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Abstract

Background and objective: Regulating protein function in the cell by small molecules, provide a rapid, reversible and
tunable tool of metabolic control. However, due to its complexity the issue is poorly studied so far. The effects of small
solutes on protein behavior can be studied by examining changes of protein secondary structure, in its hydrodynamic
radius as well as its thermal aggregation. The study aim was to investigate effects of adenosine-5’-triphosphate (ATP),
spermine NONOate (NO donor) as well as sodium/potassium ions on thermal aggregation of albumin and
hemoglobin. To follow aggregation of the proteins, their diffusion coefficients were measured by quasi-elastic light
scattering (QELS) at constant pH (7.4) in the presence of solutes over a temperature range from 25°C to 80°C.

Results and discussion: 1) Spermine NONOate persistently decreased the hemoglobin aggregation temperature Ta
irrespectively of the Na+/K+ environment, 2) ATP alone had no effect on the protein’s thermal stability but it
facilitated protein’s destabilization in the presence of spermine NONOate and 3) mutual effects of ATP and NO were
strongly influenced by particular buffer ionic compositions.

Conclusion: The ATP effect on protein aggregation was ambiguous: ATP alone had no effect on the protein’s
thermal stability but it facilitated protein’s destabilization in the presence of nitric oxide. The magnitude and direction
of the observed effects strongly depended on concentrations of K+ and Na+ in the solution.

Background
Evidences that proteins significantly alter their confor-
mation during a functioning cycle are numerous [1,2].
In spite of great success made by bioinformatics and
structural biology, the particular mechanisms govern-
ing structural transitions remain obscure [1,2]. Revealing
the principles of protein functional dynamics would be
a key to understand many biological processes at the
molecular level. The dynamic nature of protein func-
tioning requires obtaining a multi-dimensional picture
of each gene product, which means the one includ-
ing not only its chemical composition and 3D structure
but also its motional characteristics over time and tem-
perature ranges. This is an extremely challenging task
and one step towards its implementation can be made
through protein denaturation studies. Protein denatura-
tion is itself a very complex process, consisting of many
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molecular events, including unfolding, re-folding, aggre-
gation, etc. [2]. Before [3-6] we reported for the first
time that temperature-driven structural transitions in
mammalian hemoglobin and other proteins are closely
related to the corresponding body temperature and are
genetically determined. Those data were obtained using
micropipette aspiration technique [5], CD spectroscopy
[4], light scattering [3] as well as NMR spectroscopy
and colloid-osmotic pressure measurements [7]. The dis-
covered phenomenon has been recently confirmed by
neutron scattering studies [8,9]. We also addressed the
modulating role of the protein environment, especially
pH and Ca2+ concentration, in the manifestation of the
phenomenon of hemoglobin’s structure transition at body
temperature [10]. As a further logical development of
those studies we have focused our interest now on the
effects of common biological regulators such as nitric
oxide and ATP on conformational and hydrodynamical
properties of hemoglobin and serum albumin in various
ionic environments. Recently, we have reported strong
effects of ATP and spermine NONOate on hemoglobin’s
secondary structure [11]. Without any doubt, protein
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conformational properties depend on multiple physico-
chemical factors, such as temperature, pH, ionic strength
as well as presence of numerous protein-binding groups
and molecules. Studies on extremophilic organisms have
revealed a vast spectrum of molecules that are able (and
were indeed successfully used) to modify protein ther-
mal stability. Many organic solutes, such as glycerol [12],
2-3- diphosphoglycerate (2,3 DPG) taurine [12], strom-
bine and others, together with keeping the osmotic bal-
ance, may play an important role in stabilizing proteins
in the face of thermal stress, protecting proteins from
both heat and cold denaturation [12]. Thus, regulation of
protein stability in the cell using small organic and inor-
ganic molecules has evolutionary proved out as a rapid,
reversible, and tunable method of metabolic control but
its functioning in non-extremophilic organisms has been
poorly studied so far. Among numerous low-molecular
mediators of cellular activity, NO and ATP have attracted
big interest, because of their ubiquity in living systems.
Nitric oxide (NO) have long been known to play impor-
tant role in physiology, pathology and pharmacology [13],
being involved in numerous biological processes, such
as vasodilatation [14], inhibition of platelet aggregation
[15], blood pressure regulation [13], immune response
[16], etc. Evidence is growing concerning multiple chem-
ical mechanisms of NO interaction with proteins. They
mostly involve the cysteine residues in proteins [17].
A process of introduction of nitric group into a pro-
tein molecule, known as nitrosylation, appears to be an
important mechanism of cellular metabolic regulation
but its implication in protein dynamics is still unclear
[17]. Another omnipresent cellular messenger, adenosine
5’-triphosphate (ATP) can exert most of its actions by
interacting with proteins, both inside and outside the
cell [18]. Usually, proteins bind ATP by characteristic
domains like the Rossmann fold [19] but, intriguingly,
many observations suggest that even the proteins pre-
sumably not reacting with ATP can change their prop-
erties in presence of ATP. For example, the change in
the concentration of ATP in the red blood cells (RBCs)
results in alterations in Hb oxygen affinity [20]. In the
red blood cells, the concentration of ATP appreciable
(0.2 - 2.0 mM) and therefore can influence the properties
of hemoglobin [20]. Considering protein stability, the role
of ionic environment is also important for protein func-
tion. Even simple and ”trivial” cations like Na+ (native
ionic radius 0.95 Å) and K+ (native ionic radius 1.33 Å)
demonstrate complicated hydration behavior and influ-
ence the hydrogen bond network of water in a distinctly
different ways [21]. Charged and polar groups of a protein
interact with these ions in quite different manners. Potas-
sium generally exhibits stronger affinity to surfaces of
proteins as compared to sodium [21,22] that possibly con-
tributes to K+/Na+ -distribution inside/outside the cell

