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In this comprehensive study, interaction of human serum albumin (HSA) with poly(acrylic

acid) (PAA) was explored using Small Angle X-ray Scattering (SAXS) combined to

chromatography. Results revealed the formation of a complex between HSA

macromolecules and PAA chains but solely at some specific conditions of ionic strength

and pH of the medium. In fact, this binding has found to take place only at pH close to 5

and low ionic strength (0.15M). Otherwise, for higher pH and salts concentration 0.75M

the HSA-PAA complex tends to dissociate completely showing the reversibility of the

complexation. The assessment of the influence of the HSA/PAA molar ratio on the

complex radius of gyration suggests that 4 HSA molecules could bind to each PAA

100kDa chain. Besides the Porod volume evaluation for the same range of HSA/PAA

ratio confirms this assumption. Finally, an all atom SAXS modelling study using BUNCH

program has been conducted to find a compatible model that fit HSA-PAA complex

scattering data. This model allows to portray the HSA/PAA complex as a pear-necklace

assembly with 4 HSA on the 100 kDa PAA chain.

Introduction
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Interactions between proteins and polymeric surfaces, whether linear (polyelectrolyte

brushes)'2 or spherical (functional nanoparticles) 3-°, have received growing attention

over the past few decades. Many processes involve this phenomenon in several fields

and for versatile applications, as protein separation %8, drugs delivery 78, ligands uptake

9, enzyme immobilization 0, antibacterial encapsulation ', among many other

applications in chemistry and biology 2.

Biomaterials and medical devices design are among the fields in which this interaction

is relevant 3.4, Biomaterials are often used for the treatment of diseases such as cardiac

failure, but also in medical applications such as wound healing, deep skin injury repair,

dentistry or orthopedics 5. In many cases, these biomaterials get into direct contact with

blood. One of the fastest growing areas for biomaterials is the development of new

systems for controlled and targeted drug delivery. For example, suitable membrane

advanced technologies could be proposed to address several critical needs related to

blood cells screening and the concentration of the growth factors stored inside the

granules of platelets and expressed after their activation, and which role in the wound

healing process of diabetic ulcers is predominant. For that, the architecture of membrane
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biointerface at the nanoscale is often customized by grafting on it some functional groups

such as poly acrylic acid (PAA). It is a negatively charged bioactive polymer in aqueous

medium widely used to modify polymeric surfaces for drugs release and many other

applications'. One of them is the enhancement of platelets adhesion, especially when

it's conjugated to proteins such as fibrinogen. However, nonspecific interactions between

other blood components and polymers used for interface modification could hamper the

capture of platelets. Among those blood components, Human Serum Albumin (HSA) is

an abundant plasma protein ([HSA]=42mg.mL-" in blood '7) that maintains the blood pH

and osmotic pressure and transports some molecules in the blood. This protein is able to

decrease platelet adhesion and activation on a solid surface by being adsorbed onto that

particular surface 8. Therefore, in the purpose of designing functionalized membrane

surfaces to selectively separate thrombocytes from other blood cells, the control of these

nonspecific interactions is required.

According to the literature, a number of protein-polyelectrolyte complexes have been

studied in a variety of physicochemical conditions via several analytical techniques 1920,

Concerning complexes of serum albumin and polymers, the interaction of bovine serum
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albumin (BSA) with spherical polyelectrolyte brushes in solution was evidenced using

Small Angle X-ray and neutron scattering (SAXS and SANS) 2122, |nteractions between

BSA and planar synthetized poly(acrylic acid) were also the object of a dedicated work

23, Furthermore, binding of HSA with small polyelectrolyte brushes of PAA (with 25

repeating units only) 25 and with dendritic polyglycerol sulfate 26, has also been discussed

by isothermal calorimetry (ITC). In fact, it has been proved that only one HSA is bound

per chain of PAA 1.8 kDa. Then, for a pH maintained at 7.2, a study on the effect of salt

concentration revealed that this binding was dominated by an attractive electrostatic

potential between the two solutes 24. Using Total Internal Reflection Fluorescence (TIRF)

spectroscopy, it also has been proven that negatively charged BSA is strongly adsorbed

Published on 21 September 2020. Downloaded by Karolinska Institutet University Library on 9/21/2020 8:09:57 PM.

on planar PAA (278 AA units =20kDa) at low ionic strength and pH > 5 due to electrostatic

interactions 26. However, the current knowledge does not permit to give the exact

stoichiometry of the polyelectrolyte-protein complexes for larger polymer, and if it is

correlated to the size of the polyelectrolyte.

In the present study, we used SAXS combined to chromatography to assess the affinity

of HSA to bind to a larger PAA (100 kDa) to check out the formation of multiprotein-
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polymer complexes compared to the 1THSA-1PAA binding reported in the literature using

smaller polyelectrolyte 24. First, as a starting point for further experiment with polymers,

the structure of native HSA was examined in Phosphate buffer solution. Then, the

HSA/PAA complexation was studied in media with different ionic strengths or pH in order

to find the conditions leading to an attractive interaction. After that, a detailed study

modeling the Porod volume was conducted to determine the stoichiometry of the (nHSA-

PAA) complex formed. For this purpose, the influence of the HSA/PAA molar ratio on the

complex size (radius of gyration and Porod volume) was appraised. Eventually, a

compatible model has been found using BUNCH program 27 to fit the HSA-PAA complex

scattering data. It allowed us to propose an all atoms pearl necklace model that describes

the structure of complex at the ionic strength and at the pH outlined in the preceding

paragraphs, and it also validated the proposed stoichiometry.

