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Induced Long-Range Attractive Potentials of Human Serum Albumin by Ligand Binding
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Small-angle x-ray scattering and dielectric spectroscopy investigation on the solutions of recombinant
human serum albumin and its heme hybrid revealed that heme incorporation induces a specific long-range
attractive potential between protein molecules. This is evidenced by the enhanced forward intensity upon
heme binding, despite no hindrance to rotatory Brownian motion, unbiased colloid osmotic pressure, and
discontiguous nearest-neighbor distance, confirming monodispersity of the proteins. The heme-induced
potential may play a trigger role in recognition of the ligand-filled human serum albumins in the

circulatory system.
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Human serum albumin (HSA) is the most abundant
plasma protein in our bloodstream, whose primary func-
tions are transportation of hydrophobic molecules and
adjustment of colloid osmotic pressure (COP) of blood
[1]. Owing to its nonspecific ligand-binding capability,
HSA has served many potential medical applications.
Information on HSA-ligand interactions and their struc-
tural basis have recently been available by x-ray crystal
structure analysis [2—5]. Such approaches have provided a
structural foundation to create functional protein-ligand
complexes. One of the promising materials is the rHSA-
heme hybrid that can transport oxygen as hemoglobin does
[6—9]. The material is currently investigated in preclinical
tests as an artificial blood substitute [8]. Recent manifold
interests in protein crystallography, critical phenomena,
and disease processes have attracted increasing attention
to interparticle interactions in globular protein solutions
[10-15]. However, the fundamental problems like an in-
fluence of the ligand-binding upon protein-protein inter-
actions remain elusive.

We investigated solutions of recombinant HSA (rHSA)
(MW 66.5 kDa) and its heme hybrid [rHSA-heme; rHSA
incorporating four iron-porphyrins (synthetic hemes)] [7].
Using small-angle x-ray scattering (SAXS), we scrutinized
spatial correlations of these proteins in a 0.15M phosphate
buffer saline (PBS) solution to fulfil ionic strength and pH
close to physiological conditions and those in water to
minimize ionic strength. The PBS solution of rHSA-
heme (heme/rHSA = 4, mol/mol) was prepared accord-
ing to our previously reported procedures [7]. The deion-
ization of the protein sample was performed by several
cycles of centrifugation/dilution with pure water using a
Millipore Amicon Ultra to give aqueous solution of rHSA-
heme. The solutions were passed through a 0.22 wm filter
before all measurements. The deep red-colored, transpar-
ent solution of rHSA-heme can long be stored without
precipitation or liquid-liquid phase separation. It has
been confirmed that isoelectric point (pI), solution viscos-
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ity, and COP for rHSA-heme under the physiological
environment are identical to those of rHSA.

All SAXS experiments were carried out by using a
SAXSess camera (Anton Paar) in the ¢ range of
0.072-5nm~!. A  model-independent  collimation-
correction procedure was made via an indirect Fourier
transformation (IFT) routine and/or based on a Lake algo-
rithm. We also performed dielectric relaxation spectros-
copy (DRS) experiments on aqueous rHSA and rHSA-
heme solutions in the frequency range of 0.0005 =
v/GHz = 20 using time domain reflectometry [16].

Figure 1 shows SAXS experiments on a concentration
series of rHSA in PBS solution at 25 °C. The normalized
scattered intensities I(g)/c, where I(g) is the scattered
intensity at scattering vector ¢ and ¢ the protein concen-
tration, exhibit a decreasing forward intensity /(g — 0)/c
with increasing ¢ [Fig. 1(a)]. HSA carries a net negative
charge of about 18 electronic charges at pH 7.4 [1]. Since
the long-range electrostatic repulsion between rHSAs is
efficiently screened in the PBS solutions, the suppressed
forward intensity is mainly attributed to the decreased
osmotic compressibility due to the increased particle num-
ber density. Lowering ¢ results in the convergence of
1(q)/c to the intrinsic form factor P(q) of rHSA, achieving
the structure factor S(g) ~ 1(c — 0).

The pair-distance distribution functions p(r) of rHSA
[Fig. 1(b)] in solution are obtained using generalized in-
direct Fourier transformation (GIFT) technique [17], for
which we approximated S(g) assuming a Yukawa potential
and the Rogers- Young closure. The procedure confirms the
existence of oblatelike particles having the maximum di-
ameter of D,,,, ~ 8.0-8.5 nm at all c. All features of p(r)
highly resemble those calculated from x-ray crystallogra-
phy data on HSA (Protein Data Bank code 1UOR) [3].

