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1 Preliminaries and objectives
This dissertation is at the interface of molecular biology and mathematical modeling
as it presents work in protein binding models. Protein-ligand binding is required for
almost all molecular processes; hence the ability to manipulate this binding has im-
mense importance, but it is challenging to realize it cost-effectively. Changing bind-
ing characteristics is also one of the most excellent tools of natural evolution, and
it has two main branches; random mutations affecting the protein structure, hence
the binding sites, or multiplying existing structures. These repeating protein struc-
tures have drastically different binding characteristics, and the binding between two
molecules with repeating structures is called multivalent binding. This dissertation
elaborates on how a detailed computational model works for multivalent binding,
and on the benefits, limitations, and impact of such a model.

1.1 Summary of Challenges
In protein engineering, there are several challenges, and the relevant ones to the
dissertation are the following:

1. Providing a viable alternative for monoclonal antibodies: Monoclonal antibod-
ies are ideal tools for research and medicine due to their ability to be produced
against any potential targets. The challenge is to reduce the production time
and cost; this can be done by improving the technology or providing an alter-
native with accelerated or lower-priced production.

2. Improving the specificity of the binding proteins: It is difficult to find or de-
velop proteins that strongly bind the target but has a lower affinity towards
any other "in vivo" molecule.

3. Improving the binding strength of the binding proteins: It is difficult to im-
prove the binding strength of the proteins via modifying the binding sites;
therefore, there is a need for a more viable alternative.

4. Understanding the underlying processes of multivalent binding: No general
model perfectly describes the multivalent binding processes, and simpler mod-
els result in false predictions under certain conditions.
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5. Providing a predictive model for multivalent binders: This means speeding up
the experimental screening process of the possible multivalent conformations.

1.2 Problem Domains and Personal Contributions
My research started with my student work on protein-protein interaction networks
and genetic data analysis related to aging at the Department of Measurement and
Information Systems. I was stunned by the incompleteness and low level of confi-
dence in such large-scale networks. Related to complex protein-protein interactions,
my dissertation presents a novel general multivalent binding framework with great
practical relevance. The structure of the dissertation and the thesis points can both
be divided into three main parts:

1. Creating a general multivalent binding kinetics framework

2. Parameterizing the framework

3. Applying the framework for:

(a) Protein engineering via the MVsim app
(b) Experimental data validation and parameter fitting

The first version of a general multivalent framework were created during an ex-
change program with the University of Minnesota in 2016, under the guidance of
Casim A. Sarkar at the Molecular Cell Engineering Laboratory. Subsequent versions
of that framework were formalized most recently in two journal papers.

Our main contribution to the field of multivalent binding was the formalization
of a multivalent modeling framework, development of the underlying equations and
validation by predicting experimental data. My personal contribution to the work
was the development of the model while I was guided by Casim A. Sarkar andWesley
Errington in regards to model requirements and the direction for the most relevant
practical applications. The model parameterization had experimental and modeling
parts, and all of our experiments were executed by Wesley Errington. I contributed
to the estimation of model parameters. I created MVsim, a computational imple-
mentation of the model framework that is applicable to protein engineering. Wesley
Errington contributed by designing graphical images. For the validationwe used data
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from our own experiments performed by Wesly Errington, as well as publicly avail-
able data. Our framework supports protein engineering and can potentially improve
the quality of large-scale protein-protein interactions.

1.3 Protein Binding Research
1.3.1 Significance of Protein Binding

Protein engineering is a relatively young discipline with only 40 years behind it. Its
purpose is to develop new, improved proteins usedmainly in research, biotechnology,
ormedicine. These proteins havemany beneficial characteristics, such as their ability
to bind to specific ligands or catalyze chemical reactions. However, they can also have
exotic uses, such as their ability to glow or have specific physical characteristics used
in nanotechnology.

In medicine and molecular biology, one of the fundamental tools uses the same
idea relying on the specific antibody-antigen binding developed in 1975 that won the
Nobel Pricewithin nine years. The technology is based on the time and cost-intensive
technology of creating antibodies for the desired antigens relying on random events.
These specific antibodies allowed one of the most significant leaps in biology by
providing means to isolate, mark, detect or locate proteins.

Alongside antibodies, any protein that specifically binds another molecule can be
used for the same purposes; therefore, a more cost-effective way of developing spe-
cific binder proteins has a great significance. In this context, we shall call the proteins
with specific binding capabilities receptors and we will refer to the molecules they
bind as ligands or targets.

