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Influence of Cosolvents on the Pressure Stability of

Human Serum Albumin

Jaqueline Savelkouls,* Eric Schneider, Chang Hee Woo, and Michael Paulus

A small-angle X-ray scattering study on the pressure-dependent behavior of
human serum albumin (HSA) is presented. HSA is able to absorb cosolvents such
as drugs or other hydrophobic substances and transport them, for example, in the
human body. It is shown that the uptake of various substances is associated
with increased pressure stability, which can be used as an indicator of protein—
substance interaction. Especially the interaction between the substances and the
hydrophobic pockets of the protein is an important aspect, which mainly depends
on the hydrophobicity as well as the size of the used cosolvents. Specifically, drugs
such as ibuprofen and theophylline increase the pressure stability of the protein
enormously, while caffeine or TMAO, for example, has no strong influence.

1. Introduction

The transport of chemicals within the human body is partly
carried out by proteins that are able to form reversible bonds with
them. Whether the protein can absorb an active substance
depends on many factors such as hydrophobicity or the size
of the active substance molecule. One protein that can perform
this task is human serum albumin (HSA), which is the most
common blood protein in humans. It represents around half
of total plasma protein (0.6 mm or 5 gmL~'%), HSA is a large
globular protein with a high alpha-helix content. It contributes to
osmotic colloid pressure, regulates blood pH, and acts as plasma
transporter for various substances. It has the capacity to bind
substances such as fatty acids, various hydrophobic steroid hor-
mones, and drugs.?! Due to its wide availability and biocompati-
bility, HSA is being discussed as a nanocontainer for medicine in
the context of specific applications (see, for example, refs. [4-7]).
HSA has a mass of 66.5kDa and is present at pH 7 in a heart-
shaped form. The isoelectric point of HSA is pH 4.6, i.e., it is
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positively charged at pH 7. The radius of
gyration of HSA is 2.8 nm. Studies mainly
focus on the binding of fatty acids to HSA
indicate that HSA has up to eight binding
sites that can interact with fatty acids to
varying degrees.®” However, it might be
difficult to provide direct evidence of the
uptake of active substances, for example,
using structure-determining methods such
as small-angle X-ray scattering (SAXS),
because the molecules can be very small
compared to the protein and structural
changes in a disordered system such as
protein solutions cannot be adequately
resolved. Here, an indirect proof of the inter-
action between protein and active substance
might be possible, for example, via the denaturation behavior of
proteins.

In addition to thermal denaturation and denaturation by
extreme chemical environments (pH, salt, and cosolvents), the
application of high hydrostatic pressure is a method that can
move proteins out of their native, folded state. The application
of high pressure in the range of a few kbar still represents a rela-
tively mild disruption of the proteins, which is not sufficient
to destroy covalent bonds, see, for example, refs. [10,11].
Furthermore, high pressure can be used to produce protein
nanoparticles (in the case of HSA, for example, the drug
Abraxane) by forming an active ingredient cluster inside a shell
of proteins that are not completely denatured.!'?

Proteins under pressure tend to minimize their intrinsic vol-
ume, which can happen quite reversibly. Structural changes, for
example, through mutation,!'® changes in the structure of the
solvent!" as well as the docking of molecules, can have a strong
effect on the pressure stability of individual proteins. In the case
of HSA, it has been shown that the uptake of fatty acids signifi-
cantly increases the protein’s stability against high hydrostatic
pressures.l™> This change in the pressure-dependent behavior
of HSA is to be used in this work to investigate the interac-
tion of various substances with the protein. To this end, the
influence of the fatty acid heptanoic acid, the drugs theophylline
and ibuprofen, the nucleic base uracil, the biogenic amine hista-
mine, caffeine, the complex compound hemin, and the osmolyte
trimethylaminoxide (TMAO) on the pressure stability of the
HSA was investigated. The stability of the protein was analyzed
using SAXS at the DELTA (Dortmund Electron Accelerator)
synchrotron radiation source. It is shown that all used substances
interact with the fatty acid-free HSA and influence the pressure
stability of the protein. However, the strength of the stabilization
effect varies significantly depending on the individual molecules
used.
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1.1. SAXS

