habitat depth and other environmental conditions (Fig. 5). It is also apparent
from Fig. 5 that the unfolding process and the appearance trend of denatured Hb species
have obvious differences.

4. Discussion
Mammals and birds have relatively thermostable Hbs. The properties of their Hbs are very
similar and slightly different from Hbs of the reptiles. On the other hand, the thermostability
of the reptiles Hbs is sharply greater than the thermostability of fish and amphibians Hbs
[25]. This fact may be partially related to the environmental conditions such as the depth of
their habitats from the sea level and temperature. Most sturgeons are anadromous bottom-
feeders, migrating seasonally from fresh water of the rivers around Caspian Sea, and
therefore, are adapted to different salinities (from 8.59% to 14.20%) and temperatures (from
4 °C to 29°C). The Acipenser stellatus and the Acipenser persicus fish live in average depth
of 150 m and 50 m from the sea level, respectively. According to Fig. 6, the Caspian Sea
from the sea level to the depth of 800 m, the average water temperature and average partial
oxygen pressure have decremental and incremental trends, respectively, while the average of
salinity and pH is approximately constant.

According to these facts, it is clear that the Acipenser stellatus can tolerate wider
temperature and partial oxygen pressure range compared with the Acipenser persicus. Our
experimental findings regarding thermostability using DSC, aggregation measurements by
UV-vis and DLS showed that the Hb of Acipenser stellatus is more stable than Acipenser
persicus. These facts about the environmental habitat conditions are in complete accordance
with above mentioned experimental findings regarding the higher relative stability of the
Acipenser stellatus in comparison with Acipenser persicus.

In previous works the chemometric studies indicated that the correspondence of distribution
of the intermediate species in a range of surfactant concentration is an indicator of
aggregation and instability of lysozyme [66]. In the current study, chemometric analysis
using UV–vis spectrophotometery illustrated that according to the distribution of
intermediates and their broadenings versus the range of DTAB concentrations, the
aggregation state and stability of Hb solutions were reduced from Acipenser stellatus to
Acipenser persicus. In this study, both Acipenser fish belong to the same phylogenetic
species, and therefore, the observed differences in their Hb thermostability possibly does not
relate to their physiological properties and instead is related to their environmental
differences including temperature, partial oxygen pressure, and average depth. Fig. 4A
shows that the absorbance of intermediate state for Acipenser persicus was close to the
absorbance of the denatured Hb while in Fig. 4B was close to the native state for Acipenser
stellatus. Comparison of intermediate states of Hbs in Fig. 5A and Fig. 5B led us to the
importance of the role of intermediate state in the respiratory system of corresponding fish
habitat depth. It means according to the Acipenser stellatus via DTAB concentration profile;
intermediate state plays fundamental roles for deeper habitat. The distributions of
intermediate mole fractions versus the range of DTAB concentration verifies that the
aggregation state and instability for the Acipenser persicus Hb was greater than for the
Acipenser stellatus Hb. Fluorescence analysis in Fig. 1 shows that hydrophobicity in
Acipenser persicus Hb is greater than Acipenser stellatus Hb in the absence or presence of
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DTAB. This measurement indicates the enhanced tendency of Acipenser persicus Hb to
aggregate in an aqueous solvent.

5. Conclusion
The results obtained from the DSC thermal profiles and DLS showed that the Acipenser
stellatus Hb has more stability and disaggregation properties in comparison with Acipenser
persicus Hb respectively. Fluorescence studies demonstrated that Acipenser persicus Hb has
more hydrophobic properties than Acipenser stellatus Hb.

The chemometrical analysis of Hb denaturation induced by DTAB titration process,
confirms the existence of an intermediate state as a stability indicator. This can be
considered as one remarkable finding of this study. The formation of these intermediates has
different trends which can be interpreted as the main reason for variation in structural
properties and stability of the Hbs. The chemometric results confirm the experimental
outcome and showed that intermediate state for the Acipenser stellatus as a more stable
protein, which can live in deeper depths, has broader distribution and higher area under the
curve than that of the Acipenser persicus.

These investigations indicate that the thermostability, hydrophobicity and disaggregation of
Hbs have meaningful relationships with the state of environment and depth of the sea
requirements.
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Highlights

• These results indicate that the thermostability, hydrophobicity and aggregation
of Hbs have meaningful relation with the state of environment and depths see
requirement.

• Our experimental findings about thermostability using DSC, DLS and
aggregation measurements show that the Hb of Acipenser stellatus is more
stable than Acipenser persicus.

• In chemometric analysis using UV–vis spectrophotometery illustrates that
according to the distribution of intermediates and their broadenings versus the
range of DTAB concentrations, the aggregation state and instability of Hb
solutions are reduced from Acipenser persicus to Acipenser stellatus.

• By fluorescence study in absence and presence of DTAB, it is demonstrated that
the Acipenser persicus Hb has more hydrophobic properties than Acipenser
stellatus Hb.
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Fig. 1.
Fluorescence spectra of ANS binding. The Hb concentrations were 1.3 mg/ml dissolved in
10 mM phosphate buffer (pH 7.3), at the standard temperature condition (25 °C). (A)The Hb
solutions with ANS. By subtracting the Hb solutions spectra from related buffer with ANS;
(B) The Hb solutions with ANS and DTAB (10 mM). The contribution of the DTAB/ANS
solution was subtracted from all Hb solutions.
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Fig. 2.
The increase in absorbance at 360 nm for DTT (6.523 mM) induced aggregation of Hbs
solutions (1.3 mg/ml) in a phosphate buffer (10 mM, pH 7.3) at 50 °C.
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Fig. 3.
DSC thermogram for the thermal denaturation of Hbs solutions (1.3 mg/ml) in a phosphate
buffer (10 mM, pH 7.3) at 20–80 °C.
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Fig. 4.
Spectral profiles of the (A) Acipenser persicus Hb (B) Acipenser stellatus Hb. N, I and D
denotes to native, intermediate states.
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Fig. 5.
Concentration profiles of the (A) Acipenser persicus Hb (B) Acipenser stellatus Hb in 10
mM phosphate buffer (pH 7.3). The AUC for the intermediate components in (B) is 19%
more than (A).
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Fig. 6.
Seasonally averaged vertical profiles of the A) temperature (°C), B) salinity (mg/lit), and C)
pH in the south of the Caspian Sea.

Ariaeenejad et al. Page 18

Int J Biol Macromol. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Ariaeenejad et al. Page 19

Table 1

The size distribution of Acipenser persicus and Acipenser stellatus Hbs, measured by DLS has meaningful
relationship with the amount of aggregation caused by DTAB (10 mM).

Samples of Hbs Diameter (nm)

Hb A. persicus 7.13

Hb A. stellatus 6.16

Hb A. persicus+DTAB 10.12

Hb A. stellatus+DTAB 8.99
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