The most significant applications of proteins with specific binding capabilities:

• Isolating target molecules: Molecule isolation or concentration using a tech-
nique analogous to immunoprecipitation [BDS99] by precipitating the target-
receptor complex out of a solution.

• Detecting target molecules: Attaching components to receptors with signal
amplifying properties. This application is analogous to Western Blots [MY12]
in that it detects targets at very low concentrations.

• Quantifying target molecules: By attachingmarkermolecules to receptors, tar-
gets can be labeled with any marker used in molecular biology to follow or
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measure the presence of the target. For example, the receptor can be linked to
enzymes to catalyze color or light intensity changes in the solution; or linked
to radioactive or fluorogenic reporters alongside other markers, resulting in a
signal proportional to target concentration.

• Locating the target molecules: By marking the target with the receptor linked
to an enzyme, as in the case of immunohistochemistry, or with a fluorescent
molecule, the location-specific color or light intensity can be measured to lo-
cate the target in situ.

• Target inactivation: Receptor-target binding usually attenuates or abolishes
the biologically relevant functions of the target. This is the mechanism of the
monoclonal antibody treatment, which represent 6 of the 15 best-selling drugs
in the US [Phi19].

In summary, understanding and predicting the binding strength has an immense
role in biology, biotechnology, and medicine.

1.3.2 Protein engineering

Protein engineering is the practice of developing new, improved proteins for appli-
cations in biotechnology and medicine. Protein engineering relies on recombinant
DNA technology, where the manipulations in genes translate to changes in pro-
tein sequence, structure and dynamics, which result in desired functional properties.
[Ali+16]. It has two main approaches. Rational design relies on prior knowledge of
the protein structure, function, or other characteristics and predicts the properties of
the modified proteins. Directed evolution, on the other hand, mimics natural evolu-
tion by imposing some controlled selection process.

Both approaches to protein engineering are knowledge-based and may benefit
from artificial intelligence model-based designs. Directed evolution can be optimized
using machine-learning techniques [YWA19], while rational design benefits from
model frameworks.

1.3.3 Multivalent Proteins

Multivalency in general is a recurrent structural feature of biomolecules. Multiva-
lent interactions to a certain degree are similar to jigsaw puzzles, where molecules
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have binding sites (blanks) and ligands (knobs) forming complex connections. For
example it is easier to find the place of three connected puzzle pieces and harder to
remove them compared to a single piece. Naturally the process is more complicated
especially due to the more complex conformations in space compared to a plane
resulting in unique and often non intuitive characteristics. A schematic version of
multivalent molecules is presented in figure 1.

In the context of multivalent reactions we use the term avidity for the strength of
the multivalent binding, while affinity for that of monovalent binding. Alongside the
enhanced binding strength there are additional characteristics of multivalent binding
that support the relevance of the multivalent interactions like high-avidity interac-
tions [Per81; Var+15; MCW98; VC13], ultrasensitivity [CDF16], and dynamics and
selectivity of molecular recognition [OAR18; Kan+13; Cue+10].

In terms of valency we can differentiate among interactions by the number of
binding sites; these are commonly di-, tri-, tetra-, penta- or deca-valent, or in many
cases, they have higher, non-defined valencies.

The bivalent antibodies IgD, IgE, IgG, tetravalent, IgA, or pentavalent IgM are the
best known examples. The primary cause of the frequent appearance of multivalennt
interactions is the enhancement of binding affinity [MCW98] via the duplication of
protein domains is far more probable in evolution than their modification by advan-
tageous point mutations.

1.3.4 Enginieered Multivalent Proteins

Multivalency serves as an immensely useful and easy-to-implement design feature in
engineered systems. Therapeutic antibodies [Cue+10] and related biologics [MCW98]
use the multivalency effect to achieve ultra-high affinity (avidity) and selectivity.
Also, novel ligands and scaffolds can be created for cellular differentiation [Con+13],
patterning [Yan+14], and tissue engineering [Pet+10].