[18,23]. In this work we focused mainly on aggregation
aspects of protein denaturation. The aim of this study
was to investigate the influence of ATP, NO donor as well
as sodium/potassium balance on protein thermal stabil-
ity using bovine serum albumin and human hemoglobin.
Both proteins have been chosen because they are abun-
dant in blood, their thermal behavior is well-studied (also
by our group) and because of simplicity of their handling
and purification.

Methodology
Buffers
In order to examine the role of K+/Na+ balance in the
medium in the NO- and ATP-induced effects, two differ-
ent buffers were used for sample preparation: the sodium
based phosphate buffered saline (PBS) (137 mM NaCl,
2.7 mM KCl, 8.1 mM Na2HPO4, 1.76 mM NaH2PO4)
and its potassium-based analog buffer (referred later as
CD-buffer) composed of 0.1 M KCl, 61.3 mM K2HPO4
and 5.33 mM KH2PO4. Both buffers had pH 7.4 and
osmolarity 390 ± 10 mosm/l.

Sample preparation
Human hemoglobin (Hb) was prepared directly from
erythrocytes [6]. In brief, 50 μL of heparinized blood
were collected from donor’s fingertip, diluted by 1 mL
of the Na- or K-buffer, correspondingly, and centrifuged
at 800 g for 5 min. The supernatant was discarded
and the RBC pellet was washed once again using the
same procedure. The washed RBC pellet was hemol-
ysed by adding 200 μL distilled water. Afterwards, ionic
strength and pH of the obtained hemoglobin solutions
were adjusted by one of the buffers to mimic their nat-
ural values in blood [6]. Finally, the samples were cen-
trifuged at 15000 g for 5 min to sediment cell mem-
branes and the supernatant (Hb-solution) was filtered
twice through a 0.2 μm Whatman nitrocellulose filter and
diluted by an appropriate buffer to obtain the standard
QELS working concentration (1.0 mg/mL) and volume
(6 mL) in the QELS scintillation vial. Hb concentration
was determined according to [24] at 405 and 540 nm
using V-550 spectrophotometer (Jasco Labor- und Daten-
technik GmbH, Gross-Umstadt, Germany) using 1 cm
thick quartz cuvettes (Hellma GmbH Co., KG, Muell-
heim, Germany). Hemoglobin prepared with this method
is considered to be about 99% pure [3,25]. Bovine serum
albumin, (BSA) ”Fraction V” was purchased from Sigma-
Aldrich Co. (Munich, Germany). The working BSA solu-
tion (1 mg/mL) was prepared using an appropriate buffer
in a dust-free environment. For the measurement, 6 mL
of the working solution were filtered through 0.2 μm
Whatman nitrocellulose membrane filter (Sigma-Aldrich,
Munich, Germany) into a QELS glass scintillation vial
(Wheaton, USA) using a one-way plastic syringe. The
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pH value 7.4 ± 0.2, osmolarity and protein concentra-
tions in the samples have been kept constant throughout
all measurements.