SAXS! is an established method for characterizing the shape,
size, and interactions of nanoscale objects such as colloids, poly-
mers, or proteins. The objects can be disordered, for example, in
an aqueous solution. In a SAXS experiment, a monochromatic
X-ray beam hits a sample and is elastically scattered under small
angles 260 which are in the range of a few degrees. In the case of
highly dilute solutions, where the individual particles do not
interact with each other, the scattered intensity I(g) as a function
of the wave vector transfer g = 4x/Asin(0), with the wavelength A
of the used radiation, is described by the so-called form factor
P(q) of the scattering object:

I(q) & P(q) = <|F(§)*>q 1)

with the scattering amplitude F(g), which is the Fourier trans-
form of the particles electron density p(r). Here, <..>q stands
for the average over all particle orientations and positions. For
small g, the scattered intensity of a monodisperse system can
be described in the so-called Guinier approximation given by

I(g) ~ I(q = 0) x e ¥R/3 @

with the radius of gyration Rg of the particles!"”’

o pnrdr 5
SR PG

which describes the mean electronic extent of the scattering par-
ticle. Thus, plotting In(I(q)) versus g* can be used for a simple
determination of the particles’ size. Note that this approximation
is only valid in the q - region where g x Rg < 1.3 holds.!"”]
Another approach to determine among others the size of the
scattering object, which was used to validate the results, is to
adjust the distance distribution function p(r),*® which is con-
nected to the scattered intensity I(g) via

1
T 2x?

o) =5 [ t@arsinar)dg “

This approach is implemented in the ATSAS program pack-
age,["”) for example, and uses the entire q range of the measured
data for the analysis.

2. Experimental Section

The SAXS measurements were carried out at the beamline
BL2”? of the DELTA synchrotron radiation source in
Dortmund.””) DELTA is a 1.5 GeV electron storage ring in which
a maximum electron current of 130 mA is stored with a lifetime
of #30 h at 100 mA. The beamline is built ata 1.5 T bending mag-
net with a critical energy of 2.1keV. A multilayer monochroma-
tor monochromatizes the incident polychromatic X-ray radiation
to an energy of 12 keV within a bandwidth of 1.5%. The beam
size of the collimated beam at the sample location is
0.5 x 0.5 mm?. The pressure cell*” consists of a cubic inconel
steel block with an edge length of 10 cm. The cell has three large
openings with fine threads. Two of them are located opposite
each other and are closed by special plugs, each of which has
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a 1 mm thick diamond window. These windows have sufficient
transmission at a photon energy of 12keV and can withstand a
cell pressure of up to 5000 bar. The third opening is for changing
samples and can be closed by a plug. At the rear of the cell, there
is a connection for 6 mm thick high-pressure pipes through
which water can be pumped into the interior of the cell. This
allows the pressure inside the cell to be varied between 50
and 4000 bar using a spindle pump (Sitec, Switzerland). The
pressure can be measured by two pressure sensors. To separate
the sample to be analyzed from the water flowing into the cell,
the sample is filled into a separate small sample holder with a
volume of ~0.2mL. The sample holder has two flexible polyi-
mide windows, which transfer the adjacent pressures to the
inside of the sample holder. The outer cell body is drilled with
several holes through which water can be pumped to control the
temperature of the cell. The cell is connected to a 1.5 m long evac-
uated flightpath, which has a polyimide entrance window with a
diameter of 10 mm. At the end, the flightpath has another poly-
imide window with a diameter of 25 cm and 0.125 mm thickness.
As detector, a MAR345 imageplate (marXperts, Norderstedt,
Germany) is used. To intercept the transmitted X-ray beam, a
lead beam stopper is located in front of the detector and in direct
contact with the exit window of the flight path.