Experimental section

Materials and sample preparation

Human serum albumin (HSA, lyophilized powder, 296% agarose gel electrophoresis)

with a molecular weight of 66,478 g.mol! was purchased from Sigma Aldrich and used
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as received, as well as the poly acrylic acid (PAA) of molecular weight around 100,000

g.mol' (35 wt. % in H,0).

HSA powder was dissolved in PBS 1X (0.012M phosphate buffer solution at pH 7.4,

ionic strength 0.137M) to obtain a stock solution of 50 g.L-* HSA (750 uM), from which

samples of lower concentration were prepared. The same way, the polymer solutions

were prepared by dilution in PBS 1X buffer from a stock PBS solution of 100 g.L-' PAA (1

mM).

For the investigation of native HSA structure in solution and HSA-PAA interaction, the

concentration of the HSA was set at 5 g.L-! to avoid repulsion between particles which

can distort the measured intensity in small angles. The pH effect was studied using

Published on 21 September 2020. Downloaded by Karolinska Institutet University Library on 9/21/2020 8:09:57 PM.

different buffer solutions at 0.1 M (TRIS base pH 8, HEPES pH 7, MES pH 6, mixture of

sodium citrate di-hydrate and citric acid at pH 4-5). As for the ionic strength influence, the

salts concentration was adjusted by adding the needed amounts of 4 M NaCl solution.

Then, all samples, whether protein free, polymer free or a mixture of both, were stirred

using a Thermo Scientific mini centrifuge (mySPIN 12) at 10 000 rpm for 2 minutes at

least, to ensure good dissolution of the solutes, before being pipetted into the samples
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holder for the SAXS measurement. Out of use, the samples were stored at 4°C in a

refrigerator.

Chromatography measurement

The chromatography unit used consisted of an Agilent 1260 infinity system connected

to a UV-VIS detector set at a wavelength of 280 nm. Analyses were performed using an

Agilent Bio Sec-3 (3um, 4.6x300 mm, 300 A) size exclusion column at room temperature.

In a typical analytical run, 50uL of a 75uM protein solution was injected, and PBS 1X was

used as mobile phase for protein structure investigation at a flow rate of 0.4 ml.min-'. As

for protein-polymer complexation study, a 75uM HSA+ 50uM PAA solution was injected

and the mobile phase was PBS solution containing 50 uM PAA.

SAXS measurement

SAXS measurements were performed at Laboratoire de Genie Chimique, Toulouse, on

the XEUSS 2.0 bench equipped with a copper internal source (Genix3D) that produces

an X-ray beam with an energy of 8 keV and a flow of 30.10% ph. mm2.s-! with a beam

sized at 500x500 ym. The SAXS bench is equipped with an HPLC online (Agilent 1260

Page 8 of 50
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infinity) connected to the SAXS cell allowing to add a purification step by size exclusion
chromatography. In direct injection mode, that is, without size exclusion chromatography
step, 50 uL of sample are pipetted from the samples holder maintained at a constant
temperature (20 °C) using a circulating water bath, and are injected to the measurement
cell placed under vacuum to limit air absorption. Data were collected on a 150x150 mm
area DECTRIS detector (Pilatus 1M) with a sample to detector distance of 1216 mm. The
scattering intensity /(q) experimentally determined is expressed as a function of the
scattering vector g (in A-") resulting from a photon of wavelength A scattering off the

sample at an angle 26.

g = 47'[Sl;l (0)#(1)

Published on 21 September 2020. Downloaded by Karolinska Institutet University Library on 9/21/2020 8:09:57 PM.

Each scattering curve reported in this paper is an average of at least 6 measurements

on the same sample, and each SAXS measure corresponds to a data collection time of

1800s. Scattering curves were recorded within the range 0.005 < g < 0.5 A-'. Finally,

actual solutes scattering intensity /(g) was obtained by subtracting the buffer solution

contribution from the total SAXS signal.
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Porod volume calculation
From SAXS experiments, it is possible to obtain the Porod volume of an object from the

Porod invariant Q28 :

2m?1(0) 1—¢
PTTQ TS

#(2)

When the dispersion is diluted the volume fraction ¢— 0, S(0)— 1 and the Porod
volume can be determined by knowing the zero angle intensity /(0)and Q.

Qs called the Porod invariant because its value does not depend on the structure but

on the volume fraction and the contrast between two phases Ap :
0= [ U@ —Kdq=2m 61— ) i)

Where Kis a constant defined to ensure the asymptotical intensity decay proportional
to g# at higher angles 2°.
The value of @Q can be roughly obtained from the integration of the Kratky plot

(classically with a limited integration boundary at g=0.25) by considering A=0:

0.25
_ 2
0= f  PI@daH)
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When the intensity decreases too slowly at large g (less than ¢ as for polymeric

systems 20 it is well more accurate to integrate the original equation after determining the

constant K. Whereby the constant A is calculated from the Porod asymptote /(g). ¢/

versus ¢* at higher angles. In these calculations, the asymptote has been always

determined for the same range of g between 0.3 and 0.445 with a homemade code to

keep the control of the calculation. The code is given with the plots that shows the

determination of K (Fig. 4-5) in Supplementary Information SI-2, as well as the corrected

dimensionless Kratky plot obtained by subtracting A'from /(q), (Fig. 6 in SI-2). It can be

seen that the subtraction of the asymptote A'leads to a curve that tends to zero for high

g which then permit a good integration of the invariant Q.