Sample treatment with nitric oxide and adenosine
5’-triphosphate
In this study a nitric oxide donor (spermine NONOate)
was chosen for simplicity in its handling, storage
stability and its convenient half-life in solution
(about 39 min at 37°C) [13,14]. Spermine NONOate
(N-(2-Aminoethyl)-N-(2-hydroxy-2-nitrosohydrazino)-1,
2-ethylene-diamine) of 98% purity was purchased from
Merck© KGaA, Darmstadt, Germany. The use of NO
donors also allows avoiding many difficulties inherent in
gaseous nitric oxide (II) applications [14]. Nucleophilic
complexes of NO with amines (spermine NONOates)
appear to meet most of research criteria [26]. How-
ever, these compounds are self-decomposing in solution
producing 2 mole of NO per mole of the substrate.
Adenosine-5-triphosphate (di-sodium salt) of 98%
purity was purchased from Carl Roth GmbH, Karlsruhe,
Germany. Just before the measurement, freshly prepared
spermine NONOate stock solution or ATP stock solution
in the Na- or K-buffer was injected through a 0.2 μm
Whatman filter into the scintillation vial containing the
sample to achieve the working concentration correspond-
ing to 1:1 molecular ratio with the protein. In the control
group measurement the same volume of corresponding
pure buffer was added. Similarly, freshly prepared ATP
stock solution was introduced into the sample to achieve
the working concentration of 0.08 mg/mL (corresponding
to 1:1 molecular ratio) in the scintillation vial immedi-
ately before the measurement. Both spermine NONOate
and adenosine 5’-triphosphate are commercially acquired
(Sigma-Aldrich Co., Munich, Germany).

QELS measurement
The thermal stability of the proteins was defined by the
temperature Ta corresponding to the onset of the pro-
tein aggregation at a given rate of heating. The aggrega-
tion level was evaluated by quasi-elastic light scattering
(QELS), a method, knowingly well-suited for denatura-
tion studies, since the diffusion coefficients, measured by
QELS, are determined by particle size, shape, and flexibil-
ity, as well as by inter-particle interactions. These parame-
ters provide important information about the kinetics and
structural transitions within systems of particles in solu-
tion [27]. QELS measurements were carried out using a
Dawn� EOSTM device equipped with a QELS module
(both: Wyatt Technology Co., Santa Barbara, CA, USA)
running in the batch mode. For data acquisition and anal-
ysis Astra� 5.2 software was used. Initial temperature of
the sample was adjusted to 25 0.1°C. During each mea-
surement, the temperature was gradually increased up to

80°C at a rate of 0.5°C/min so that the usual measure-
ment duration was about 110 min. These settings were
kept consistent throughout the whole study [27]. From the
diffusion coefficients (D) directly obtained from the QELS
measurement, hydrodynamic radii (Rh) of the proteins
were derived using the Astra software. Rh is the effective
radius of a molecule in a solution and can be considered
as the radius of a hard sphere that diffuses as the same rate
as the molecule [27].

Data analysis
Each experimental variant was measured independently
at least in triplicate. The raw QELS data (diffusion coef-
ficients and the hydrodynamic radii as functions of time
as well as the denaturation temperature as a function
of time) were initially extracted as ASCII text format.
Typically, around 1500 Rh values were collected in a
single experimental run. The obtained text data were ini-
tially processed by the MATLAB� software (Math Works,
Massachusetts, USA) and exported into the Origin Pro 8�
(Origin Lab Corporation, USA). The smoothing percentile
algorithm was applied to exclude the artifacts produced
due to dust particles and other noise types. This algo-
rithm essentially performs a local polynomial regression
to determine the smoothed value for each data point. The
denaturation onset points were determined by measuring
the slope of the experimental curves. When the hydrody-
namic radius (nm) were plotted versus temperature, two
distinct kink points usually appeared so that the curves
had a characteristic l-shape (with increasing temperature:
1st gentle slope, steep slope). The aggregation tempera-
ture, Ta, was calculated as the intersection point between
the best-t tangential lines. To obtain comparisons between
groups, mean values and corresponding standard errors
were calculated [11].