Fatty acid-free HSA (Sigma-Aldrich) was used to analyze the
substance that was uptaken by HSA. The HSA was mixed at a
concentration of 10mgmL™" in pressure-stable Bis-Tris buffer
(25 mM, Sigma-Aldrich). The different cosolvents were added duz-
ing preparation at the concentrations listed in Table 1. The fresh
samples were then filled into sample holders and transferred
directly into the high-pressure cell. All pressure-dependent
SAXS measurements were carried out at a temperature of
25 °C. After closing the pressure cell, the pressure was increased
in steps of 250 bar up to a final pressure of 3500 bar and SAXS
images were taken with an exposure time of 300s in each case.
To determine the scattering background, data of pure buffer were
recorded at the corresponding pressures. The SAXS setup was cal-
ibrated by using silver behenate (Sigma-Aldrich) as a calibration
standard.

3. Analysis and Discussion

The Fit2D"”? program package was used for the azimuthal inte-
gration of the 2D SAXS data. The measurements on the silver
behenate were used to precisely determine the beam position
on the detector, the distance between the sample and the detector
and any tilting of the experimental setup. The intensities of the
pure buffer measurements were subtracted from the integrated
intensities of the measurements with protein in a second step.
The data generated in this way are shown as an example for two
systems one consisting of fatty acid-free HSA (left) and one with
fatty acids (right) in Figure 1. Both samples show the typical
curve of a globular protein at normal pressure. The fitting in
the Guinier range results in a radius of gyration of 2.9 nm for
both samples, which corresponds to values found in the litera-
ture for the folded heart-shaped structure of the HSA.** In com-
parison, the radius of gyration for unfolded HSA (E-form) ranges
at >3.4nm. A detailed view of the curves at higher pressures
indicates a shift in the slope around p=1000Dbar. At this
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Table 1. An overview of the substances used in the experiment. The Chemical Abstracts Service (CAS) number is a unique numerical identifier that is

assigned to a specific chemical substance.

Substance CAS-Number Concentration Origin Chemical formula Comment
HSA A3782 70 024-90-7 10 mg/mL Sigma-Aldrich - Fatty acid free
HSA A8763 70 024-90-7 10 mg/mL Sigma-Aldrich - Unspecified amount of fatty acids
TMAO 62 637-93-8 50 mm ThermoScientific (CH3)sNO Small, good solubility!*?!
Histamine 51-45-6 50 mm Sigma-Aldrich CsHgN3 Low solubility (3.4 g/100 mL)1?!
Ibuprofen 15 687-27-1 5mm Sigma-Aldrich Ci3H150, Low solubility (0.002 g/100 mL)!4
Caffeine 58-08-2 50 mm AlfaAesar CgH10N4O, Low solubility (2 g/100 mL)!5!
Hemin 16 009-13-5 100 mm AlfaAesar C34H3,CIFeN,0, Very low solubility (0.9 mg/100 mL)™“¢!
Uracil 66-22-8 50 mm Roth C4H4N,0, Very low solubility (0.36 g/100 mL)*”)
Theophylline 58-55-9 50 mm Sigma-Aldrich C;HgN4O, Very low solubility (0.8 g/100 mL)"“®!
Heptanoic acid 111-14-8 2mm Sigma-Aldrich C7H1,0, Very low solubility (0.24 g/100 mL)%
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Figure 1. Pressure-dependent SAXS data of the samples HSA A3782 (left, fatty acid free) and HSA A8763 (right). The insets show the Guinier regions with

corresponding fit to the data (black lines).

pressure, the entire curve loses the shape typical of globular pro-
tein. A change in the slope can also be recognized in the Guinier
region, which indicates an increase in the radius of gyration. In
the SAXS curves on the right-hand side in Figure 1, which origi-
nate from HSA that is not fatty acid-free, the change in curve
behavior at 1000 bar does not occur. As on the left-hand side,
the decrease in intensity can be recognized, which can be
explained by the decrease in the scattering contrast between
the protein and the compressed water phase. In the Guinier
range, too, the change in the gradient of the curve cannot be seen,
but rather a continuous increase in the gradient. The radius of
gyration of the HSA resulting from the Guinier fits is summa-
rized in Figure 2.

