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Abstract

The modelling of protein-protein binding kinetics is important for the development of affinity-
sensors and the prediction of signaling protein based drug efficiency. Therefore, in this research
we have evaluated the binding kinetics of several genetically designed protein models: (i) three
different ligands based on granulocyte colony-stimulating factor GCSF homo-dimeric
derivatives linked by differed by linkers of different length and flexibility; (ii) an antibody-like
receptor (GCSF-R) based on two GCSF-receptor sites immobilized to Fc domains, which are
common parts of protein structures forming antibodies. Genetically engineered GCSF-R is
similar to an antibody because it, like the antibody, has two binding sites, which both
selectively bind with GCSF ligands. To design the affinity sensor model studied here, GCSF-
R was immobilized on a thin gold layer via self-assembled monolayer conjugated with Protein-
G. Binding kinetics between immobilized GCSF-R and all three different recombinant GCSF-
based homo-dimeric derivatives were evaluated by total internal reflection ellipsometry.
Association constants were determined by fitting mathematical models to the experimental
data. It was clearly observed that both (i) affinity and (ii) binding kinetics depend on the length
and flexibility of the linker that connects both domains of a GCSF-based ligand. The fastest
association between immobilized GCSF-R and GCSF-based ligands was observed for ligands
whose GCSF domains were interconnected by the longest and the most flexible linker. Here
we present ellipsometry-based measurements and models of the interaction kinetics that
advance the understanding of bidentate-receptor-based immunosensor action and enables us to

predict the optimal linker structure for the design of GCSF-based medications.

Keywords: Affinity sensors; Optical immunosensors; Protein binding kinetics; Total internal
reflection ellipsometry (TIRE); Drug design; Genetically modified receptors; Genetically
modified ligands; Mathematical modelling; Interaction Kkinetics; Granulocyte colony-
stimulating factor (GCSF).
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Introduction

The development of new protein-based drugs and receptor-based or immuno-analytical
systems (e.g. immunosensors and other affinity sensors) requires a deep understanding of
protein-protein interaction (Ramanavicius et al., 2014). In addition to this receptor-based
problem, the modelling of receptor-ligand interaction is an important issue in the development
of protein-based pharmaceutics, because recently many pharmacological technologies have
been focused on the improvement of the first-generation protein drugs based on the desired
pharmacokinetic properties (Mitchell et al., 2016). Here protein fusion technology (PFT) can
be applied, which enables the construction of larger molecular-weight proteins with combined
functions. These fused multimeric proteins can be more effective than monomeric proteins due
to their increased biological activity and/or prolonged duration of circulation in the blood. This
has been demonstrated for multimeric erythropoietin derivatives cytokine-antibody complexes,
and recombinant human granulocyte colony-stimulating factor (GCSF)-based dimeric
derivative. Sometimes such fused proteins are characterized by much faster refolding, as is the
case for PDGF fusion dimers (Thomason et al., 1994) and orally delivered pharmaceuticals
such as GCSF-transferrin (Chen et al.,, 2011). Therefore, with the advancement of
biotechnology, protein fusion technology will play an increasingly significant role in drug
design. Among several of the above mentioned drugs designed by protein fusion technology,
granulocyte colony-stimulating factor (GCSF) is an important biotechnological drug that is in
the top ten of biopharmaceutical sales (Huggett et al., 2011). This protein belongs to the class
of cytokines and acts on the ability of neutrophils to selectively stimulate the proliferation and
differentiation of committed progenitor cells and the activation of mature neutrophils (Foote
and Morstyn, 2009). Protein function technology is improving therapeutic properties of protein
drugs, but most of these properties are revealed only in the late stages of drug design (Mickiene
et al.,, 2017). Therefore, the rational design of protein and quantitative analysis of the
interaction between newly designed proteins and their binding receptor remains a challenging
and important problem, because quantitative methods for the evaluation of the drug efficiency

are still not well established and unified.
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Various methods of analytical signal registration and mathematical modeling can be
applied to investigate protein-protein interaction. In order to efficiently investigate protein-
protein interaction kinetics, the development of advanced, label-free analytical methods, which
are suitable for the evaluation of protein binding to their receptors, is in great demand.
Therefore. in this area of research special attention is paid to the application of advanced label-
free and non-destructive optical methods, which are suitable for the evaluation of protein-
protein interaction mechanisms. One of these, which is label-free and extremely sensitive, is
total internal reflection ellipsometry (TIRE). TIRE is based on the registration detection of
changes of light polarization when light is reflected from a solid interface (Nabok et al., 2006).
The determined ellipsometric parameters psi () and delta (4) correspond to the ratio of
amplitude and the phase shift of p- and s-components of polarized light respectively. As was
shown by other researchers (Nabok et al., 2006, Moirangthem et al., 2010), TIRE is more
sensitive than conventional SPR. The advantages of TIRE are mainly based on the
determination of phase s (4) changes (Arwin et al., 2008, Arwin et al., 2014) because the
parameter ‘A‘ varies more significantly than the function ‘tan¥*. Thus any changes on the
sensing surface induce more significant changes in the ellipsometric parameter ‘A‘ than to* .
Even ‘the typical plasmonic curve’ with minima in ellipsometric parameters ‘¥*, which
reassemble the conventional SPR reflectance minima has a higher sensitivity, because the “¥*
plasmonic curve is close to square root of SPR reflectance and in fact it is ‘sharper’ than
corresponding SPR minima registered during intensity measurement (Poksinski et al., 2004).
TIRE is well suited to measurements of binding kinetics of proteins and it provides very high
accuracy (Berlind et al., 2010; Balevicius et al., 2014). TIRE utilizes the analytical performance
of spectroscopic ellipsometry and increases the sensitivity by introducing the surface plasmon
resonance (SPR) effect into the operational scheme of ellipsometer (Baleviciute et al., 2013).
Large sensitivity of TIRE enables one to analyze in detail both the structure and the formation
kinetics of protein-based complexes (Balevicius et al., 2013).