Results
Spermine NONOate effects on Hb and BSA thermal
aggregation
For Hb samples prepared in Na buffer alone, the aggrega-
tion temperature (Ta) was found to lie between 56.0°C and
57.0°C, slightly varying from sample to sample. Addition
of spermine NONOate (114 M) to Hb samples prepared
in Na buffer caused significant decrease in the Ta, result-
ing in onset of denaturation between 50.0°C and 51.0°C
(Figure 1a). Furthermore, in case of using the K buffer
instead of the Na buffer, initial Ta of Hb samples was
between 56.0°C and 57.0°C, whereas the addition of the
NO donor resulted in a shift of the Ta towards 54.0°C
(Figure 1b). Thus, for hemoglobin the increase in rela-
tive concentration of sodium in the medium (Na buffer)
resulted in noticeable decrease of the protein thermal sta-
bility in the presence of the NO donor. Interestingly, for
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Figure 1 Influence of NO on denaturation onset of Hb samples. Influence of NO on denaturation onset of Hb samples (3 in each group)
prepared in Na buffer (a) and the K buffer (b). Arrows indicate the appearance of an additional peak in the NO-treated samples that generally
denatured significantly earlier than the control samples. In the region between 25°C to 45°C the Rh values for hemoglobin were around 5 nm in the
Na buffer and around 4 nm in the K buffer, depending on the sample. For the temperatures exceeding 65°C the exact Rh values could not be
measured because of pronounced size heterogeneity of the formed aggregates.

the entire NO donor-containing samples, an additional
peak (indicated by arrows in Figure 1a, b) occurred. Such
a peak has been never observed in the control (pure
buffer) groups. The Rh values for Hb (control and NO
donor treated samples) were around 5.0 nm in the Na
buffer and around 4.0 nm in the K buffer, depending on
the sample. For the temperatures exceeding 65.0°C the
exact Rh values exceed 300.0 nm and could not be mea-
sured because of pronounced size heterogeneity of the
formed aggregates and denaturated protein molecules.
For the albumin samples prepared in pure Na buffer, the
increase in hydrodynamic radii referred to denaturation
occurred more gradually and within a broader tempera-
ture range (between 60.0°C and 65.0°C) as compared to
Hb. In the case of K buffer, visible aggregation appeared
within this range too (Figure 2a, b). Addition of NO donor
somewhat reduces the denaturation temperature of both

buffers (59.0°C to 61.0°C) but not significantly. In the
region between 25.0°C to 45.0°C the Rh values for albumin
were around 5.3 nm in both buffers. As the temperatures
exceeded 70.0°C, the exact Rh values start to increase
to 300.0 nm and also could not be measured anymore
because of pronounced size heterogeneity of the formed
aggregates.

ATP effects on Hb and BSA thermal aggregation
If only ATP was added to the Hb solution (Figure 3a,
b, gray squares), protein aggregation began at 1-2°C
higher temperature compared to control samples (Figure 1
and Figure 2). Remarkably, when ATP and spermine
NONOate appeared in the solution together, (Figure 3a,
black triangles), this resulted in dramatic increase in
hemoglobin aggregation, even at relatively low tempera-

Figure 2 Influence of NO on denaturation onset of BSA samples. Influence of NO on denaturation onset of BSA samples (3 in each group)
prepared in the Na buffer (a) and in the K buffer (b). In the region between 25°C to 45°C the Rh values for albumin were around 5.3 nm in both
buffers. As the temperatures exceeded 70°C, the exact Rh values could not be measured anymore because of pronounced size heterogeneity of the
formed aggregates.
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Figure 3 Influence of ATP and NO on denaturation onset of Hb samples. Influence of ATP and NO on denaturation onset of Hb samples (3 in
each group) prepared in Na buffer (a) and K buffer (b). Arrows indicate the appearance of an additional peak in the NO-containing samples that
denaturated markedly earlier than those without nitric oxide. The K buffer, containing both ATP and NO yet at room temperature (25°C) the average
hydrodynamic radii reached values was 25 nm suggesting facilitated aggregation. Further increase in temperature induced formation of multiple
large aggregates so that the measurement of Rh became impossible.