Results and discussion

Study of single HSA

The structure of native HSA was first examined in a 0.012M phosphate buffer solution

at pH 7.4, and the obtained SAXS scattering intensities were compared to those

calculated from the crystal data of HSA on the Protein Data Bank (6EZQ). In order to

11
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guarantee the absence of aggregates in the investigated samples, an Agilent

chromatographic system is coupled upstream of the SAXS.

ik
: i) &
107 f { -4 g
“? 01 " Guinier Plot » T g@
g L8 %
— - S
=S E i
~E 10°2 | = 27 Rg=30.430.24 i
3]
= 224
0,0‘005 0,601 O,Gbls [],DIDZ 0,0625 U,dO3
q’
103 1 —— HSA calculated I(q) from crystal structure ]
= SAXS Experimental I(q) of HSA 75uM
1 1
102 101
q(A™)

Figure 1. Experimental SAXS scattering intensity {g) of HSA 75 uM (blue line) compared to the SAXS

intensity calculated with CRYSOL from HSA crystal structure 6EZQ (red curve). The inset represents the

Guinier plot (Ln /(q) vs ¢?in red line) with the residual (green curve) that allow to determine the radius

gyration using Primus. The HSA 3D structure shown in cartoon representation using PyMOL software.

Figure 1 shows that the experimental SAXS spectrum from purified commercial HSA

(blue line) matches very well the calculated intensity from the crystal structure (red line),

evidencing that the HSA used for this study is correctly folded at 75 uM in the PBS buffer

condition. These preliminary results validate the use of HSA as a template to study protein

12
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polymer interaction. In these conditions we can expect that the SAXS will be precise
enough to sense an interaction between HSA and PAA.

The HSA radius of gyration R, was then evaluated by fits using Foxtrot or Primus 283
Both software consider the Guinier approximation that allows to determine R, from the
slope of the linear fit at low g of /(g) vs ¢ (Figure 1), as it gives the forward scattering

intensity /(0) from the intercept based on the following equation:

cT L ope
lim I = Iyexp —34 R | #(5)
q-0

The result yields approximately 30 A (30.4+0.2 A), which is almost what was found with
R,(30.2+0.4 A) in a SAXS study for HSA with the same purity >96% 7.

Likewise, the Porod volume and molecular weight were estimated using Primus that

Published on 21 September 2020. Downloaded by Karolinska Institutet University Library on 9/21/2020 8:09:57 PM.

consider the Porod law (Supplementary Information SI-2), and found to be around

100,000 A 3 and 64.5 kDa respectively. These results seem to be consistent with the

molecular weight of HSA (66.5 kDa), which validates the use of Primus to evaluate such

parameters in further experiments.

HSA-PAA interaction

13
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The characterization of single protein was then followed by assessing the interactions

between HSA and the polyelectrolyte chains. For that, we first studied the effect of an

increase in PAA concentration on the SAXS scattering intensity for an HSA/PAA molar

ratio ranging from O (protein alone as a reference) to a molar ratio of 3/2. As shown in

Figure 2, starting from 40 uM of PAA with 75 uM HSA, a strong change in the signal at

small angles is observed, which could be due to the formation of an HSA-PAA complex,

while in the intermediate and high g-range the SAXS curves remain almost unchanged

by the complexation. Indeed, the evolution of the slope P of the corresponding power law

/(g) = g© shows that at intermediate angles (0.1 to 0.2 A-"), Pslightly varies from 3.8 for

single HSA and the mixture of HSA+10, 20 and 30uM PAA, to 4 when increasing the PAA

concentration to 40 and 50uM (Figure 2). These results indicate a same type of surface

despite the big change in the general shape shown by an increase in the slope at small

angles (0.005 to 0.05 A-"). In fact, the difference is more obvious, where the slope is going

from almost a tray (P=0.3) for single HSA, to a slope of 1.2 when adding 50uM PAA,

which corresponds to the slope of an elongated object 32.

14
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Figure 2. Scattering intensities of HSA-PAA mixture and pH evolution for [HSA]=75 pM as a function of

PAA concentration ([PAA]=0 to 50 uM). Evolution of the slope of the power law /(g) = ¢g* corresponding to

small and intermediate angles.

PAA, despite being in PBS buffer, strongly influences the pH of the solution. Thus, we

can suppose that the change in the SAXS curve could be correlated to a pH variation

rather than to an effect of the concentration of PAA (explicitly discussed later in the paper).

In order to confirm that the change in the SAXS signal at small angles is due to the

formation of a new object being an HSA-PAA complex, we compared the SAXS curves

from the HSA alone at 75 uM (blue line), the PAA alone at 60 pM (green line), the mixture

15
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of both kipping the same initial concentrations (yellow line) and the sum (red line) of the
SAXS signals of HSA at 75 yM and PAA at 60 uM (Figure 3A).