Modelling of interaction between receptor and ligand can be performed by evaluating

the analytical signal. This method is valuable when one wishes to evaluate the efficiency of
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protein-based drugs, or when studying the interaction of antigen with antibody in order to
design more reliable immunosensors. From the point of view of mathematical modelling even
the case of antigen-antibody binding is not very simple, because the antibody has two binding
sites and therefore a detailed mathematical description of interaction kinetics becomes rather
complex and several association and dissociation steps need to be taken into account in order
to describe accurately antigen-antibody complex formation. However, until now, these issues
have generally not been taken into consideration during the evaluation of antigen-antibody and
other protein-protein binding due to the relatively complex calculations and some experimental
limitations, which do not allow in situ evaluation of binding kinetics. But recent advances in
electrochemical (Ramanavicius et al., 2014), photoluminescence and ellipsometry-based
(Baleviciute et al., 2013; Balevicius et al., 2014) techniques allow us to evaluate very
accurately the binding kinetics of affinity-reagents in situ. Hence, the evaluation and modelling
of protein-protein binding Kinetics is an important issue during: (i) the development of affinity
sensors (especially immunosensors and receptor-based sensors) and (ii) the prediction of
signaling protein based drug efficiency.

Therefore, in order to advance our knowledge of multi-site based binding kinetics, in
this research we have applied TIRE-based in situ measurements to evaluate the binding kinetics
between an immobilized bidentate-receptor and several genetically engineered bidentate-
ligands, which differ by the kind of linker (L2, L7 and La) that was used for inter-linking of
GCSF proteins and are of different length and flexibility. In particular, we have investigated
the binding kinetics of an immobilized bidentate GCSF receptor (GCSF-R) with three different
bidentate-ligands based on homo-dimeric derivatives of GCSF: (GCSF):L2, (GCSF),L7,
(GCSF)2La. In addition, the relation of binding kinetics with the structure of linkers, which
have been applied in the design of three above-mentioned GCSF-based homo-dimeric

derivatives, has been determined.

Experimental
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Chemicals

All basic chemicals and protein-G were purchased from Sigma-Aldrich (Steinheim, Germany).
Protein fusion technology was applied to construct interacting proteins used in this research:
The three homo-dimeric derivatives GCSF derivatives ((GCSF).La), (GCSF).L2, and
(GCSF),L7)), indicated generally as (GCSF).LX, were developed and produced by Profarma
UAB (Vilnius, Lithuania) according to a previously reported protocol (Mickiene et al., 2016).
For this, the bacterial plasmids were constructed by genetically fused two mGCSF proteins
encoding recombinant human DNA via linker DNA encoding specific peptides ( -(SG4)-(SGa)-
S- (L2), -(SG4)-(SG4)-(SG4)-(SG4)-(SG4)-(SG4)-(SG4)-S- (L7), -SGLEA-(EAAAK)s-ALEA-
(EAAAK)+~ALEGS- (La)) for the design of corresponding GCSF-dimers: (GCSF),L2,
(GCSF)2L7), (GCSF).La. (Table 1).

Table 1. The structure of GCSF fusion protein dimers linked with different linkers.

Dimer Amino acid sequence of Models Kinetic MSE? Standar Error
name applied linker constants
ka
(M7ts™)
(GCSF)2L2 -(SG4)-(SG4)-S-

‘f‘ 2 -10° 12.67 0.004

(GCSF)2L7 -(SG4)-(SG4)-(SGa)-
(SG1)-(SGa)-(SG4)-(SGa)- '_"* 1.4 - 10 1736 025
S-

(GCSF)La  -SGLEA-(EAAAK).- 2 P
ALEA-(EAAAK) s W 4105 8.98 0.08

ALEGS-

& Mean Square Error for F(t) values obtained from optical model.
b Standard Error obtained from fitting experimental points.
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The orientation and distance between GCSF ligands in the homo-dimeric derivative
(GCSF)2La was controlled by using an alpha-helix-forming peptide linker (Arai et al., 2001).
Some more details about generation, purification and biological activity of homo-dimeric
ligands (GCSF).L2, (GCSF).L7, (GCSF)2La have been reported in earlier research (Mickiene
et al., 2017). Chimeric genetically modified receptor — GCSF-R was purchased from Abcam
(Cambridge, UK). All agueous solutions were prepared in Type 1 (Ultrapure) water purified
by a Direct-Q 3 ultrapure water from Merck Millipore GmbH (Darmstadt, Germany).
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Equipment and experimental setup for TIRE measurements

The experimental setup (Fig. 1) used for the present investigations consisted of a spectral
ellipsometer M-2000X J.A.Woollam (Lincoln, USA) with rotating compensator, BK7 70°
glass prism and 1 mm thick BK7 glass slide (BK7-glass), which was covered by 2 nm layer of
chromium and 50 nm layer of gold, (BK7-glass/Cr-Au) was purchased from XanTec
bioanalytics GmbH (Duesseldorf, Germany). During ellipsometry measurements, differently
modified (see descriptions below) BK7-glass/Cr-Au were attached to the prism by refraction
index matching fluid (Cargille, USA).