tures (30°C - 40°C). This effect was especially profound in
the K-buffer, where aggregation started immediately after
the NO donor introduction (Figure 3b). Such a difference
in behavior implies a significant role of the ions’ nature in
this process. Again, the appearance of additional peaks in
the curves from the NO donor-containing samples should
be noted. An identical series of experiments under same
conditions but with using albumin instead of hemoglobin
revealed just minor changes after the NO donor introduc-
tion (Figure 4a, b). The experimental and control curves
of BSA aggregation in the Na-buffer almost coincided,
with the initial Ta of being close to 65.0°C. The samples
prepared in the K-buffer containing ATP aggregated near
66.0°C whereas the combination of spermine NONOate
and ATP slightly shifted the Ta towards 65.0°C in the Na-
buffer and 63.0°C in the K-buffer. Table 1 summarizes the

effects of spermine NONOate and ATP in the Na- and
K-buffers on Hb and BSA thermal aggregation.

Discussion
Protein aggregation plays an important role in the cellular
biology and in many applications of protein science and
medical engineering [28]. Despite its biological impor-
tance, little is known about the launching mechanisms and
potential pathways involved in the formation of molecu-
lar aggregates [29]. In this work we examined aggregation
and diffusional behavior of proteins when implementing
a combination of compounds like NO, ATP and increas-
ing temperature. Our data have sustained the point of
view that the denaturation point of a protein cannot be
determined absolutely but depends strongly on particular
composition, including monovalent ions.

Figure 4 Influence of ATP and NO on denaturation onset of BSA samples. Influence of ATP and NO on denaturation onset of BSA samples (3 in
each group) prepared in Na buffer (a) and K buffer (b). Control samples are marked with gray squares and NO treated samples are marked with
black triangles. In the range of 25°C to 45°C the Rhs were around 5.1 nm and at a temperature above 70°C the Rhs could not be measured by the
DLS due to its large size.
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Table 1 Effect of NONOate and ATP on mean values of
aggregation temperature Ta and hydrodynamic radius Rh
of Hb and BSA in different ionic environments

Hemoglobin

Sample Na-Buffer K-Buffer

Ta [°C] Rh(nm) Ta [°C] Rh(nm)

Control 56.5 10.6 56.5 11.0

NONOate 50.5 7.7 54.0 10.2

ATP 58.0 27.3 57.6 13.3

NONOate+ATP 45.0 18.9 27.1 223.9

Serum Albumin

Sample Na-Buffer K-Buffer

Ta [°C] Rh(nm) Ta [°C] Rh(nm)

Control 62.5 15.0 63.0 17.1

NONOate 60.0 15.1 59.5 14.1

ATP 65.0 27.4 65.0 26.0

NONOate+ATP 65.3 25.5 63.0 27.1

Facilitation of protein aggregation by NO
In our experiments, the temperature of distinct aggrega-
tion of Hb samples prepared in sodium- and potassium-
based buffers decreased by ≈ 10°C when nitric oxide
donor was added. In case of albumin a temperature shift
caused by nitric oxide was observed, although to a lesser
degree. Thus, in our experiments, a new biophysical
aspect of nitric oxide action has been discovered, related
to facilitation of thermal aggregation of proteins. We sup-
pose that the minuteness of the “destabilizing” effect of
NO on albumin might be related to the albumin’s struc-
ture, since this is a monomeric protein containing no iron.
Several possible mechanisms can be suggested, govern-
ing the effects of NO on protein thermal stability. First,
many effects of NO might be possibly mediated via chem-
ical modification of proteins (nitrosylation). The role of
nitrosylation in regulating signal transduction has been
largely overlooked until relatively recently [30]. This is
because the production of the small, highly reactive NO
molecule had been thought to lack the specificity and
control observed in other post-translational modifications
such as phosphorylation [30]. Another plausible mecha-
nism of the observed NO action can be its entry into pro-
tein’s hydrophobic core. Much of the biologically relevant
information is concentrated in the non-polar residues that
form the protein’s hydrophobic core [31-33]. The reac-
tion of NO with oxygen will be accelerated in hydrophobic
regions, with various consequences for the cell resulting
from nitrosative stress [30]. Finally, the action of nitric
oxide directly on the protein’s hydration shell can be spec-
ulated, influencing the hydrogen bonds network of the
vicinal water. The corresponding changes solvent-exposed

structures could be responsible for the onset of aggrega-
tion. At further thermal aggregation stages, the transition
is dominated by the formation of aggregates and unfolding
of the buried structures [34-36].