For the first three curves, the data were processed with GNOM 33 to determine
biophysical parameters such as the radius of gyration R, the maximal distance D,,,, using
the autocorrelation function AP(r). This function was calculated by an indirect Fourier

transformation applied to the scattering intensity /(g) using the following equation:

2

Per=5 1@ dg #(6)

The pair distribution function refers to the distribution of electrons averaged over a
radius r. It entirely depends on the shape and the size of the particle and vanishes at their
maximum electron pair distance (D,,4x). The radius of gyration can be then derived from

fODmaxrzP(r) dr

P(r) using the following expression: : Rf, = B #(7)
0 r)yar

This alternative estimate of R, makes use of the whole scattering curve, and is much
less sensitive to interactions or to the presence of a small fraction of oligomers. The
results of the radius of gyration (29.7 A for HSA and 110.3 A for the complex) extracted

from the P(r) were almost the same compared to those obtained by fits from the Guinier

16
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plot (30.4 A for HSA and 108.9 A for the complex). The Porod volumes (V) for the HSA
and the complex were also evaluated. For a flexible system such as polymer chains in
solution it's difficult to evaluate the exact V. All parameters are reported in the table
attached to Figure 3A. Although the curves are calibrated in cm™, it is impossible to
directly determine the mass concentration of the hetero-complex from the /(0) because
we do neither know the association stoichiometry nor precisely the experimental specific
volume and contrast of the PAA.

As observed in Figure 3A, the SAXS curve of HSA is consistent with a 3D object with a
large plateau at small angles and a typical decrease at intermediate angles, whereas PAA

exhibits a behavior of a flexible polymer in solution (large decrease following a power law

Published on 21 September 2020. Downloaded by Karolinska Institutet University Library on 9/21/2020 8:09:57 PM.

I(q) = g” with P close to 1.7 which corresponds to polymers with local rigidity) 34. The

SAXS curve obtained for the complex presents a combination of properties of HSA and

PAA. it shows a constant decrease at small angles and the same signal of HSA starting

from 0.05 A-'. The direct comparison with a linear combination of HSA and PAA SAXS

curves (sum curve in Figure 3A) in the same conditions of concentration reflecting the

case without interactions between both partners, discloses clearly that the SAXS curve

17
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observed corresponds to the creation a new object resulting from interactions between

HSA and PAA.
A 00, : , B)
| " eeenay, 8 8 I(g) Cplx
[ Fasa $ & I(g) HSA 75uM =
10'1’*- I T 1q) PAA 60uM g
; I I 1ig)sum g
= 102} “
g 107 5
- [ Hsa §
10°F pan 1089 N.D g
| cplx 1103 390 504000 %
10° . .
102 101
q(a)

£y R, R, L v, D
09 % (A) (A} (A) (a%) (A)
08 b ‘e 110.3 39 ‘ = 400 504000 78
o7 | °
. 'y
06 | D
o5 [ ° . - f
04 [° L
03 |*°
= P(r) Cplx
02 F°
o1 F Dpnsy=390 A
0,0 o
o Reso 100 150 200 250 300 350 400

Distance r (A)

Figure 3. A) Scattering intensities of [HSA]=75 uM (blue curve), [PAA]= 60 uM (green curve), the mixture

of HSA and PAA at same concentrations (yellow curve) and the sum of both contributions without

interaction (red curve). Table summarizing the radius of gyration, the maximal distance and the Porod

volume of HSA, PAA and the complex. B) Autocorrelation function determined with GNOM of the complex

and table summarizing the biophysical parameters extracted from the complexes’ SAXS data.

The evaluation of R,and I/, shows that the complex is five times larger than HSA alone

but the difficulty to evaluate correctly the Porod volume of PAA (in the complex) or its

contribution in the measured /(0) does not allow to give directly the numbers of HSA and

PAA forming the complex. The form of the autocorrelation function corresponding to the

18
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complex in Figure 3B shows a skewed distribution with a clear maximum at small

distances corresponding to the radius of the cross-section R.(R=39 A from P(r) Figure

3B). This distribution is typical of elongated objects such as cylinders, rather than

corresponding to amorphous aggregates 35. With these considerations, the length L of

this cylinder can be calculated using the following relationship L=(72.R7.R7)°°. The

diameter of the cylinder and the calculated length L and all evaluated parameters are

summarized in the table attached to Figure 3B. The value of the calculated length (404

A) is consistent with the maximal distance (390 A) determined with 2(7) calculation. One

can assume that the complex of HSA/PAA-100 kDa exhibits a behavior in solution

equivalent to the one of a solid cylinder measuring around 400 A in length and 78 A in

Published on 21 September 2020. Downloaded by Karolinska Institutet University Library on 9/21/2020 8:09:57 PM.

diameter.