N
%,..
6”/3@0'/.
K2
BK7 Glass prism

Gold plate 50 nm)

I ﬁ?ﬁ%%(ié”MUASA""

& el Protein G

i{ GCSF-R

e

(GCSF)2L7 (GCSF)2L2 (GCSF)2La

Figure 1. TIRE experimental setup for GCSF-R receptor and dimeric (GCSF).LX ((GCSF):La,
(GCSF)2L2 and (GCSF)2L7)) interaction. Note: the dimensions of structural elements do not

match their real sizes.
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The BK7-glass/Cr-Au was pretreated in piranha solution, consisting of 2/3 sulphuric
acid and 1/3 peroxide, for 2 minutes followed by rinsing in ethanol and later in Type 1
(Ultrapure) water. Then a self-assembled monolayer (SAM) consisting of 11-MUA was formed
by immersing the pretreated BK7-glass/Cr-Au sensor chip into 1 mM solution of 11-
mercaptoundecanoic acid (MUA) in ethanol for 12 hours. The formed BK7-glass/Cr-Au/MUA
structure was rinsed with ethanol and Type 1 (Ultrapure) water and then dried using argon gas.
Then carboxyl groups of 11-MUA were activated using the solution of 0.1 M N-
hydroxysuccinimide (NHS) and 0.4 M N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDC). A fresh solution containing 0.1 M of NHS and 0.4 M of EDC was
injected into the cell that was then incubated for 50 minutes. The cell was then rinsed with a
10 mM sodium acetate buffer, pH 4.0. When a steady-state TIRE-based signal was achieved,
a solution containing 100 pug/ml of protein-G in 10 mM of sodium acetate buffer, pH 4.0, was
added into the cell and after the registration of TIRE-based signal for 30 min BK7-glass/Cr-
Au/MUA/protein-G was again rinsed with the same sodium acetate buffer, pH 4.0. An
important task is the formation of oriented GCSF-R layer. A set of experiments was done to
determine the optimal concentrations, immobilisation time, regeneration time and some others
conditions necessary for the formation protein G layer. It was determined that the 100 ug/ml
of protein-G in 10 mM of sodium acetate buffer, pH 4.0, is the most suitable concentration for
the formation of well-packed protein G layer. The next most important protein G layer
formation condition is the duration of incubation in protein G solution. The formation kinetics
of protein G layer on BK7-glass/Cr-Au/MUA structure is presented in figure 2, which
illustrates that after the washing with PBS for 48 min the signal drop is negligible. This
experiment shows that a 30 min incubation is sufficient for the formation of well-packed
protein G layer.

The optimization of concentrations for GCSF-R ‘site-directed immobilization” was
established by choosing a 5 pug/ml solution of GCSF-R to form a densely-packed and well-

oriented GCSF-R layer. The resulting surface concentration 2x10** molecules/cm? of GCSF-R
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on the surface of the sensing structure is over 100 times higher than that on a living-cell surface.
Therefore, 5 pg/ml solution of GCSF-R was applied to ensure the formation of such densely-
packed GCSF-R receptor layer in BK7-glass/Cr-Au/MUA/protein-G/GCSF-R structure.
Moreover, in previously reported research (Balevicius et al., 2014) we have determined that if
10 pg/ml concentration of bidentate homo-dimeric GCSF-based derivatives is applied then the
most of immobilized GCSF-R binding sites are involved into immune-complex formation after
40 min lasting interaction. Therefore, this concentration (10 pg/ml) of bidentate homo-dimeric
GCSF-based derivatives ((G-CSF).L2, (G-CSF).L7 or (G-CSF).La) was applied in recent
research during the investigation of interaction kinetics with immobilized GCSF-R receptor.

19,0 |

18,5 |

18,0 |

Y (deg.)

175

16,5 P T R T H R S S R
15 20 25 30 35 40 45 50 55

time (min)

Figure 2. Immobilisation kinetics of protein G on 11-MUA SAM monitored as the evolution

of ellipsometric parameter ‘¥*in time.

To block the remaining unbound activated carboxyl groups, the SPR-disk, modified
with a layer of covalently immobilized protein-G (BK7-glass/Cr-Au/MUA/protein-G), was

10
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treated with 1 M ethanolamine hydrochloride, pH 8.5 for 15 min. After this, non-covalently
bounded protein was removed by washing with 10 mM solution of glycine, pH 3.0, for 5 min.

The layer of oriented granulocyte colony-stimulating factor receptor proteins (GCSF-
R), which specifically bind to protein-G via the Fc subunit of the GCSF-R were purchased
from Chimera, Abcam, Cambridge, UK. The receptor GCSF-R was immobilized by the
formation of protein-G/GCSF-R complex on the surface of initially prepared BK7-glass/Cr-
Au/MUA/protein-G structure and in this way an advanced structure (BK7-glass/Cr-Au
IMUA/protein-G/HSA&GCSF-R), which was sensitive to GCSF-based dimers, was formed.
During the formation of GCSF-R-based layer the solution containing 5 [g/ml of GCSF-R was
injected into the TIRE-cell filled with 10 mM potassium phosphate buffer, pH 7.4, containing
140 mM of NaCl, 2,7 mM of KCI (PBS buffer), and then BK7-glass/Cr-Au/MUA structure
was incubated in this solution for 40 min. The BK7-glass/Cr-Au/MUA/protein-
G/HSA&GCSF-R structure was generated by immobilizing protein-G and GCSF-R proteins,,
followed by rinsing in the same 10 mM PBS buffer, pH 7.4.