ATP and NO: a synergy in inducing protein aggregation
Addition of ATP in our experiments systematically
resulted in a slight increase of the protein aggregation
temperature by 1-2°C. Thus, the effects of ATP alone on
the aggregation of the studied proteins in both sodium-
and potassium-based buffers can be gingerly defined as
“mild stabilization”. However, if ATP and nitric oxide
were added simultaneously, very intense aggregation of
hemoglobin was observed, whereas albumin solution did
not show any visible response. We have so far no plau-
sible model explaining a physico-chemical nature of the
pronounced synergetic action of ATP and NO in case of
hemoglobin.

Role of K+ and Na+ in protein’s thermal stability
Protein behavior inevitably depends on its ionic environ-
ment and one of our goals was to examine the effect of
Na+/K+ buffer composition on thermal stability of the
studied proteins. The works of G. Ling [22] and other
groups suggested that sodium and potassium ions should
have different affinity to proteins, especially to denatured
ones [22], and hence result in different aggregation behav-
ior [37]. Therefore, there was a certain expectation from
our side to observe the differences between the effects of
these cations upon Hb and BSA aggregation. Indeed, in
the case of combined action of NO and ATP, presence
of potassium caused hemoglobin molecules to aggregate
even at room temperature whereas in Na buffer the aggre-
gation temperature was 20-25°C higher. Also, when NO
donor was applied alone, the magnitude of its effect on
protein stability greatly depended on the particular ion
composition of the buffer: in the K buffer Hb aggregated
at somewhat higher temperature. Interestingly, albumin
solutions were much less sensitive to the sodium and
potassium effects. Here we speculate that this could be
referred to the fact that in contrast to Hb, BSA does not
have a heme and a sub-unite architecture, making this
molecule less susceptible to the changes in its physico-
chemical environment. Because both osmolarity and pH
were kept constant in the whole set of experiments,
we believe that the observed effects can be attributed
specifically to the concentrations and combinations of the
compounds used in this study.

Conclusion
In this work we examined thermal aggregation and dif-
fusional behavior of proteins when implementing an NO
donor, ATP as well as combination of the compounds. Our
data have sustained the point of view that the denaturation
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point of a protein cannot be determined absolutely but
depends strongly on the protein’s environment, includ-
ing the type of the present monovalent ion. Summariz-
ing, the main obtained results were: 1) depression of the
hemoglobin’s denaturation temperature by NO donors; 2)
distinct influence of ATP on the NO-mediated effects and
3) importance of the cationic composition of the medium
for manifestation of the ATP- and NO-induced effects.

Competing interests
The authors have declared that no competing interest exists.

Authors’ contributions
RB performed the experimental work and data analysis. In addition, she wrote
the whole paper. ID supervised and coordinate the experimental work for this
research project and reviewed the paper. JH reviewed and approved the
paper. ATA reviewed and approved the paper. GMA reviewed, approved and
supervise the whole research work. All authors read and approved the final
manuscript.

Acknowledgements
We hereby express our thanks for all team members in bioengineering
institute and laboratories at Aachen University of Applied Sciences for their
encouragement and support in analysis and reviewing through the duration
of this work. In addition we would like to thank the DAAD (Deutscher
Akademischer Austausch Dienst) for their financial support for Mrs. Bassam
during her Master and Doctoral study.

Author details
1Institute of Bioengineering (IFB), Aachen University of Applied Sciences,
52428 Juelich, Germany. 2Institute of Neurophysiology, University of Cologne,
50931 Cologne, Germany.

Received: 9 September 2012 Accepted: 18 December 2012
Published: 4 January 2013

References
1. Radford SE, Dobson CM: From computer simulations to human

disease: emerging themes in protein folding. Cell 1999, 291–298.
2. Jaenicke R: Protein self-organization in vitro and in vivo: partitioning

between physical biochemistry and cell biology. Biol Chem 1998,
237–243.

3. Digel I, Maggakis-Kelemen C, Zerlin K, Linder P, Kasischke N, Kayser P,
Porst D, Temiz AA, Artmann G: Body temperature-related structural
transitions of monotremal and human hemoglobin. Biophys J 2006,
91(8):3014–3021. [PM:16844747].

4. Artmann G, Burns L, Canaves J, Temiz-Artmann A, Schmid-Schonbein G,
Chien S, Maggakis-Kelemen C: Circular dichroism spectra of human
hemoglobin reveal a reversible structural transition at body
temperature. Eur Biophys Js 2004, 33(6):490–496. [PM:15045474].