To validate this hypothesis predicting a formation of a defined object instead of

amorphous aggregates, solutions of HSA-PAA were flowed in various mobile phases

through a size exclusion chromatography column (Supplementary Information Si-1). The

chromatographic profiles were then compared to that of the single HSA detected mainly

at 7.74 min and as classically with a small amount of dimers at 6.9 min (Figure 4).
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In fact, in a PBS mobile phase (without PAA) at pH 7.4, a peak at 7.7 min of retention

time was obtained, corresponding to the molecular weight of HSA alone. This experiment

shows that the complex can be dissociated in a dilute medium of PAA, illustrating the

reversibility of the complex formation. On the other hand, if 50 uM of PAA is added to the

mobile phase, the pH decreases to 5.2 and the elution profile is modified with a strong

shift of the elution peak towards high molecular weights (Figure 4). This observation

proves that the protein is no longer single in the solution but bound to the PAA chains.

The Gaussian shape of the peak eluted at 5.8 min corresponds to a profile of unique

object in solution and not to a continuous distribution of mass such as in aggregates.

9200
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700

600

500

400

300

Optical Density (mAU)

200

100

= HSA 75uMin PBS 1X mobile phase 7.74

Cplxin PBS+PAA 50uM mobile phase

5.8

N

2 4 6 8

Time (min)

10 12

Figure 4. Comparison of chromatographic profiles for HSA 75 uyM in PBS 1X mobile phase (red peak) and

for (75 pM-50 uM) HSA-PAA mixture in PBS+50 pM PAA solution mobile phase (orange peak).
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These experiments were run at PBS ionic strength (0.137 M) and at pH controlled by

the PAA concentration, ranging from 5.2 to 7.4 as mentioned above (Figure 2). Since the

pH remains higher than the HSA isoelectric point (4.7) and knowing that PAA exhibits a

pKa of 4.5, we expect repulsive forces that keep them away from each other. It is because

they both theoretically bear negative charges. Yet, the adsorption of HSA molecules on

PAA chains is found to happen. Attractive interactions between a polyelectrolyte and a

protein having the same net charge were reported by several authors 2036-38_ Since the

proteins can carry both positive and negative charges, this binding found to occur in our

study could be due to the attractive electrostatic potential between the positive charged

patches on the surface of HSA and the negatively charged chains of PAA, which should

Published on 21 September 2020. Downloaded by Karolinska Institutet University Library on 9/21/2020 8:09:57 PM.

be the operative force that overcome the repulsion forces. A detailed ITC study performed

on the binding between HSA with negative overall charge and a negatively charged PAA

24 shows the same behavior between the two solutes, where each HSA molecule has

found to bind to one PAA chain causing an increase in the system entropy. It has been

explained by the action of the HSA surface positive charges as a multivalent counter ion

for the polyelectrolyte.
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Other works doing experiments and dynamics computer simulations have addressed

more deeply such phenomenon between proteins and polyelectrolytes 3%-41. They showed

a large binding affinity between charged patchy proteins and like-charged polyelectrolyte

brushes despite having the same net charge. It has been shown that the strongest

attraction of typical proteins at the brush surface, is driven by multipolarity, Born energy

(self-energy), and counterion-release contributions, which dominate locally over the

monopolar and steric repulsions.

lonic strength and pH effect on HSA/PAA complexation

For the study of ionic strength and pH effects, the [HSA] was set at 75 uM and the [PAA]

at 50 yM (pH ~ 5 remains controlled by the polymer concentration), where the

complexation was observed, while the ionic strength was varied from 0.137 M to 1 M by

adding a needed amount of a 4 M NaCl solution.

Data obtained and reported below (Figure 5A) reveal a decrease in scattering intensity

with the increase in ionic strength. Obviously curves are moving down especially at

medium and small angles (0.005 to 0.1 A-"), changing the slope, to collapse for an ionic

strength of 0.75 M and 1 M with the theoretical sum (plotted as red line) of two
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independent signals without interaction (signal of HSA 75 pyM+ signal of PAA 50 uM)

obtained at 1=0.137 M. This finding confirms the previous assumption and bears out the

fact that the binding of HSA-PAA is due to electrostatic interactions.

A) B)
10° 71 '..', 1 10° _1 Bag,
— -1 -
_ 10 ,,— 10-!. !
% 102 7 % 102 .,

Cplx (HSA 75uM+PAA 50uM) 1=0.137M
& & Cplx (HSA 75SuUM+PAA 50uM) 1=0.3M
Cplx (HSA 75uM+PAA 50uM) 1=0.5M

Cplx (HSA 75uM+PAA S0uM) pH 4.6
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Figure 5. Scattering intensities of HSA-PAA mixture for [HSA]=75 uM and [PAA]=50 pM, (A) as a function

of ionic strength (1=0.137 to 1 M) for pH=5, and (B) as a function of pH (pH=4.6 to 8) for [=0.137 M.

Published on 21 September 2020. Downloaded by Karolinska Institutet University Library on 9/21/2020 8:09:57 PM.

Afterwards, salts concentration was set at 0.137 M and pH was changed from 8 to 4.6

using different buffer solutions. As shown in Figure 5B, the decrease in pH down to 5

promotes the formation of the complex whereas at pH > 5 the complex is dissociated

giving the same SAXS signal as a mix of two independent contributions. These

experiments show the key roles of the pH and the ionic strength on complex formation

correlated to the charge distribution of amino acid forming the binding pocket of HSA and
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to the charge density of the PAA. The decrease in pH allows to reduce the repulsive

forces until the initiation of the attractive potential between the positive charges carried

on HSA and the negative polyelectrolyte chains. However, at pH lower than 5 (pH 4.6),

the obtained SAXS signal (Figure 5B) is significantly different (slope P=1.5) from the one

of a macromolecular complex (slope P=1.2). Since the drop of pH to 4.6 cannot

sufficiently alter the net charge of the protein (isoelectric point 4.7) to create phase

separation, one can consider that HSA starts being unfolded and form aggregates,

because it undergoes form transition between pH 5.0 and 3.5 42.