The modelling of multivalent systems is challenging due to those systems’ struc-
tural and combinatorial complexity. Therefore, designed proteins usually rely on
intuition and trial-and-error, which are the most accessible approaches when incor-
porating multivalent features into synthetic designs [Nun+15]. Despite these chal-
lenges, the immense applications of multivalency have led to many iterations of ex-
perimental systems and computational models designed to describe, predict, and ex-
plore some limited aspects of these interactions.
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Receptor Ligand Linker

Monovalent

Bivalent

Trivalent or 
trivalent-trivalent

Trivalent-bivalent

Figure 1: There are many forms of multivalent interaction but only linker connected
ligands and receptors are represented in this figure. The nomenclature of the multi-
valent binding throughout the dissertation is the following: first the valency of the
receptor is given then, optionally, the valency of the ligand if that differs from that
of the receptor.
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However, because the biophysical features are unique to each interaction pair,
multivalent models are often tailored in a system-specific manner [Pot+17], having
an in-depth focus on a subset of the parameter space [Kan10; MAP98] and using
fitted parameters for accounting for non-ideal behaviors or unmeasurable proper-
ties [XS16; Dub+15]. For example, many descriptions have focused on the critical
role of valency in the binding mechanisms of complexes such as dimeric zinc-finger
transcription factors and bivalent IgG antibodies [Mul94].

1.4 Multivalent models
The expansive utility of multivalency has driven multiple computational approaches
to describe aspects ofmultivalent interactions [MAP98; KB03; Kan10; CDP19; Mar+20;
XS16; Hei+20; ML16].

In systems where higher valencies or more complex, heterogeneous topologies
occur, multivalent interactions are often simplified in one of twoways [CDF16; KB03].
In a “disordered” multivalent system, there are no steric effects imposed that would
favor a subset of states over others (i.e., all possible binding configurations are re-
garded as being equally probable). Conversely, a “rigid” multivalent system per-
mits only those receptor-ligand interactions that are precisely in register (i.e., the
intramolecular distances between adjacent receptor binding domains and ligand-
binding domains are fixed and equal).

However, multivalent molecules – especially multi-domain proteins and even
multi-chain antibodies – possess different topologies, vary in their conformational
flexibility, and have interaction domains with steric bulk (i.e., occupy variable, non-
zero space). Thus, multivalent binding phenomena exist on a continuum between
completely disordered and rigid systems, which in turn tunes the accessibility of
each state in the space of combinatorial interaction possibilities.

In one of our key [EBS19] works, we developed a conceptualization of multi-
valency that describes the noncanonical signatures of multivalent receptor-ligand
interactions as the flux through an interconnected network of configurational mi-
crostates. This approach provided high resolution, mechanistic insights into the dy-
namic events that underlie simple multivalent interactions and indicated a means
with which to extend existing experimental techniques – such as surface plasmon
resonance (SPR) – to macromolecular systems previously beyond the scope of quan-
titative analysis due to their complexity and heterogeneity [Zek+09]. In our recently
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submitted paper [BES22] we presented an extension from monospecific to multispe-
cific multivalent interactions between proteins and implemented an application to
analyze and design a broader range of molecular systems quickly [BK17; Koe+21;
DM16].

1.4.1 Protein Binding-kinetics

To apply the knowledge of how the active states correspond to the observable out-
come we need to describe the concentration of the active states based on concentra-
tion of its components. For this we can use the rate law or rate equation, which in
chemistry, describes both reaction and binding speed in an equation form using the
initial or forward reaction rate and the concentrations of the reactants.

v0 = k[A]a[B]b

Where v0 is the initial reaction speed, k is the rate coefficient, [A] and [B] are the
concentrations of the reactants, and a and b are the observed values of the exponents
called partial reaction orders.

This equation forms the base of the widely used protein-ligand binding rate equa-
tions where the protein P (or R as receptor or E as enzyme) and ligand L (or A as an-
alyte or P as product) form an PL protein-ligand complex and in equilibrium (more
precisely steady-state where the speed of association is equal to the speed of disso-
ciation) it is described by the following equation:

koff [PL] = kon[P ][L]
In most cases, the protein and ligand partial reaction orders are considered to

be one. The two sides of the equation give the reaction speed of the association
and dissociation of the protein-ligand complex and are used in almost all the kinetic
simulations.

In this reaction, the order of association is second order, and the dissociation
is "pseudo-first" order (first-order reaction in case of complex molecules) because it
only depends on the concentration of the complex.

1.4.2 Binding Kinetics Measurements

There are several ways to measure binding between molecules, and these are called
Biomolecular interaction analysis (BIA).

We can categorize the different measurements by sensor types like acoustic, op-
tical, thermal, or electrochemical sensors. Acoustic sensors are the Quartz Crys-
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tal Microbalance (QCM), Surface Acoustic Wave (SAW) Devices, and the Film Bulk
Acoustic Resonator (FBAR). Thermal sensors are in Isothermal Titration Calorime-
try (ITC), and there are several other specific measurements with other sensors like
electrochemical sensors, diffraction grating-based sensors, Optical-Waveguide-based
transducers, and ellipsometry [NRV11].