5. Artmann G, Kelemen C, Porst D, Buldt G, Chien S: Temperature
transitions of protein properties in human red blood cells. Biophys J
1998, 75(6):3179–3183. [PM:9826638].

6. Cameron I, Ord V, Fullerton G: Water of hydration in the intra- and
extra-cellular environment of human erythrocytes. Biochem Cell Biol
1988, 66(11):1186–1199. [PM:3242565].

7. Artmann G, Digel I, Zerlin K, Maggakis-Kelemen C, Linder P, Porst D, Kayser
P, Stadler A, Dikta G, Temiz AA: Hemoglobin senses body temperature.
Eur Biophys J 2009, 38(5):589–600. [PM:19238378].

8. Stadler A, Digel I, Artmann G, Embs J, Zaccai G, Buldt G: Hemoglobin
dynamics in red blood cells: correlation to body temperature.
Biophys J 2008, 95(11):5449–5461. [PM:18708462].

9. Gabel F, Bicout D, Lehnert U, Tehei M, Weik M, Zaccai G: Protein
dynamics studied by neutron scattering. Q Rev Biophys 2002,
35(4):327–367. [PM:12621860].

10. Kelemen C, Chien S, Artmann G: Temperature transition of human
hemoglobin at body temperature: effects of calcium. Biophys J 2001,
80(6):2622–2630. [PM:11371439].

11. Bassam R, Hescheler J, Temiz-Artmann A, Artmann G, Digel I: Effects of
spermine NONOate and ATP on the thermal stability of
hemoglobin. BMC Biophysics 2012 2012. http://www.biomedcentral.
com/2046-1682/5/16.

12. Sigler P: Transcriptional activation. Acid blobs and negative noodles.
Nature 1988, 333(6170):210–212. [PM:3367995].

13. Moncada S, Palmer R, Higgs E: Nitric oxide: physiology,
pathophysiology, and pharmacology. Pharmacol Rev 1991,
43(2):109–142. [PM:1852778].

14. Ignarro L: Nitric oxide. A novel signal transduction mechanism for
transcellular communication. Hypertension 1990, 16(5):477–483.
[PM:1977698].

15. Schmidt H, Warner T, Ishii K, Sheng H, Murad F: Insulin secretion from
pancreatic B cells caused by L-arginine-derived nitrogen oxides.
Science 1992, 255(5045):721–723. [PM:1371193].

16. Akaike T, Yoshida M, Miyamoto Y, Sato K, Kohno M, Sasamoto K, Miyazaki
K, Ueda S, Maeda H: Antagonistic action of imidazolineoxyl N-oxides
against endothelium-derived relaxing factor/.NO through a radical
reaction. Biochemistry 1993, 32(3):827–832. [PM:8422387].

17. Stamler J, Jaraki O, Osborne J, Simon D, Keaney J, Vita J, Singel D, Valeri C,
Loscalzo J: Nitric oxide circulates in mammalian plasma primarily as
an S-nitroso adduct of serum albumin. Proc Natl Acad Sci U S A 1992,
89(16):7674–7677. [PM:1502182].

18. Saylor P, Wang C, Hirai T, Adams J: A second magnesium ion is critical
for ATP binding in the kinase domain of the oncoprotein v-Fps.
Biochemistry 1998, 37(36):12624–12630. [PM:9730835].

19. Rao S, Rossmann M: Comparison of super-secondary structures in
proteins. J Mol Biol 1973, 76(2):241–256. [PM:4737475].

20. Ataullakhanov F, Vitvitsky V: What determines the intracellular ATP
concentration. Biosci Rep 2002, 22(5-6):501–511. [PM:12635847].

21. Pollack GH: Cells, gels and the engines of life a new, unifying approach to cell
function. Seattle, WA: Ebner & Sons; 2001.

22. Ling G: A physical theory of the living state: application to water and
solute distribution. Scanning Microsc 1988, 2(2):899–913. [PM:3399856].

23. Lin X, Ayrapetov M, Sun G: Characterization of the interactions
between the active site of a protein tyrosine kinase and a divalent
metal activator. BMC Biochem 2005, 6:25–26. [PM:16305747].

24. Zwart A, Buursma A, van Kampen E, Zijlstra W: Multicomponent analysis
of hemoglobin derivatives with reversed-optics
spectrophotometer. Clin Chem 1984, 30(3):373–379. [PM:6697482].

