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Thermophoresis: The case of apomyoglobin
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E-mail: s.wiegand@fz-juelich.de,
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Introduction

This study investigates the thermodiffusive behavior of
apomyoglobin (Apo-Mb) at different pH levels using the ther-
mal diffusion forced Rayleigh scattering (TDFRS) technique,
highlighting hydration changes associated with its conforma-
tional states. It is an extensively studied model system for un-
derstanding protein folding, the heme-free form of myoglobin.
At near-neutral pH (∼6), Apo-Mb adopts a compact, native
structure; at slightly acidic pH (∼4-4.5), it shifts to a partially
folded ”molten globule” state; and at pH∼2, it reaches an acid-
unfolded state. As the pH decreases, the net positive charge
of the protein increases, leading to protein unfolding [1]. The
predominantly α-helical conformation of Apo-Mb is stabilized
by strong intramolecular hydrogen bonding, which enhances
its structural stability and exhibits a hydrophilic character on
the surface of the protein. In the unfolded state, hydrophobic
exposure reduces electrostatic interactions and effective hy-
drophilicity, which decreases solvation stability and promotes
aggregation because unfolded proteins minimize water contact
[2]. In addition, anions interact preferentially with the posi-
tively charged regions of the protein and effectively shield the
repulsive forces between positive charges by binding to them,
thus reducing internal repulsion. In particular, anions with
higher charge and affinity towards protein are more effective
than anions with lower affinity in inducing the transition from
unfolded to folded proteins [3]. The stability of intermediate
states of Apo-Mb strongly depends on the net charge of the
protein, emphasizing that loss of positively charged residues
generally increases stability by reducing internal charge repul-
sion and vice versa [4].

For aqueous systems, the Soret coefficient ST of the so-
lute changes its sign from negative to positive with increas-
ing temperature [5]. Previous studies on aqueous systems have
shown that the temperature sensitivity of ST (difference at two
temperatures) ∆ST(∆T ) decreases with increasing tempera-
ture which has been attributed to the disruption of hydrogen
bonding at higher temperatures [5, 6]. Thus, a highly hy-
drophilic solute exhibits high temperature sensitivity compared
to a hydrophobic one. However, the thermophoretic behav-
ior of proteins is a complex interplay of surface properties, as
the solvent-accessible surface area also depends on the ionic
strength and surface charge[7].

Thermophoresis of Apomyoglobin
Figure 1 shows the temperature dependence of ST for Apo-
Mb solutions measured at different pH values with and without
buffer. At lower temperatures, Apo-Mb is thermophilic at pH
2 and pH 6, but switches to thermophobic behavior when the
temperature increases above ∼20◦C. In contrast, Apo-Mb re-
mains thermophobic at pH 4 over the entire temperature range
studied. However, the value of ST increases with increasing
temperature in all solution conditions [7]. Interestingly, in the
presence of sodium phosphate buffer (NaP), the light scattering
intensity increased exponentially at 45◦C due to protein ag-
gregation, obscuring the cuvette window and preventing data
collection. According to the Hofmeister series, the phosphate
anions in the buffer are very hydrophilic and act as strong water
structure makers, resulting in a more compact protein structure
and its aggregation [3, 8].

Figure 1: Temperature dependence of ST, measured for 7
mg/ml Apo-Mb with and without buffer at different pH val-
ues corresponding to the different folding states of Apo-Mb

Correlation between Circular Dichroism
(CD) and TDFRS
Prior to TDFRS measurements, the secondary structure con-
tent and charge of Apo-Mb under different solution conditions
were confirmed by CD. In absence of buffer, the α-helical
content decreases progressively with decreasing pH. In case
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of buffers, NaP buffer stabilizes the α-helix at pH 6, whereas
sodium acetate (NaAc) buffer at pH 4 promotes partial unfold-
ing by decreasing the α-helix content. At pH2, a small fraction
of the α-helical content is still retained in its unfolded state [1].

Figure 2: The plot shows a strong correlation between temper-
ature sensitivity, ∆ST(∆T ) and α-helix content.

Figure 2 shows a correlation between temperature sensitiv-
ity, ∆ST(∆T ) and α-helix content. The α-helix content is a
reliable indicator of the hydrophilicity of proteins. This is be-
cause in a α-helix conformation, the hydrophobic residues tend
to be buried in the core of the protein, while the hydrophilic
residues are exposed to the aqueous environment. Therefore, a
higher α-helix content corresponds to a more hydrophilic pro-
tein. In addition, previous studies show that the α-helix con-
tent of a protein mainly determines the protein diffusion [1].
This correlation is also observed in our results. In particu-
lar, the temperature sensitivity of the thermodiffusive behav-
ior, expressed by ∆ST(∆T ), decreases in the following order
as the hydrophilicity of Apo-Mb decreases (which is achieved
by lowering the pH): ∆ST (pH 6) > ∆ST (pH 4) > ∆ST

(pH 2). However, NaP buffer makes the protein more com-
pact, resulting in increased hydrophilicity and a higher value
of ∆ST(∆T ) [8]. NaAc buffer enhanced protein solubiliza-
tion at pH 4, reducing hydrophilicity by exposing hydrophobic
regions. This resulted in a significantly lower ∆ST(∆T ) value
compared to the unbuffered acidic solution at the same pH [9].
At pH 2, the protein structure was largely disrupted, with a sig-
nificant decrease in the α-helix content and an increase in the
net positive charge. This perturbation led to a deviation from
the observed trend between ∆ST(∆T ) and α-helix content.

Conclusions
Our study investigates the influence of structural conforma-
tional changes on the thermodiffusion behavior of Apo-Mb
using the TDFRS technique. We found that the α-helix con-
tent is strongly correlated with hydrophilicity and thus influ-
ences the thermodiffusion behavior. Reducing the α-helix con-
tent led to a decrease in hydrophilicity (pH6 > pH4 > pH2)
and a decrease in the temperature sensitivity of ∆ST(∆T ).
(∆ST(∆T ) (pH6) > ∆ST(∆T ) (pH4) > ∆ST(∆T ) (pH2)).
The type of buffer also plays a significant role in modulating
the structural and diffusional properties of apo-Mb. At pH 6,

NaP buffer preserves the α-helix but promotes aggregation of
the protein due to electrostatic screening, as evidenced by a
lower diffusion coefficient. Whereas acetate buffer at pH 4 de-
creases the α-helix content of the protein and the temperature
sensitivity of ST and increases the solubility of the protein in
solution. Increasing the concentration of acetate buffer at pH 4
further decreases the temperature sensitivity of ST.

Overall, we observed a strong correlation between
∆ST(∆T ) and α-helix content; ∆ST(∆T ) increases steadily
with increasing hydrophilicity and α-helix content of Apo-
Mb. These results highlight the complex interplay between the
structural state of Apo-Mb, pH, buffer composition and ther-
modiffusion behavior and provide valuable insights into pro-
tein hydration.
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