The radius of gyration clearly shows that the volume of the
protein only changes slightly. It therefore does not appear to
unfold completely, which is a typical behavior for pressure-
induced unfolding.*! At first glance, the increase in volume
of the protein seems to contradict the postulate that predicts a
decrease in volume when pressure is increased. However, it
should be noted that the entire system consisting of protein
and solvent must be considered here. The protein is a complex
structure which often contains hydrophobic cavities in the inner
core which are not accessible to the solvent. The hydrophobic
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cavities have a size of ~16 A in depth and about 8 A in width.[*®

Only under a significant increase in pressure can these cavities
be filled by penetrating solvent molecules.””) Among other
things, this effect leads to a reduction in the total volume of
the system when the pressure is increased.”” When fatty acids
are added to the HSA solvent system, the hydrophilic headgroups
interact with the polar groups of the protein, which are located on
the protein surface and especially at the entrances of the binding
pockets, while the hydrophobic parts of the fatty acids fill the inte-
rior of the pockets and interact with hydrophobic side chains.*®!
We conclude that the filling of these pockets counteracts the
pressure-induced unfolding by reducing the free volume occu-
pied by the solvent when the pressure is increased. Another fac-
tor for stabilization could be the energetically unfavorable
rehydration of the hydrophobic fatty acid chains, which would
have to be accepted if the protein were to unfold. However, to
the best of our knowledge, there is no precise description of
the pressure-induced interaction mechanisms between the fatty
acids and the protein.

The pressures at which an increase in the radius of gyration
was observed were determined for all substances used and are
summarized in Table 2. It is clear that all substances have a sta-
bilizing effect against the applied pressure, albeit to very different
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Figure 2. The radius of gyration of HSA A3782, which has uptaken strong stabilizers (left) and average as well weak stabilizers (right). The radius of

gyration was determined with the aid of Guinier fits.

Table 2. Pressures (given in bar) under which denaturation of HSA starts.