In order to determine the best conditions of complex formation, SAXS measurements

for a matrix of conditions were performed where the ionic strength was varied from 0 to

0.75 M for each pH 5, 6 and 7. As the maijor effects are observable at small angles due

to the increase in size when the complex appears, we decided to probe the changes by

evaluating the radius of gyration determined from Guinier law for each condition. Although

the PAA and the complex have close R, values (R,~110 A), the average value of R, was

found around ~50 A when the HSA and the PAA do not interact, which is much lowerthan

that of the complex. The data are plotted in Figure 6. One can note that the radius of
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gyration of free PAA or of single HSA found to be around 110 A and 30 A respectively,
do not depend on the pH.

120
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6
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2
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Figure 6. Radius of gyration evolution as a function of both pH and ionic strength showing the threshold
needed for complexation phenomenon to occur ([HSA]=75 uM ; [PAA]=50 uM ; pH=5to 7 and I1=0 to 0.75
M).

pH in the range 6-7 does not affect the radius of gyration of the mixture HSA+PAA,
found to be approximately 50 A for all salt concentrations investigated. This observation
highlights the fact that HSA-PAA binding does not take place in these conditions. Since
the radius of gyration obtained here by fits is an average of the R, of HSA and of the one

of PAA, it makes sense to obtain an average proportional to the amount of each solute in
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the mixture (protein/polymer ratio of 3/2). A different behavior is observed at pH 5. In fact,
increasing the ionic strength from 0 to 0.75 M has led to decrease the R, from 110 A,
which is almost the polymer radius of gyration to 69.8 A. This is due to the fact that beyond
0.15M of ionic strength the HSA-PAA complex particles begin to dissociate into free HSA
molecules and free PAA chains. This dissociation is not complete at 0.75M and some
complex particles are still in there since the obtained R, (69.8 A) is still higher than the
average value (~50 A) found when the HSA and PAA do not interact. This outcome
sustains the previous results (Figure 5) suggesting that complete dissociation of the
complex is taking place between 0.75M and 1M.

We conclude from this study that the complex is stable at pH = 5 and a salt
concentration below 0.15 M. As previously, we tested the stability of the complex in HPLC
with elution buffers at different pH and a constant salt concentration (I = 0.137 M) in the
presence and in the absence of PAA. The results show a dissociation of the complex for
pH higher than 5 (Supplementary Information SI-1). The absence of PAA in the medium
also promotes the dissociation, suggesting a large value of the constant of dissociation,

which requires the presence of PAA in the buffer to form the complex.
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We henceforth know the conditions that lead to the assembly of HSA-PAA complexes

in bulk. Therefore, this study constitutes a first knowledge brick to tune these reversible

interactions between long PAA grafted on a membrane surface and HSA. Controlling the

ionic strength and the pH should enable to regulate these interactions, promoting or

preventing their formation. In fact, to enhance the platelets capture on PAA, low salt

concentration and pH>5 should be favored to prevent the adsorption of HSA on PAA.

Now that the conditions of complex formation are controlled, the stoichiometry of

complexation can be investigated.

Determination of the complex stoichiometry (PAA-nHSA)

In order to determine the number of proteins that could bind to each polymer chain,

SAXS experiments were performed for a concentration of PAA set at 50 yM a varying

HSA concentration ranging between 75 and 600 pM. In other words, the [HSA]/[PAA]

molar ratio ranged from 1.5 to 12. The experiments were performed at pH 5 and salts

concentration | = 0.15 M to ensure complexation.

27


https://doi.org/10.1039/d0sm01221a

Published on 21 September 2020. Downloaded by Karolinska Institutet University Library on 9/21/2020 8:09:57 PM.

Soft Matter Page 28 of 50

View Article Online
DOI: 10.1039/DOSM01221A

100F  meqmm e S .

I_I

(=]
it
T

HSA 075uM+PAASOUM
HSA 150UM+PAASOUM
HSA 180uM+PAASOUM
HSA 225uM+PAASOUM
HSA 300uM+PAASOUM
HSA 450UM+PAASOUM
HSA 600UM+PAASOUM
I

Intensity{cm ™)

10—2 2

HH e b e He e e
B b e ] e e e

1073
102 10+

Figure 7. Scattering profiles of HSA-PAA mixture as a function of HSA amount ([HSA]=75 to 600 uM ;

[PAA]J=50 uM ; pH=5 and 1=0.15 M).

For a HSA concentration lower than 225 pM, the SAXS curve increases without a

significant change of slope at small and middle angles (0.005 to 0.1 A-! Figure 7). This

shift of the curves corresponds to an increase in concentration of complex, considering

that the contribution of PAA is negligible, compared to the one of the complex (cf. Figure

3A). Given the ratio of Porod volumes between HSA and the complex of R = 1:5, it is

expected to have several HSA molecules per chain of PAA. Such behavior in solution
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would suggest that the HSA binding mechanism to PAA is cooperative, without

intermediates depending on the concentration of HSA.