Interaction kinetics of BK7-glass/Cr-Au/MUA/protein-G/HSA&GCSF-R with three
different homo-dimeric GCSF-derivatives ((GCSF)2La, (GCSF)2L2 and (GCSF)2L7)), which
were designed especially for this experiment, was evaluated in PBS buffer, pH 7.4. For these
measurements 10 pg/ml of each derivative ((G-CSF).L2, (G-CSF),L7 or (G-CSF);La) were
added into the ellipsometry measurement cell. The regeneration of BK7-glass/Cr-
Au/MUA/protein-G/HSA&G-CSF-R structure back into BK7-glass/Cr-Au/MUA/protein-G
was performed by the incubation in 10 mM solution of glycine, pH 3.0, for 5 min. Ellipsometric
spectra during the formation of each molecular layer of BK7-glass/Cr-Au/MUA/protein-
G/HSA&GCSF-R structure and interaction of this structure with all three different homo-
dimeric GCSF-derivatives ((GCSF);La, (GCSF).L2 and (GCSF),L7)) were evaluated. The
TIRE data were analysed using a multi-layer optical model (Mitchell et al., 2016). In this study,
the multi-layer model applied for the evaluation of ellipsometry results represented the
following structure: (BK7-glass/Cr-Au/MUA/Protein-G/HSA&GCSF-R/(PBS solution). The

optical response of Cr-Au layers deposited on the glass plate connected with glass prism via

11
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refractive index matching liquid was measured in the cell filled with PBS, pH 7.4. The applied
multilayer model in addition to ellipsometric data takes into account the morphology data of
the thickness and surface roughness of gold layer (Tamada et al., 2006). Thus, the spectra of
optical constants of Au layer were determined and subsequently used in a model as fixed
parameters. After the formation of self-assembled monomolecular MUR-11 monolayer on the
gold-based substrate, the newly formed BK7-glass/Cr-Au/MUA structure was evaluated by
optical ellipsometry and optical constants of MUR-11 monolayer were determined from the
evaluation of this multilayer system. After this MUR-11’s carboxylic groups activated by
subsequent treatment with EDC and NHS solutions were covalently modified by protein-G
layer that was also followed by TIRE. Then the solution containing dissolved bidentate GCSF
receptor (GCSF-R) was added and it formed complex with protein-G. In this way a well-
oriented layer of GCSF-R receptor was formed on glass/Cr-Au/MUA/protein-G surface which
resulted in a new — BK7-glass/Cr-Au/MUA/protein-G/HSA&GCSF-R structure. The detailed
experimental protocol, which describes all the above-mentioned immobilization steps, has
been presented previously (Balevicius et al.,, 2019). Finally, the BK7-glass/Cr-
Au/MUA/protein-G/HSA&GCSF-R structure was washed by buffer and used in TIRE-based
sensor design. The sensor was tested in the presence of the same concentration 2.6 -10”" M of
all three GCSF based bidentate homo-dimeric derivatives ((GCSF)2L2, (GCSF).L7 and
(GCSF).La). Note, when referring to common properties of all three derivatives they will be
abbreviated as (GCSF).LX; when refering to ((GCSF).L7 and (GCSF).La), which have a long
linker, they will be abbreviated as (GCSF)LX*.

All the above mentioned sensing layer development and analyte determination
procedures performed in ellipsometry cell and TIRE spectra were recorded during all the
surface-modification steps. Optical constants, which were determined for each layer, were kept
fixed during the regression analysis of ellipsometry data obtained during the evaluation of
multilayered structure after the formation of the next layer formed on the top of before
evaluated multilayered structure. The experimental protocol, which describes all above-

mentioned immobilization steps, is illustrated in figure 3.
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13


https://doi.org/10.1016/j.bios.2020.112112

I. Plikusiene, Z. Balevicius, A. Ramanaviciene, J. Talbot, G. Mickiene, S. Balevicius, A. Stirke,
A. Tereshchenko, L. Tamosaitis, G. Zvirblis, A. Ramanavicius, Evaluation of affinity sensor
response kinetics towards dimeric ligands linked with spacers of different rigidity:
Immobilized recombinant granulocyte colony-stimulating factor based synthetic receptor
binding with genetically engineered dimeric analyte d. Biosens. Bioelectron. 156, 112112
(2020). doi: https://doi.org/10.1016/j.bi0s.2020.112112

Journal version is available:
https://www.sciencedirect.com/science/article/abs/pii/S0956566320301093

Kinetic analysis of the association of (GCSF);L2, (GCSF).L7 and (GCSF).La with
immobilized GCSF-R receptor

Experimental ellipsometric data showed that after the treatment with bare buffer only a fraction
of (GCSF)2LX proteins dissociated from BK7-glass/Cr-Au/MUA/protein-G/ HSA&GCSF-R
irreversible stage of immobilized surface (Fig. 5). Therefore, the model, which takes into
account the transformation of the (GCSF-R).=(GCSF).LX* complex into a non-dissociable
one (GCSF-R)//(GCSF).LX* has been applied.

It should be noted that the linkers (L2, L7 and La) are very different in length and
flexibility, which affects the ability of both GCSF ligands to interact with each other. The
various linkers (L2, L7 and La), which bind two GCSF subunits in the structures of (GCSF),LX
proteins result in different binding kinetics, in different ways: (GCSF).L2, obeys the standard
Langmuir equation (Eq. 1). This is because L2 is short ligand and so it prevents the second
GCSF ligand from finding a binding partner if the first is already complexed with GCSF-R
receptor. To describe the binding kinetics of both (GCSF),L7 and (GCSF).La, however, the
advanced model, which was previously described and evaluated in our previous research
(Balevicius et al., 2018) is required. This is because L7 and Lo are much longer ligands than
L2, therefore, after the binding of the first GCSF ligand the long spacers L7 and La enable the
second GCSF ligand to bind to a free GCSF-R receptor. The difference in the flexibility of
spacers L7 and La is related to their difference in structure: spacer L7 is more flexible than La
because the latter is based on a-spiral, which is relatively rigid, while spacer L7 is based on
polypeptide, which does not form an a-spiral is therefore flexible and the GCSF ligands have
more freedom to move freely in comparison to (GCSF).L7. The fill factor (F), which was
applied for the estimation of binding efficiency, is the normalized refractive index, which is
calculated using regression analysis of experimental curves “¥¢ and ‘A vs time by fitting
experimental and theoretically calculated curves. These parameters were used as an/the
analytical signal in the experimental setup. The clear change of fill factor (F) vs time close to

the saturation of Ellipsometry-based signal after about 3 s is evident from the binding Kinetics.
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Since the La ligand (in (GCSF).La) is rigid we observe a change in the fill factor (F) vs time,
which approaches saturation within 20 s, which is about 6 times slower than in the case of
(GCSF)2L7 where GCSF ligands are connected by an L7 linker. This means that the association
of (GCSF)2L7 on BK7-glass/Cr-Au/MUA/protein-G/ HSA&GCSF-R is faster and association
constant ka presented in Table 1 is two times higher than that determined for the interaction of
monomeric GCSF (mGCSF) with BK7-glass/Cr-Au/MUA/protein-G/HSA&GCSF-R
structure (Balevicius et al., 2019).