Figure 2(a) presents variation of /(g) of rHSA solutions,
depending on the presence and absence of the heme in-
corporation and ionic strength of solvents. The more pro-
nounced decrease of the forward intensity and the sig-
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FIG. 1 (color online). (a) The normalized x-ray scattered in-
tensities, 1(g)/c, and (b) the pair-distance distribution functions,
p(r), of tHSA in 0.15M PBS solutions in 3.0 < ¢/mgml~! <
50. The black solid curve shown in (b) represents p(r) calculated
from the crystallography data on HSA [3].

nificant low-g shift of the monomer-monomer correlation
peak position for aqueous rHSA reflect the only weakly
screened, thus stronger electrostatic repulsions between the
rHSA molecules. Importantly, we observed that heme-
incorporated samples exhibit an enhanced forward inten-
sity, which indicates that heme incorporation significantly
enhances particle density fluctuations on a large length
scale.

Further insights into the spatial correlations between the
proteins are gained from the effective structure factors
Seff(g) [11] [Fig. 2(b)]. We extracted S°(g) by dividing
1(g)/c by P(q) obtained from a dilute rHSA PBS solution.
We confirmed that for rHSA-heme, lowering ¢ from 10 to
3.5 mgml~!, leads to a significantly weaker relative low-g
intensity, 1(g)/c, as shown in Fig. 2. In terms of S°(g),
rHSA under physiological condition still preserves the
nature of a repulsively interacting charged colloid but
behaves nearly as a hard sphere. If we apply a Yukawa
potential model to S¢f(¢) with a priori input of the solvent
ionic strength, the effective protein charge of 18 = 2 is
obtained, being consistent with Ref. [1]. Solutions of
rHSA-heme exhibit a similar low-g upturn in S(g), in-
dependent of ionic strength. The observation suggests the
emergence of a long-range attractive interaction [12,13]
between the heme-incorporated rHSA molecules. How-

ever, this assignment is only valid when the monodispersity
assumption of the protein is fulfilled. In the following, we
carefully verify this interpretation, providing convincing
evidence for monodispersity of rHSA-heme.

The peak in $°f(g) arises from protein-protein positional
correlations [Fig. 2(b)]. The mean nearest-neighbor dis-
tance d* among the proteins is approximated as ~27/q",
where ¢* is the scattering vector corresponding to the peak
position of $¢f(g). Importantly, ¢* is essentially indepen-
dent before and after heme binding, but it simply depends
on the solvent ionic strength related to the screening of the
long-range electrostatic repulsion. In Fig. 3, we display a
concentration series of S¢'(g) for rHSA and rHSA-heme
solutions at different ionic strength. For aqueous rHSA and
rHSA-heme, increasing c shifts ¢* to higher values, hold-
ing a relation ¢* o n'/3 [Fig. 3(e)], where n is the particle
number density. The finding clearly shows that both aque-
ous THSA and rHSA-heme exhibit a typical feature of
charged colloids at low ionic strength, maximizing d*.

The identical COP (18 mmHg at ¢ = 50 mg ml ') be-
tween the solutions of rHSA-heme and rHSA despite a half
value for covalently dimerized rHSA at the same volume
fraction [6] also rules out irreversible aggregate formation
in rHSA-heme solutions. A simple model calculation dem-
onstrates that a compact aggregate having several tens of
aggregation number can never explain the observed low-¢g
feature. No further enhancement of the low-g rise upon
screening of the electrostatic repulsion excludes a strong
short-range attraction as its origin.

Figure 4 presents complex dielectric spectra of rHSA
and rHSA-heme solutions at various c¢. The relaxation time
Twater ~ 8.3 Ps for the high-frequency process common for
all solutions reflects the time scale of cooperative re-
arrangement of the hydrogen-bond network of bulk water
[16,18,19]. Besides, the low-frequency relaxation, as-
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signed to the rotational diffusion of the proteins [19,20],
gives an excellent measure of dimer or higher aggregate
formation. The identical relaxation times before and after
heme binding, 7yga ~ 52-58 ns, provides identical ef-
fective molar volume for rHSA and rHSA-heme, Veff =
4.7 X 10* cm®*mol ™! (¢ — 0), according to the Stokes-
Einstein-Debye equation, which is very close to the antici-
pated value of 4.9 X 10* cm? mol™! from the molecular
mass and specific volume of HSA. This reveals that the
freedom of the rotational diffusive motion of the protein is
not significantly affected by the heme incorporation.

We point out that in contrast to HSA, well-investigated
aqueous lysozyme solutions [11-14,21,22] are already in
aggregation regime; even at very low ionic strength, most
of lysozyme molecules stick together due to its highly
adhesive nature, which is demonstrated by the appearance
of the low-g subpeak in $°(g) and d* coinciding with the
diameter of the protein molecule. Although there arose a
controversy as to whether the low-g rise for lysozyme
solutions is due to a long-range attraction (LRA) [13,21]
or large aggregate formation [22], as for rHSA-heme, the
simultaneous observations of the low-¢ rise in S°(g) with
a host of evidence for monodispersity of the protein, such
as d* far exceeding the contact distance, no additional
frictional force on the rotational diffusive motions, identi-
cal molecular volume with rHSA, and unbiased COP,
provide a plausible argument for the emergence of a
LRA. Note that any kind of protein aggregation requires
the direct contact between the monomers. Generally, when
the repulsion is so strong as to make the particles apart, the
low-q rise can be explained only by a LRA [12].