When HSA concentration is close to 225 pM, the signal does not increase any more

with the concentration. Beyond 225 pM, the signal changes at small angles, with a

decrease in R, and /(0) values. At large angles, one observes a change in the SAXS

profile. This change is due to an accumulation of free HSA in the medium and eventually

the measured signal is a combination of the one of all PAA molecules involved in the

complexes and of the un-bound HSA.

Table 1 summarizes the values of R, and Porod volumes for each ratio of HSA/PAA.

Table 1. The evolution of radius of gyration as well as the Porod volume for the HSA-PAA mixture as

function of the molar ratio ([PAA]=50 uM ;

[HSA]=75-600 uM).

[HSAJuM 75 75 150 180 225 300 450 600
Free

nHSA/PAA 1.5 3 3.6 45 6 9 12
HSA

Rg (iSA) 30.4 108.3 107 110.1 108.6 90.6 81 74 .1

Vp 108 (A3) 99.1 428 502 500 491 400 305 239
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From the values of R, reported in Table 1, it can be concluded that the attachment of

proteins to the polymer chains has taken place on all the polyelectrolyte chains available

for HSA/PAA molar ratios ranging between 3.6 and 4.5.

To support this hypothesis, the Porod volume was evaluated for the different HSA/PAA

molar ratios. From SAXS experiments it is possible to obtain the Porod volume of an

object from the Porod invariant @Q as shown in the experimental section. (plots given in

Supplementary Information SI-2)

The calculated Porod volumes (reported in Table 1) show the same behavior as that of

the radius of gyration. For a HSA/PAA molar ratio of 3.6, the Porod volume is found to be

around 500.10% A3 which represents the complex Porod volume (Figure 3). Then, we

notice that raising the HSA concentration reduces the volume to 239.10% A3 for a molar

ratio of 12. That makes sense because after saturation of all PAA chains, the excess of

HSA contributes to the average of the Porod volume.

On the other hand, a complexation model has been developed to describe the evolution

of the Porod volume for the same range of HSA/PAA molar ratio, taking into account the

following complexation reaction:

30


https://doi.org/10.1039/d0sm01221a

Page 31 of 50

Published on 21 September 2020. Downloaded by Karolinska Institutet University Library on 9/21/2020 8:09:57 PM.

Soft Matter

View Article Online
DOI: 10.1039/DOSM01221A

nHSA + 1 PAA -1 complex(PAA —nHSA)

Where n is the number of HSA in each complex particle.

Thus, for a given initial [HSA]o/[PAA]o molar ratio, it is possible to define [HSA], [PAA]

and [c] as the molar concentrations in the mixture during the complexation progress of

HSA, PAA and the complex, respectively. It is also possible to determine the relative

volume fraction of each solute 7in the mixture as follows: (Supplementary Information Si-

3)

¢ is the volume fraction of the mixture of solutes in solution and it is expressed as:

¢ = Navo ([c]Vc+ [HSAV ysa + [PAAIV pas) #(9)

Where V., Vysa, Vpaa are the volume of a molecule of the complex, HSA and PAA

respectively. These volumes were estimated using Primus from SAXS spectra of single

solutes and found to be: 500.103, 100.10% and 50.103 A3 for the complex, HSA and PAA,

respectively.

31


https://doi.org/10.1039/d0sm01221a

Published on 21 September 2020. Downloaded by Karolinska Institutet University Library on 9/21/2020 8:09:57 PM.

Soft Matter

Page 32 of 50

View Article Online
DOI: 10.1039/DOSM01221A

Accordingly, the Porod volume could be estimated using a theoretical model. According
to the literature when the dispersion is made of n kinds of particles of volume V/; and
number A, for a dilute dispersion S (0) =1, the average volume can be written as follows
(O. Spalla eq. 54) 20:

Z?N V7
AL

2

VM = #(10)
The Porod volume of the mixture can be written then as a function of the relative volume

fraction of solute, ¢, :

Z?fini ~
Vu=—, :Z(Pivi#(ll)
Zz Pi i

V=@ Vet @usaVusa+ @paaVpast(12)

Porod volume calculations whether from SAXS experiments or from the theoretical

model were performed using a code written in Python (Supplementary Information SlI-2).

The results show that a complex model containing 4 HSA with 1 PAA gives a better fit

than those run assuming 3 or 5 HSA per PAA (Figure 8), which corroborates the binding

stoichiometry proposed previously. As a matter of fact, when the initial [HSA]o/[PAA], ratio

is below 4, the mixture is composed of PAA and of the HSA-PAA complex. The Porod
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volume is then rising up quickly when increasing HSA ratio, from the one of PAA to the

one of the complex. For a [HSA]y/[PAA], ratio of 4, one can consider that there is only the

complex (PAA-4HSA) in the mixture and that the SAXS data gives access to the Porod

volume of the complex. When the [HSA]o/[PAA] is larger than 4, the mixture is composed

of the complex plus some free HSA.