The most commonly used sensor types are the Optical sensor-based devices like
Surface Plasmon Resonance (SPR), Surface Plasmon Resonance Imaging (SPRi), Bio-
layer Interferometry (BLI). Surface Plasmon Resonance is the most commonly used
device for kinetic measurements due to the ease of use and the wide range of the
measured or approximated parameters.

1.4.3 Surface Plasmon Resonance

Surface Plasmon Resonance technique is an optical method developed tomeasure the
amount of material coated, bound, or adsorbed on a metal surface. A general setup
of the technique is presented in Figure 2. As shown, the underlying mechanism is
to measure the refractive index of the surface, which depends on the amount and
characteristics of material presented on the metal surface.

When light hits a surface, creating a total internal reflection, usually all the pho-
tons reflects, however under a specific condition, some of the photons may be able
to excite plasmons (delocalized electrons in the metal surface) on the other side of
the very thin layer absorbing that photon, creating a dip in the reflected light. This
effect can be enhanced using special materials for the film between the two surfaces,
such as gold of a specific thickness. The location of the dip depends on multiple pa-
rameters, including material on the gold layer, and the location of this specific dip
can be measured with a charged couple device [Pat05].

The Biacore system uses this principle when measuring the refractive index close
to the surface to acquire helpful information about the coated molecules on the sur-
face. Fortunately, we can assume that the refractive indices of different proteins are
close to identical and the amount of protein present on the surface correlates with
the location of the dip; therefore, this signal created by the dip can be converted to
the protein mass on the sensor surface.

Biacore uses a specific configuration in which flow cells are connected to the chip
with the SPR metal surface (Figure 2), allowing to flow through receptors, called ana-
lytes, inside the flow cell. These analytes can diffuse and bind to the ligands coupled
to the sensor chip surface. In the experimental setup, where we are interested in the
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kinetics of a binding reaction, we can coat the surface with ligand and flow through
the analyte, creating an increasing mass on the surface. Titrations are performed
with a concentration series of the analyte. These differences in mass create a signal
proportional to the mass bound to the surface, enabling the association and dissoci-
ation constants of the reaction to be calculated.

1.4.4 Biacore sensorgrams

The primary representation of the results is in the form of sensorgrams. Sensorgrams
are the graphic representation of the association and dissociation phases of an SPR
based experiment (Figure 2) and are often shown in a way where multiple sensor-
grams of the same experiment are plotted with an analyte concentration series are
on the same graph. The informative part of the sensorgram has two phases, the as-
sociation, and the dissociation phases. In the association phase, kon and koff , the
association and dissociation rate constants work against each other, and after some
time, these effects reach an equilibrium, where the mass of the associating molecules
are equal to the mass of the dissociating molecules. The values of the y axis are in
RU (response unit), which is proportional to the mass of the analyte on the chip sur-
face. In this case, the absolute values are determined by the experimental setup, but
the curves depend only on the kinetic constants. The maximal RU is proportional to
the maximal [RL] concentration, which is equal to the R0 initial receptor concentra-
tion, and if we make [L]=KD , we can find that the [RL] concentration will be half
of the initial R0 receptor concentration. Therefore, the ligand concentration where
the equilibrium is at half of the maximal RU is the KD constant. The KD deter-
mines the equilibrium phase represented by a plateau in the sensorgram; therefore,
the proportion of kon and koff but has no information about their actual values.

To get the kon and koff we need to analyze the initial part of the association phase
and the dissociation phase. The initial part of the association phase is determined by
both kon and koff and -until the equilibrium- more molecules bind to the surface
than dissociate from there. The dissociation phase is determined only by the koff ;
therefore can be acquired from the dissociation phase.
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Figure 2: The figure presents the schematic work of an SPR device. [Sab11].An SPR
measurement have the following steps: (0) preparing the chip surface, (1) the associ-
ation phase , (2) the dissociation phase (3) regeneration phase [Bio17]

2 Summary of Theses
The dissertation provides a framework to model and parameterize multivalent bind-
ing kinetics; furthermore, the framework was implemented in a flexible tool support-
ing protein design. The model, therefore, provides accessible means for experiment
planning, identifying experimental errors, and validating experimental results.