This effect can be related to the increased affinity of (GCSF),L7 towards the GCSF-R-
modified surface. Because the presence of two GCSF ligands linked with very flexible linker
— L7 — significantly increases the probability of association of (GCSF),L7 in comparison to
other GCSF monomeric or dimeric derivatives. Thus, the results presented here show that
ellipsometry-based measurements of binding kinetics are suitable for the determination of the
binding mechanism of two receptor sites having receptors or antibodies, which also have two

sites accessible for ligand binding, with double sided ligands.
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GCSF-R + (GCSF),L2 (GCSF-R)—(GCSF),LX (1)
ky k, ks
GCSF-R + (GCSFRLX* 2 (GCSF-R)-(GCSF)LX* 2 (GCSF-R);=(GCSF),LX* — (GCSF-R):/(GCSF)LX* (2)
-1 -z
Stage 0 Stage 1 Stage 2 Stage3
ft1=lup* [(GCSF)2LX] (k2= 2ka)
Where:

GCSF-R is the immobilized GCSF-Receptor;

(GCSF).LX* is a freely diffusing GCSF dimer (GCSF),L7 or (GCSF).La;
(GCSF-R)—(GCSF)2LX* is a complex of (GCSF).LX* with single GCSF-R receptor;
(GCSF-R)2=(GCSF).LX* is a complex of (GCSF).LX* with two GCSF-R receptors;
(GCSF-R)2//(GCSF)2LX* is a complex of (GCSF),LX* with two GCSF-R receptors;

after the rearrangement of the (GCSF-R)>=(GCSF).LX* complex into a non-dissociable one
((GCSF-R)2//(GCSF).LX*);

ka@) — second order association rate constant, which characterizes the first step of association
of GCSF- Receptors with (GCSF).LX* and the formation of the (GCSF-R)—(GCSF).LX*
complex;

k1 — pseudo-first order association rate constant (ki = Ka@) X[(GCSF)2LX*]; where kaq) is the
above mentioned second order association rate constant and [(GCSF).LX*] is the (GCSF)LX*
concentration in solution;

k> — first order association rate constant for the association of a second GCSF ligand of (GCSF-
R)—(GCSF).LX* complex with a second free GCSF-R receptor, which results in the formation
of (GCSF-R)2=(GCSF).LX* complex;

ks — first order rearrangement rate constant for the rearrangement of dissociable (GCSF-
R)2=(GCSF).LX* complex into non-dissociable (GCSF-R).//(GCSF),LX* complex;

k.1 — first order dissociation rate constant for the dissociation of (GCSF-R)—(GCSF).LX*

complex;
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ko — first order dissociation rate constant for the partial dissociation of (GCSF-
R)2=(GCSF)2LX* complexes (k-2 = 2k-1).

It should be noted that the ligand concentration significantly exceeded the immobilized
GCSF-R receptor concentration; therefore, only the surface concentration of the (GCSF)LX*,
which was involved in the formation of (GCSF-R)—(GCSF).LX*, (GCSF-R),=(GCSF),LX*
and (GCSF-R)2//(GCSF).LX* complexes, was taken into consideration in the calculations of

association/dissociation/rearrangement kinetics, using equation 2.

This kinetic model is described by the following system of differential equations:

d

% =ki(1 —p1—p —p3) — (kg + kz)p1 + k_2p,
d

% = kypr — (k_z + k3)p,

d

f = k3p;

k2= 2k1

where:

p1 1s the fraction of GCSF-R to which (GCSF).LX* can be bounded via one ligand during the
formation of (GCSF-R)—(GCSF)2LX* complex;

p, is the fraction of GCSF-R to which (GCSF).LX* is bounded via two ligands during the
formation of (GCSF-R)>=(GCSF)2LX* complex;

ps is the fraction of GCSF-R to which (GCSF).LX* is bounded when non-dissociable (GCSF-
R)2//(GCSF).LX* complex is formed.
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It is important to note that the total number of GCSF-R receptors available for the
(GCSF)2LX* is equal to the maximal number of (GCSF),LX* molecules, which can bind to
Bk7-glass/Cr—Au/MUA/Protein-G/HSA&GCSF-R slide surface via both GCSF ligands of
(GCSF)2LX* molecule. The boundary conditions, which were applied to start numerical
calculations were p1(0) = p2(0) = p3(0) = 0. (Balevicius et al., 2019).

The two types of dimer (GCSF),LX* molecules, which are linked by linkers (L2 and
L7) of the same structure but of different polypeptide chain length, exhibit different capabilities
to bind to immobilized receptor — GCSF-R. (GCSF)2L2 molecules in which GCSF ligands are
connected by shorter L2 linker have a lower probability to associate with the two GCSF-R
receptor sites via both GCSF ligands, because due to short length of L2 the distance between
GCSF ligands is significantly shorter than the average distance between immobilized GCSF-R
receptor sites. For this reason, in this case the kinetics of (GCSF-R)-(GCSF).L2 complex
formation is well described by the standard Langmuir equation, which is parametrised by only
two constants (i.e. association (ka) and dissociation (kq)) and does not take into account the
second phase of ligand binding. On the contrary for dimers (GCSF).L7 and (GCSF).La (which
in general equations and explanations are indicated as (GCSF).LX*) having linkers (L7, La),
which are such long that both GCSF ligands are able to reach immobilized receptor sites. In
these two cases, the formation of (GCSF-R).=(GCSF).L7 and (GCSF-R).=(GCSF).La
complexes is more complicated, because after the binding of both GCSF ligands the
rearrangement of formed complexes (GCSF-R).=(GCSF);L7and (GCSF-R).=(GCSF):La
takes place, which due to rearrangement of binding sites transforms into non-dissociable
complexes (GCSF-R)2//(GCSF).L7 and (GCSF-R).//(GCSF).La.