The complexation model (Supplementary Information SI-3) can then explain the

decrease in the mean Porod volume due to the presence of non-associated HSA in

addition to the HSA-PAA complex.
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Figure 8. The Porod volume evolution as function of the initial [HSA/[PAA] ratio, using experimental SAXS

data and calculation from the complexation model for different stoichiometry coefficient n.
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Since the stoichiometry of the complex has been now determined, the amount of HSA

that could be adsorbed on a PAA of the same size grafted onto a membrane interface

can be estimated if the amount of the grafted polyelectrolyte is known.

HSA-PAA complex structure investigation

According to the analysis of the autocorrelation function 2(r), we can fit the data at small

and medium ¢ (less than 0.2 A-') using a cylinder of axial length close to 400 A and

diameter equal to 78A. Thus, the cylinder body was tested to fit the HSA-PAA complex

experimental /(q) using Sasview (Supplementary Information SI-4). This model can

provide information on the global shape of the complex, but provides no structural

information on the internal organization of the complex. To propose a model that could

be compatible with the SAXS data, we used an approach based on rigid bodies molecular

modelling, completing the missing parts with dummies residues (BUNCH). The atomic

structure of HSA can be used as a template for rigid bodies and the PAA polymer forms

the missing part. As shown by Ballauff and all 24, PAA can interact with HSA in a pocket

charged positively, giving a starting point to lock a portion of PAA at the surface of HSA.

These portions of HSA-PAA complex are connected each other as a pearl necklace. The
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rest of PAA is flexible and the conformation can be modified by the program. The program

BUNCH 27 is working directly with residues of protein rather than with different types of

polymer. However, the chemical structure of PAA is close to a peptides’ residue and the

PAA polymer can be transformed into poly-glycine chain. As both chains present a

difference of mass (A=1.26), the individual form factor of the dummies residues is

increased in BUNCH program to compensate this default of mass. In total, the 100 kDa

PAA chain can be modelled with a poly glycine chain containing 1389 residues.

100}
T;- 10-1 e
= Chi2=1.51
2 10-2
g 107 ¢ PAA 100kDa

L ]
5 ¢ ¢ I(q) complex
107 f| — I(q) model
1072 101
q(A™)
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Figure 9. Superimposition of SAXS data of the HSA-PAA complex and the SAXS data compatible model
calculated with the program Bunch. The SAXS scattering intensity for HSA-PAA complex as dotted thick

dark circle, and the model as red line.

During the molecular modelling process against SAXS data, the position and the

orientation of individual HSA is free and the conformation of polymer chain is modified in

order to describe the space occupied by the PAA. The result obtained is an all atoms

model compatible with SAXS data reflecting a possible organization of the complex in

solution. Interestingly, the complex forms an elongated structure as a cylinder with a non-

specific orientation of the HSA. The absence of correlation peak in the data suggests that

HSA does not present a periodic or partially aligned structure in the complex. This model

proposes a globally flexible organization in alternative layers composed of HSA and

unfold PAA without frozen structures(Figure 9). Many tests have been performed with

different templates and all converge to the same organization with some variations in the

position or orientation of HSA. However, the distance between two monomers of HSA

always ranges between 80 and 100 A. Besides, the distance between the extremities of

the complex remains constant, found to be 414 A (Figure 9). These results are consistent
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with the length of the complex previously evaluated whether from the A(r) or from the fit

of the experimental /(q) of the complex performed using Sasview (Supplementary

Information SI-4).

Conclusion

An assessment of the HSA protein interaction with PAA polyelectrolyte has been

presented in this study combining SAXS and chromatography. The study of the HSA-PAA

interactions revealed a complexation phenomenon of protein molecules with the polymer

chains. Tests on the effect of the ionic strength showed that this HSA-PAA binding is

chiefly an electrostatic interaction, where attractive and repulsive interactions are

competing. Decreasing the pH to 5 permits to reduce the negative overall charge of the

Published on 21 September 2020. Downloaded by Karolinska Institutet University Library on 9/21/2020 8:09:57 PM.

protein until the electrostatic attraction between the PAA chains and the positive patches

on the protein dominates. Besides, this complexation was found to be reversible: the

HSA-PAA complex tends to dissociate once put in a diluted medium (without PAA) or a

pH greater than 5. That known, it is now possible to control the interactions between HSA

and PAA at the membrane interface by changing the physicochemical conditions (pH,

ionic strength).
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An evaluation of the complex size suggests the attachment of several protein molecules

to each polymer chain. The effect of the ratio of the protein concentration to the polymer

concentration was also explored, and revealed that 4 HSA could be bound to each 100

kDa PAA chain. A complexation model was proposed, which allowed to describe the

Porod volume of the mixture for the different HSA/PAA ratios. From this model, it could

be possible to quantify the adsorbed amount of HSA on PAA of the same size grafted to

a membrane surface.

A SAXS modelling study aimed at describing the complex structure has been also

conducted. The cylinder body was found to fit well the experimental SAXS scattering

intensities giving an idea of the global shape of the complex, but without providing any

structural information. Finally, an all atom pearl necklace model was developed using

BUNCH program to better describe the final structure of the complex.

It would be interesting in the future to evaluate the stoichiometry of complexation with

different sizes of PAA. As it would be also interesting to assess the reproducibility of this
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complexation between HSA and a PAA grafted into a membrane surface for the different

physiochemical conditions discussed in this article.
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