The first part of the dissertation focuses on developing themultivalent framework
and presents binding kinetics in a system of differential equations. The model de-
scribes the relation between monovalent and multivalent binding steps (Thesis 1.1),
presents ordinary differential equations (ODEs) in a matrix form (Thesis 1.2), de-
scribes the means to correct for mass transfer limitation (Thesis 1.3), and presents
the output of the model in line with experiments (Thesis 1.4).

The second part explores the concept of effective concentrations, which is an in-
trinsic property of the multivalent complexes. Effective concentration can be imag-
ined by comparing the probability of a free ligand binding to a receptor complex
versus the probability of the receptor-complex binding to itself. The second part
presents in detail the relation between monovalent and multivalent rate-constants
(Thesis 2.1), defines effective concentrations, and presents a probabilistic approach
to calculate those (Thesis 2.2). Later it also presents how the binding probabilities can
be expressed using probability distribution function (PDF) convolution (Thesis 2.3)
and provides means to approximate the required PDFs (Thesis 2.4).
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In the third part, the practical applications of the model are presented. First,
an easy-to-use application MVsim is presented which provides accessible means to
model a large variety of up to trivalent interactions (Thesis 3.1). Then the model
is applied to several experimental setups, and its capabilities, benefits, and limita-
tions are presented (Thesis 3.2). Finally, the concept of improving protein-protein
interaction networks using multivalent information is discussed (Thesis 3.3)

2.1 Thesis 1
The first thesis, introduces the general framework for modellingmultivalent binding;
the presented framework improves on the previous models by collectively handling
all the following scenarios:

• Multiple copies of the same ligand binding to the receptor
• Competing different types of ligands binding to the same receptor
• Molecules composed from different units
• Mass transfer limitation affecting ligand concentrations
• Expandability for arbitrary valencies
• Transparent and consistent notation describing the state of differentials
• Ability to use concepts developed for space-state representation using the same
notations.

This part introduced the basics of the receptor-ligand binding kinetics; extended
the definitions to multivalent systems by introducing multivalent reaction-speed
constants and the effective concentration; formalised a notation for all possible mul-
tivalent rate-constants and states; extended themodel to arbitrary valencies; and pre-
sented the multivalent kinetics in an easy to implement matrix form. Furthermore
the part presented the means to model SPR experimental output using the calculated
state concentrations.

Finally the part presented the symbolic solutions for the monovalent case and
two bivalent scenarios; and defined a multivalent dissociation constant in general
and calculated it for the bivalent cases.

To present the accuracy of the introduced framework a bivalent, trivalent-bivanet
and a bivalent binding was simulated and measured (Figure 3 A and B) parallely
and. To demonstrate the benefits of a mechanistic model the underlying state con-
centrations were also presented in a sensorgam and a network form (Figure 3 C)
demonstrating how similar states populate and depopulate the system during the
association and dissociation phases.
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Figure 3: (A) Simulated kinetics using network-based model of multivalency. (B)
Experimental sensorgrams performed on bivalent-bivalent (left), trivalent-bivalent
(center), and trivalent-trivalent (right) receptor and peptide ligand interactions. (C)
Underlying microstate ensembles are shown for each 2000 nM trace. (D) Network
map for each ensemble shown after an association time of 150 sec.
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Thesis 1.: Multivalent binding kinetics can be modeled using a set of differ-
entials describing the microstate concentrations.

1. By defining highly descriptive microstate identifiers, the complete mi-
crostate list can be generated and the possible transitions between mi-
crostates can be identified.

2. Multivalent binding events can be described by the transitions between
microstates and these transitions can be modeled using the general
monovalent binding kinetics differential equations:
d[RL]
dt = kon[R][L]− koff [RL]

where [L], [R] and [RL] are the ligand, receptor and ligand-receptor
concentrations and kon and koff are reaction on and off-rate constants.

3. To unify the the multivalent system describing equations or to handle
large multivalent systems the nomenclature and the theory behind the
state-space representation can be used and parameter choices can be
made using the presented model.
The form of the system is the following: the differential of the state
vector with respect to time is equal to the product of the state matrix
and the state vector: dx(t)

dt = A(t)x(t), where x(t) stands for the vec-
tor of the time-dependent concentration of the microstates and A(t)
stands for the matrix containing the rate constants and the ligand con-
centration describing the reaction-speed between the states.
Furthermore, the state matrix at the association and dissociation phase
is ideally an unforced first-order time indifferent system. On the other
hand, if the model requires variable ligand concentrations like in case
of the developed model handling mass transfer limitation the A(t)
state matrix is time-dependent.