It should be noted that all three homo-dimeric derivatives ((GCSF).L2, (GCSF).L7 and
(GCSF)2La) have different binding-kinetic constants during the above mentioned multi-step
binding process (Fig. 2) due to the different linkers (L2, L7 and La)) linking GCSF ligands.
Due to the short linker L2, which after binding of one GCSF unit to immobilized GCSF-R does
not provide sufficient freedom for second GCSF unit to reach another GCSF-R binding-site,
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the binding of (GCSF)2L2 similar to the case of monomeric GCSF binding (Baleviciute et al.,
2013, Balevicius et al., 2019). Therefore, to analyze the (GCSF).L2 binding kinetics it is also
sufficient to apply the standard Langmuir equation (Eq. 1) (Talbot 1996). Meanwhile for the
dimeric GCSF derivatives ((GCSF).L7 and (GCSF).La) the consecutive association kinetics
model (Eqg. 2) (Balevicius et al., 2019) is more suitable. As can be seen from the evaluation of
the ellipsometric parameter — ‘A’, the dissociation phases (GCSF-R)-(GCSF),L2, (GCSF-R)-
(GCSF)2L7 and (GCSF-R)—(GCSF).La complexes are very different (Fig. 5).

Kinetic analysis of the binding of GCSF-based derivatives with immobilized GCSF-R
receptor was performed using spectroscopic total internal reflection ellipsometry (TIRE) in its
dynamic data acquisition mode. The results of the experiments are represented in Table 1. The
analysis of dynamic TIRE data of the interaction of (GCSF).L2, (GCSF).L7 or (GCSF).La
with immobilized GCSF-R has been performed by a reverse dynamic fitting procedure, which
started from the values obtained for completely formed of BK7-glass/Cr-Au/MUA/protein-
G/GCSF-R/(GCSF)2LX structures. From the regression analysis of in situ registered data, the
value of the effective refractive index was found to lie in between that of BK7-glass/Cr-
Au/MUA/protein-G/HSA&GCSF-R incubated in PBS solution and in solution maximally
saturated with (GCSF)2LX, solutions. Thus, the change of effective refractive index over time
was transformed into the change of fill factor (F), which indicated the saturation of GCSF
proteins layer of BK7-glass/Cr-Au/MUA/protein-G/HSA&GCSF-R structure by (GCSF).L2,
(GCSF)2L7 or (GCSF)2La ligands. It should be emphasized that we have assumed that the
intrinsic refractive indices of GCSF-R and all three interacting derivatives (GCSF).L2,
(GCSF)2L7 or (GCSF).La are the same, because they all are proteins and their optical
properties are described using the Cauchy dispersion function. This estimation allows us to
analyze the variation of effective refractive indexes of layers composed of proteins with
different structures.

The consecutive association kinetics model, which we have used in this study, describes
non-equilibrium process. Therefore, during the evaluation of the binding Kkinetics between

GCSF-based derivatives and immobilized GCSF-R receptor particular attention was paid to
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the irreversible and, at the same time, the slowest, rate limiting step, which is characteristic for
complex formation between immobilized GCSF-R receptor and dimeric GCSF ligands
((GCSF)2La and (GCSF)2L7)). The latter are superior for the binding with GCSF-R receptor
in the comparison to (GCSF).L2 ligand, where GCSF ligands are bonded by short linker — L2.
The regression analysis of multi-layer optical model and further evaluation of the mass of
GCSF-based derivatives, which are bonded to the immobilized GCSF-R, shows that homo-
dimeric derivatives (GCSF).Lo and (GCSF),L7 bind to the receptor at a ratio of 1:1, while the
homo-dimeric derivative (GCSF)2L2 binds at a ratio of 1:2.

Since the purification of homo-dimeric derivatives (GCSF).L2 and (GCSF).L7 is
rather difficult (Mickiene et al., 2017), the (GCSF):La homo-dimeric derivative for
pharmacokinetics/pharmacodynamics trials. It is likely that the homo-dimeric derivative
(GCSF)2La possesses optimal dimensions for its target receptor and the La. linker, which forms
an alpha-helix, allows some additional conformational freedom, which makes it easier for the
second GCSF-unit to orient properly towards free GCSF-R receptor, when the first GCSF-unit
is already attached to the receptor (Scholz et al., 2009).