25. Alberts B, Wilson JH, Hunt T: Molecular biology of the cell, Volume 5th ed.,
Reference ed. New York: Garland Science; 2008. http://www.loc.gov/catdir/
toc/ecip0710/2007005476.html.

26. Goss S, Hogg N, Kalyanaraman B: The antioxidant effect of spermine
NONOate in human low-density lipoprotein. Chem Res Toxicol 1995,
8(5):800–806. [PM:7548764].

27. Zerlin K, Kasischke N, Digel I, Maggakis-Kelemen C, Temiz AA, Porst D,
Kayser P, Linder P, Artmann G: Structural transition temperature of
hemoglobins correlates with species’ body temperature. Eur Biophys
J 2007, 37:1–10. [PM:17390129].

28. Matveev V: Native aggregation as a cause of origin of temporary
cellular structures needed for all forms of cellular activity, signaling
and transformations. Theor Biol Med Model 2010, 7:19–20.
[PM:20534114].

29. Yan Y, Wang Q, He H, Zhou H: Protein thermal aggregation involves
distinct regions: sequential events in the heat-induced unfolding
and aggregation of hemoglobin. Biophys J 2004, 86(3):1682–1690.
[PM:14990496].

30. Cruz-Ramos H, Crack J, Wu G, Hughes M, Scott C, Thomson A, Green J,
Poole R: NO sensing by FNR: regulation of the Escherichia coli
NO-detoxifying flavohaemoglobin, Hmp. EMBO J 2002,
21(13):3235–3244. [PM:12093725].

31. Chandler D: Interfaces and the driving force of hydrophobic
assembly. Nature 2005, 437(7059):640–647. [PM:16193038].

32. Jackson S, elMasry N, Fersht A: Structure of the hydrophobic core in
the transition state for folding of chymotrypsin inhibitor 2: a critical
test of the protein engineering method of analysis. Biochemistry
1993, 32(42):11270–11278. [PM:8218192].

33. Yutani K, Ogasahara K, Sugino Y: Effect of amino acid substitutions on
conformational stability of a protein. Adv Biophys 1985, 20:13–29.
[PM:3914832].

http://www.biomedcentral.com/2046-1682/5/16
http://www.biomedcentral.com/2046-1682/5/16
http://www.loc.gov/catdir/toc/ecip0710/2007005476.html
http://www.loc.gov/catdir/toc/ecip0710/2007005476.html


Bassam et al. BMC Biophysics 2013, 6:1 Page 8 of 8
http://www.biomedcentral.com/2046-1682/6/1

34. Yan Y, Zhang R, Zhou H: Biphasic reductive unfolding of ribonuclease
A is temperature dependent. Eur J Biochem 2002, 269(21):5314–5322.
[PM:12392565].

35. Ip S, Ackers G: Thermodynamic studies on subunit assembly in
human hemoglobin. Temperature dependence of the
dimer-tetramer association constants for oxygenated and
unliganded hemoglobins. J Biol Chem 1977, 252:82–87. [PM:833132].

36. Pace C, Shirley B, McNutt M, Gajiwala K: Forces contributing to the
conformational stability of proteins. FASEB J 1996, 10:75–83.
[PM:8566551].

37. Kara F, Gurakan G, Sanin F: Monovalent cations and their influence on
activated sludge floc chemistry, structure, and physical
characteristics. Biotechnol Bioeng 2008, 100(2):231–239. [PM:18080340].

doi:10.1186/2046-1682-6-1
Cite this article as: Bassam et al.: Effects of spermine NONOate and ATP on
protein aggregation: light scattering evidences. BMC Biophysics 2013 6:1.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background and objective
	Results and discussion
	Conclusion

	Background
	Methodology
	Buffers
	Sample preparation
	Sample treatment with nitric oxide and adenosine 5'-triphosphate
	QELS measurement
	Data analysis

	Results
	Spermine NONOate effects on Hb and BSA thermal aggregation
	ATP effects on Hb and BSA thermal aggregation

	Discussion
	Facilitation of protein aggregation by NO
	ATP and NO: a synergy in inducing protein aggregation
	Role of K+ and Na+ in protein's thermal stability

	Conclusion
	Competing interests
	Authors' contributions
	Acknowledgements
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