4. To model experimental data of multivalent binding kinetics, the model
output can be presented in the form of the experimental output using
the y(t) = Cx(t) transformation, where the parameter choices for the
C output matrix is presented in general and for SPR experiments.
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Figure 4: The schematics of three concepts approximating the effective volumewhich
is directly linked to the effective concentration

2.2 Thesis 2
The second thesis introduces the concept and approximation of effective concentra-
tion (Figure 4). The probabilistic definition of the effective concentration provides
an opportunity for modeling the effect of different linkers on multivalent receptor-
ligand binding. The method for effective concentration estimation allows the usage
of any PDF describing the position of the molecule binding sites. For example, the
experimentally measured antibody arm distance PDF can directly be used with the
epitope PDFs for antibody avidity calculation. Furthermore, if there is no available
PDF data or model, then an iterative process can be used for generating PDFs for
arbitrary valency with receptor or linker units connected by linkers with known
flexibility.

The statements of Thesis 2 can be summarised as follows:
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Thesis 2.: The key point to model the reaction speed between multivalent
binding states is to determine the multivalent on-rate constants, which can
be approximated by the product of the monovalent reaction rate constant and
a probabilistic effective concentration calculated by approximated ligand and
receptor end-to-end PDFs.

1. Multivalent dissociation can be approximated by monovalent off-rate
constants, and multivalent association described by the kmv

on multiva-
lent on-rate constant can be approximated by the product of Ceff ef-
fective concentration and kon monovalent on-rate constant:
kmv
on = kon · Ceff

2. TheCeff effective concentration can be defined as the concentration of
the free ligand concentration in the solution where the probability off
of binding in the a fully multivalent binding is equal to the probability
of a receptor binding a ligand with Ceff concentration:
P (binding|RL) = P (binding|R,LCeff

)
where RL is the conformation of the receptor-ligand complex, R the
receptor conformation and LC is the free ligand with Ceff effective
concentration.

3. The P (binding|RL) probability of the ligand and receptor-free end
being in the same position is given by

∫
fL(x)fR(x)dx the integral

of the product where fL and FR are the ligand and receptor end-to-
end (bound to unbound binding site distribution) position probability
density functions ; furthermore, the probability of a free ligand binding
to the receptor simplifies to the PDF normalization constant of 1 molar
ligand.

4. The fL(x) ligand and fR(x) receptor molecule end-to-end distance
probability density function -where both ligand and receptor consist
of units with linkers connecting them- can be estimated by the convo-
lution of the PDF of the components, which component PDFs can be
measured or automatically generated.
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2.3 Thesis 3
The third thesis presents the applications of the model. The most relevant applica-
tion of the model is for protein engineering; to support users to design multivalent
proteins, the MVsim application was developed. MVsim is capable of modeling up to
trivalent receptors and up to three trivalent competing ligands in a fully parameter-
izable manner.

Furthermore, the supporting experiments for the development and validation of
the model are presented in this chapter. Alongside these experiments, further exam-
ples are presented where the model is capable of predicting or explaining relevant
and noncanonical behavior of multivalent systems.

Aside from precise predictions, the knowledge of multivalent proteins can be ap-
plied for semantic data labeling potentially multivalent proteins. Multivalent infor-
mation can be especially useful for network-based information. Especially in cases
where there is a weak connection between two potentially multivalent proteins; in
these cases, the score or weight of these edges could be increased automatically.

The statements of Thesis 3 can be summarised as follows:
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Figure 5: The MVsim interface where the user can choose the model and input the
parameters.
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Thesis 3.: The framework for multivalent binding kinetics can be used for
protein engineering, binding strength and specificity prediction, experiment
planning, validation and providing means to understand the underlying me-
chanics of multivalent interactions. Furthermore, the framework provides
explanation for multivalency-related inconsistencies of binding strength in
protein-protein networks.

1. To generalise the applicability of the model, a flexible tool was devel-
oped to support multivalent protein design by providing an accessible
tool to model and predict up to trivalent interactions.

2. It was demonstrated that, the model can predict avidity, specificity for
protein binding, experimental errors, and noncanonical results can be
explained using microstates.

3. Protein-protein network reliability can be improved by taking into ac-
count multivalent information.
The available binding strength data is based on a mixture of measure-
ments of multivalent and monovalent conformations of the proteins.
Using the framework and sufficient structural information, the ratio
between monovalent affinity and multivalent avidity can be predicted,
which improves the available data.
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