Results and discussion

The Cauchy dispersion function (Balevicius et al., 2014) was used to describe the formation of
all protein layers during the development of multilayered sensor structure based on BK7-
glass/Cr-Au/MUA/protein-G/HSA&GCSF-R. Calculations (data not presented) show that all
theoretically available initial geometrical area of BK7-glass/Cr-Au/MUA/protein-G was
covered by GCSF-R. Estimated surface area (covered by GCSF-R), which is available for the
binding of (GCSF),LX was calculated . This sensing area was estimated to be 2-10'> GCSF-
R/cm?. We therefore used a 5 pg/ml concentration of GCSF-R to ensure that all sensing surface
area was covered with well-packed GCSF-R molecules. This concentration assures that TIRE
cell is infused with 100 times higher the number of GCSF-R molecules that can be covalently
immobilised on BK7-glass/Cr-Au/MUA/protein-G. The next step in this investigation was the
evaluation of BK7-glass/Cr-Au/MUA/protein-G/HSA&GCSF-R-based sensor action kinetics
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in the presence of the same concentrations of different analytes (GCSF)2La, (GCSF).L2,
(GCSF),L7, which all act as ligands for the immobilized receptor (GCSF-R). The results are
presented in figure 4, respectively. As noted above the interaction/association of (GCSF).L2,
(GCSF)2L7 and (GCSF)2La with immobilized GCSF-R receptor is a multi-step process (Fig.
2). Therefore, the evolution of ellipsometric parameters in time was analyzed using
mathematical models that consider the most important processes during the association of
(GCSF)2L2, (GCSF)2L7 or (GCSF):La with immobilized GCSF-R receptor. Figure 4 shows
how (GCSF):La, (GCSF).L2, and (GCSF),L7 interact with the receptor site of BK7-glass/Cr-
Au/MUA/protein-G/HSA&GCSF-R structure respectively. Squares (curve 1), dots (curve 2)
and triangles (curve 3) correspond to experimental point of interaction Kinetics between
immobilized GCSF-R and (GCSF):La, (GCSF).L7, (GCSF)2L2 respectively (Fig. 4). Curve 1
shows fitting results for GCSF-R and (GCSF).La complex formation, curve 3 — for GCSF-R
and (GCSF),L7, curve 2 — for GCSF-R and (GCSF),L2 (Fig. 4). The dynamics of the fill factor
(F), which was evaluated as analytical signal and represents the interaction kinetics of
(GCSF)2L2, (GCSF),L7 or (GCSF);La with immobilized GCSF-R of BK7-glass/Cr-Au
IMUA/protein-G/HSA&GCSF-R structure is shown in figure 4 at 2.6 - 10”7 M concentrations
of these compounds (GCSF)2L2, (GCSF),L7 or (GCSF),La in PBS, pH 7.4.

We evaluated two scenarios: when the GCSF dimers bind to the receptor with a ratio
of 1:1, and 1:2, respectively. To perform a more accurate analysis of such protein association
kinetics the generalized Langmuir equation, which accounts for steric exclusion and
irreversibility, was developed (Schaaf and Talbot 1989) and later applied to the estimation of
protein adsorption on solid surfaces (Jin et al., 1994).In this research we apply a similar
approach to describe the interaction of immobilized GCSF-R with (GCSF).La.
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Figure 4. Experimental points and fitting results registered by TIRE-based measurements
obtained during the binding of BK7-glass/Cr-Au/MUA/protein-G/HSA&GCSF-R structure:
(i) (GCSF)2La experimental measurements indicated by squares, blue line (curve 1) represents
fitting results, (ii) (GCSF)2L2 experimental measurements indicated by triangles, black line
(curve 2) — fitting results, (iii) (GCSF).L7 experimental measurements results indicated by
dots, red line (curve 3) — fitting results. The estimated standard deviation of experimental

results was calculated as 14 %.

The influence of possible non-specific binding of (GCSF).L2, (GCSF).L7 and
(GCSF)2La. on protein-based structures was reduced by human serum albumin (HSA), which
was mixed with proteins, as described in our previous work (Balevicius et. at 2014). The
conditions of TIRE measurements during the evaluation of interaction of (GCSF),L2,
(GCSF),L7 and (GCSF).La with BK7-glass/Cr-Au/MUA/protein-G/HSA&GCSF-R structure
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were also similar to that applied for the evaluation of interaction of (GCSF)2L2, (GCSF).L7
and (GCSF).La with BK7-glass/Cr-Au/MUA/Protein-G/HSA&GCSF-R.

Assessment of experimental results (Fig. 5) shows that a fraction of initially associated
proteins (GCSF),LX has dissociated from BK7-glass/Cr-Au/MUA/protein-G/HSA&GCSF-R
surface. This effect is attributed to consecutive association kinetics, which is describing protein
interaction process where initially (GCSF-R)-(GCSF),L7 or (GCSF-R)-(GCSF):La
complexes ((GCSF-R)—(GCSF).LX*), where single receptor site is bounded to double-sided
(GCSF)2LX ligand, during the next phase (GCSF-R)—(GCSF).LX* binds with the second
GCSF-R receptor site and forms (GCSF-R).=(GCSF).LX* complex, and finally it transforms
into a more stable complex (GCSF-R).//(GCSF).LX*, which does not dissociate under
experimental conditions (Stage 3).

This means that a fraction of the (GCSF-R)>=(GCSF).LX* complexes, which were
formed during the interaction of immobilized receptor GCSF-R with corresponding (GCSF),-
LX, reorganize into more stable (GCSF-R)2//(GCSF).LX* complexes. In these complexes, the
interaction between GCSF-R and (GCSF).LX proteins is much stronger due to partial
unfolding of the proteins and better steric adjustment of interacting protein structures, what is
leading towards advanced interaction of corresponding (GCSF).LX protein with GCSF-R
receptor. As a result stronger (GCSF-R)2//(GCSF),LX complexes are formed on the surface of
BK7-glass/Cr-Au/MUA/protein-G/HSA&GCSF-R. The replacement of the solution, which
contains bindable (GCSF).LX proteins, by pure buffer solution leads to the dissociation of the
fraction of protein complexes (GCSF-R)—(GCSF).LX* formed during the incubation of BK7-
glass/Cr-Au/MUA/protein-G/HSA&GCSF-R  structure in  (GCSF).L2, (GCSF).L7 or
(GCSF)2La containing solution. This effect is observed from the different changes of
ellipsometric parameters calculated for the interaction of (GCSF).L2, (GCSF).L7 or
(GCSF)2La. (Fig. 5) during rinsing with pure buffer solution. It is reasonable to assume that a
different decrease of the ellipsometric signals indicates different association/dissociation

constants for the binding of immobilized receptor GCSF-R with homo-dimeric derivatives
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(GCSF)2L2, (GCSF),L7 or (GCSF)2La in which GCSF units are connected with linkers of

different length and/or structure.
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Figure 5. The evaluation of ellipsometric parameter ‘4’ vs for GCSF-based derivatives: 1)
(GCSF)zLa; 2) (GCSF).L7; 3) (GCSF).L2, during the dissociation phase.