HSA A3782 HSA A8763 Caffeine Hemin Histamine

Heptanoic acid Uracil Theophylline Ibuprofen TMAO

1000 bar 2500 bar 1500 bar 2250 bar >3250 bar

>3500 bar 2750 bar 3250 bar >3500 bar 1250 bar

degrees. The substances can be roughly categorized into three
groups. The first group consists of strong stabilizers such as hep-
tanoic acid, ibuprofen, theophylline, and histamine, which raise
the denaturation pressure above 3000 bar and therefore have a
stronger effect in the concentrations used than the fatty acids nat-
urally present in HSA A8763, the average stabilizers such as ura-
cil and hemin, which raise the denaturation pressure to between
2250 and 2750 bar, and the weak stabilizers such as caffeine and
TMAO, which only raise the denaturation pressure by a few hun-
dred bar. A special role is played here by TMAO with approxi-
mate dimensions of 11A in length and width,?”! which
generally stabilizes proteins due to its water-stabilizing proper-
ties.’% It is therefore doubtful whether the slight increase in
denaturation pressure of HSA is caused by a specific interaction
between HSA and TMAO. It is noticeable that especially those
substances with a low water solubility have a strong stabilizing
effect, which can be explained by their strong hydrophobicity.
The interaction of the hydrophobic molecules with the hydropho-
bic side chains inside the protein thus appears to be an important
factor in the stabilization of HSA. However, hemin does not
seem to follow this trend with its extremely low water solubility.
This can be explained by the geometry of the molecule.
Compared to the other substances used, hemin is a relatively
large molecule that forms flat platelets. As a result, only a few
binding pockets can be occupied by the hemin®! and thus
the penetration of water molecules into the protein core can
be prevented to a lesser extent. Similar to hemin, the nucleic base
uracil can also be classified as a weak stabilizer. Uracil has a very
low water solubility and can interact with the hydrophobic pock-
ets of the protein through its hydrophobic pyrimidine ring.*"
However, this interaction does not appear to be strong enough
to stabilize the protein above 2750 bar. This is also supported by
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the measurements on caffeine, which also contains a pyrimidine
ring which does not significantly stabilize the protein under pres-
sure. The binding affinity between caffeine and the hydrophobic
pockets of HSA appears to be very low.*?! However, some studies
generally indicate a high binding affinity of caffeine on HSA.*?
Caffeine has a length of ~7 A and a width of ~15 A.** Based on
the low influence on the pressure stability and the size of the
caffeine molecule, we assume that the caffeine molecule inter-
acts with other sites of the protein and less with the hydrophobic
pockets. Compared to the previous substances, the fatty acid hep-
tanoic acid is an ingredient in which the protein structure
remains stable over the pressure range. The fatty acid is
~10 A in length and ~5 A in width.*® It can settle in the hydro-
phobic pockets of the HSA, where it interacts with the protein via
hydrophobic interactions. This fills the cavity volume so that the
protein structure is not affected by an increase in pressure.
Furthermore, the drugs ibuprofen and theophylline stabilize
the HSA structure extremely well, too. These observations con-
firm previous research results that have found a strong affinity
between the drugs and the protein.?**”) According to previous
studies, ibuprofen, which has a length of ~11A and a width
of ~7 A,*® binds to the hydrophobic tyrosyl and tryptophan res-
idues of the HSA,*”! which means that a complete occupancy of
the inner pockets can be assumed. In addition, the tryptophan—
tryptophan hydrogen bonds are dissolved during binding, which
is why hydrophobic tryptophan chains may be present in the
remaining cavities.*”) It has been suggested that the volume
of the remaining cavities is so small that no penetration of water
molecules into the protein core can occur under increased pres-
sure. This has been confirmed by the fact that the protein struc-
ture is stable over the entire measurement range. The slightly
smaller drug theophylline, with a length of ~8 A and a width
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of ~4 A,? also exhibits a high stabilization rate, which can be
attributed to its extremely strong hydrophobicity resulting in
strong hydrophobic interactions inside HSA. Compared to the
other strong stabilizers, histamine has a lower hydrophobicity.
However, with a length of around 14 A and a width of =16 A,*"!
histamine is significantly larger than the other strongly stabiliz-
ing molecules. Nevertheless, histamine has a good binding affin-
ity to HSA, which is illustrated by its high-pressure stability. It is
already known that histamine interacts with the hydrophobic
lysine residue of the protein via a hydrogen bond.*! In this
way, the interaction of histamine with the hydrophobic protein
core may stabilize the structure of HSA.

4. Conclusion

In summary, all substances have a varying degree of influence on
the pressure stability of the structure of HSA which means that
an interaction between the protein and the substances could be
demonstrated. Especially smaller drug molecules such as ibupro-
fen and theophylline induced a high-pressure stability and
accordingly showed a high binding affinity to the protein. An
important factor here appears to be the strength of the hydropho-
bicity of the molecule. In addition, the size and geometry of the
substances also play a role in pressure stability, as can be seen
from the hemin measurements. As a result, the interaction
between the substances and the hydrophobic pockets of the pro-
tein is decisive for the pressure stability. The molecules prevent
the water from penetrating into the interior of the protein when
the pressure increases, thus preventing the pressure-induced
unfolding of the protein. In the context of drug carrier develop-
ment, increased pressure stability represents an opportunity to
produce protein—drug complexes using high-pressure processes
without denaturing the proteins. This would have the advantage
that the full biological functionality of the proteins and thus pos-
sibly a better tolerability of the carrier are maintained.
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