The theoretical S(g) analysis based on a two Yukawa
potential model [13] has shown that the relatively longer
attraction range than the repulsion one is necessary to
produce the so-called zero-g peak in S(g). The more
pronounced low-g decrease in S(g) for aqueous rHSA
is clearly taken over by the deeper dip in S°f(g) for
aqueous rHSA-heme, which indicates that the electrostatic
repulsion is still active in rHSA-heme solutions and the
attraction range is greater than the range of the weakly
screened electrostatic repulsion.

For further quantitative description, we tested a two
Yukawa model [12,13] for S°(g) of rHSA-heme. When
the attraction range is very long, the model produces a
downward convex low-¢g rise and a huge zero-g intensity
reaching more than ~1000 even at small c. However, S(g)
starts to rise at ¢ = 0.1 nm ™!, whereas we observed the
onset around ¢ = 0.2 nm~!. The real expression for a
LRA and its potential shape are still not very clear, but
the formalism of the potential should significantly affect
the low-g shape of S(g). If the system exhibits more slowly
decaying attractive potential than the Yukawa decay at
small-r, the onset of the low-¢ rise is expected to shift to
higher-g values than that predicted by the Yukawa LRA
model.

It is important to recognize that isotropic interaction is
not self-evident for any kind of protein system because

proteins have irregular shape and inhomogeneously dis-
tributed patches by nature. However, until now, almost all
experimental and theoretical works on the interactions
proteins have been performed based on mean spherical
approximation (MSA) and an isotropic interaction assump-
tion [10—15,23]. The recent theoretical work of Bianchi
et al. [24] revealed that particles interacting with an aniso-
tropic attractive potential can enhance anomalous density
fluctuations or gel-network formation even at very low
volume fractions. This also implies that anisotropic poten-
tials caused by a site-specific interaction or inhomogene-
ous distributions of charge or hydrophobic patches may
generate unexpectedly drastic effects on the spatial corre-
lations of proteins, where the inherent limitation of small-
angle scattering technique lies in the fact that such aniso-
tropic interactions are reduced into one-dimensional S(g).
Nevertheless, carefully confirmed monodispersity of
rHSA-heme leads us to conclude that our present interpre-
tation based on a LRA is still broadly correct, even if the
actual situation is much more complicated, where aniso-
tropic interactions may affect the spatial correlation of the
proteins.

Compared to the well-developed short-range attraction
and long-range electrostatic repulsion [11,13,23], the gen-
eral understanding of a LRA of proteins in solution
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FIG. 3 (color online). Effects of concentration, ionic strength,
and heme binding on S(g). (a) tHSA-heme and (b) rHSA in
0.15M PBS solutions and (c) rHSA-heme and (d) rHSA in
aqueous solutions in 10 < ¢/mgml~! = 50 (an increment of
10 mgml™!). (e) The protein-protein correlation peak position
q* in 5¢(g) for aqueous rHSA (J) and rHSA-heme (O) as a
function of c.

208101-3



PRL 98, 208101 (2007)

PHYSICAL REVIEW LETTERS

week ending
18 MAY 2007

100 3 100
a ) rHSA E
-— 3
80 i g
4 10
60 ew)
40 ER
20 N 0.1
) ST TP AT PPOT EETTT R I Leend
b 100 5 100
€'(v) rHSA-heme E
-— 1
—_— ]
410
60 1
40 ER
20 J 0.1
0 1 llllllll L L 111l 11 lllllll 1 llllllll 11 lllllll 1 llllll:l:
0.0001 0.001 0.01 0.1 1 10 100

v/GHz

FIG. 4 (color online). Complex dielectric spectra of aqueous
solutions of (a) rHSA and (b) rHSA-heme in 10 < ¢/mgml~! =
50 (an increment of 10 mg ml~! from the bottom) at 25 °C.

[12,13,15] is at an incipient stage. Judging from unbiased
pl(=4.9) and polarization fluctuation amplitudes for
rHSA-heme, net charges and their distributions are un-
likely to be modified by heme binding, whereas how the
occupation of the ligand-binding site allosterically affects
the electrostatic interaction of the protein is unclear. The
physical origin of a LRA might be entoropic driven, pos-
sibly due to modulated hydrophobic patches and their
inhomogeneous distributions.

HSA binds heme; the rHSA-heme hybrid takes advan-
tage of this naturally occurring process. In the human body,
heme released from methemoglobin is immediately cap-
tured by hemopexin or HSA acting as scavengers, and it is
efficiently transported to the liver for methabolism [25,26].
Since the emergence of the collective nature of HSAs
while preserving the monodispersity could be an efficient
way to give the ligand-filled HSA molecules a sort of
marker, our data suggest that the heme-bound or -unbound
HSAs may be recognized in the bloodstream in terms of
the presence and absence of the LRA. Therefore, the
optimization of the interparticle potential will be a key to

the control of distribution, circulation persistence, and
metabolism of functional ligands for medical applications.
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