Additionally, the influence of non-specific binding of (GCSF).L2, (GCSF).L7 and
(GCSF)2La on protein-based structures has been evaluated. For this HSA-modified structure —
BK7-glass/Cr-Au/MUA/Protein-G/HSA — was tested instead of receptor-modified structure
BK7-glass/Cr-Au/MUA/Protein-G/HSA&GCSF-R at the same conditions (Balevicius et al.,

2014). In all these cases the change of ellipsometric parameters for the binding kinetics was
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negligible and within he signal-to-noise level. Therefore, non-specific interaction during the
evaluation of here evaluated binding kinetics is neglected.

We previously reported in vivo and in vitro investigations of GCSF ligands linked with
different spacers (Mickiene et al., 2017). The interaction-ability of the bidentate G-CSF-based
ligands in vitro was determined using a cell proliferation assay with the G-CSF dependent cell
line M-NFS-60. The G-CSF monomer was used as a reference mono-dentate ligand. In vitro
the interaction between G-CSF-Receptor and several bidentate G-CSF-based ligands was
evaluated by spectrometric determination of the coloured formazan product formed during the
cleavage of tetrazolium salt (MTS) by viable cells. In this case, calculated in vitro activity of
(GCSF),La reached 48% of that of the G-CSF monomer, while (GCSF),L2 and (GCSF).L7
demonstrated relative activities of 22%. The in vivo (in healthy rats) response, i.e., the ability
of G-CSF-based ligands to stimulate neutrophil release, was more pronounced for (GCSF).La
compared to the monomeric GCSF ligand. After 24 h of a single subcutaneous injection of
(GCSF)2La, rats exhibited a 1.8-fold increase in circulating neutrophils, albeit with a larger
margin of error. (GCSF)2La had the best performance in terms of purity and in vitro activity.
However, the primary idea on the ability of (GCSF).La to activate the receptor with a higher
efficiency was not confirmed because the dimer has the same efficiency as the G-CSF
monomer in vitro. In this research the L2 and L7 linkers, which consisted of stretches of Gly
and Ser residues, implemented greater degrees of freedom in the overall conformation, whereas
the La linker had a more rigid, helical-alpha, spiral-like structure (Yamasaki et al., 2008, Chen
et al., 2013, Chichili et al., 2013). Hence, our previous research (Mickiene et al., 2017)
illustrates that the interaction-ability of the genetically engineered ‘bidentate G-CSF-based
ligands’ depends on the length and the rigidity of the linker, which interconnects both G-CSF
units.

The reaction mechanism of molecules depends on the length and the structure of the
linker connecting the two monomers. It has an impact on the molecules’ activity. In vitro
activity of the G-CSF dimers was determined using a cell proliferation assay with the G-CSF

dependent cell line M-NFS-60. The G-CSF monomer was used as a reference. Results were
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obtained by absorbance readings of the coloured formazan product accessed by the cleavage
of tetrazolium salt (MTS) by viable cells. Calculated in vitro activity of GCSF-La reached 48%
of that of the G-CSF monomer, while GCSF-L2 and GCSF-L7 demonstrated relative activities
of 22%.

The in vivo (in healthy rats) response, which comprised the ability of G-CSF to
stimulate neutrophil release, was more pronounced for GCSF-La compared to the monomeric
protein. After 24 h of a single subcutaneous injection of GCSF-La, rats exhibited a 1.8-fold
increase in circulating neutrophils, albeit with a larger margin of error. GCSF-La had the best
performance in terms of purity and in vitro activity. However, the primary idea on the ability
of GCSF-La to activate the receptor with higher efficiency was not confirmed as the dimer
acted as the G-CSF monomer in vitro (Mickieke et. al., 2017)
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Conclusions

Kinetic studies of bidentate homo-dimeric (GCSF).LX ligand binding to immobilized GCSF-
R receptor show that structural features of the linker connecting two GCSF molecules strongly
influence the association rate and the possibility of irreversible binding of these homo-dimeric
(GCSF),LX ligands to the GCSF-R receptors. The binding of (GCSF),L2 to immobilized
GCSF-R is well described by the conventional Langmuir equation, while the Kinetics of
(GCSF)2L7 and (GCSF).La binding is best described by a three step consecutive kinetics model
with irreversible last step of rearrangement. The comparison of association rates of homo-
dimeric derivatives (GCSF)2L2 and (GCSF),L7 demonstrates that the (GCSF).L2 derivative,
with its short linker compared to the distance between GCSF-R receptor sites, was
characterized by lower association rate then that determined during the binding with
(GCSF)2L7 ligand, where a longer linker — L7 — was applied. The binding rate of the
(GCSF),L7 derivative to immobilized GCSF-R is about two times higher than that of the
conventional GCSF monomer derivative. Moreover, after rearrangement, the (GCSF).L7
molecules are able to create a stable, non-dissociable structure with GCSF-R receptor.
However, the (GCSF).La is also able to bind irreversibly with GCSF-R receptor. Therefore,
the binding rate of (GCSF).La derivative is 2 times higher than that of (GCSF)2L2 molecules,
but it is still 2 and 3.5 times lower in comparison to that of the monomeric GCSF ligand and
the dimeric ligand — (GCSF),L7, respectively. Due to better binding, homo-dimeric (GCSF).La
and (GCSF).L7 derivatives are good candidates for new GCSF-based drugs, which are

structurally novel compared to currently commercially available GCSF-based analogues.
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