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Abstract: An important goal of biological research is to explain and hopefully predict cell behavior
from the molecular properties of cellular components. Accordingly, much work was done to build
extensive “omic” datasets and develop theoretical methods, including computer simulation and
network analysis to process as quantitatively as possible the parameters contained in these resources.
Furthermore, substantial effort was made to standardize data presentation and make experimental
results accessible to data scientists. However, the power and complexity of current experimental
and theoretical tools make it more and more difficult to assess the capacity of gathered parameters
to support optimal progress in our understanding of cell function. The purpose of this review is to
focus on biomolecule interactions, the interactome, as a specific and important example, and examine
the limitations of the explanatory and predictive power of parameters that are considered as suitable
descriptors of molecular interactions. Recent experimental studies on important cell functions, such
as adhesion and processing of environmental cues for decision-making, support the suggestion
that it should be rewarding to complement standard binding properties such as affinity and kinetic
constants, or even force dependence, with less frequently used parameters such as conformational
flexibility or size of binding molecules.

Keywords: systems biology; artificial intelligence; lymphocytes; catch bonds; bond strengthening;
molecular dynamics

1. Introduction: Why Is There a Need for Elaborate Parameters to Describe the
Properties of Cellular Components?

A long-term goal of cell biologists consists of explaining cell function with basic laws
of physics and chemistry [1,2]. This requires to address the following questions:

(i) Define and identify informative cell properties (i.e., features or attributes). The
choice of considering a particular property is somewhat arbitrary and depends on the
function that is being explored. As an example, the set of gene transcription rates may
be thought to account for a cell differentiation state [3]. More transient properties are
cell polarization, i.e., asymmetrical organization, or motility state: whether a cell is
immobile on a surface or migrating throughout a living organism. The activity of a
particular signaling pathway is another example. A cell state may be defined as the
time-dependent set of values of a suitable group of properties.

(ii) Define and identify the pieces of information, or signals, provided to cells by the
extracellular medium. A signal may consist of the application of a force on a region
of the cell membrane or binding of a ligand to a cell surface receptor. As will be
discussed below, multiple binding interactions are continually formed and broken,
and a choice may be necessary to define significant signals, which depends on the
function that is being explored. Additionally, the effect of a signal may be strongly
dependent on its localization and temporal evolution. These features must, therefore,
be included in the parameters used to describe signals.
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(iii) Discover rules allowing to predict the temporal evolution of cell states as a function of
received signals. It must be emphasized that the way rules are expressed may involve
somewhat hidden assumptions. Thus, it may be implicitly assumed that the description
of a cell state does not need to include its history, i.e., that cell evolution may be described
as a Markov process, an assumption that is not always warranted [4,5].

Thus, the first step of analyzing a cell function consists of selecting and defining
parameters that can be measured and processed and that will provide a suitable description
of cell properties. As an example, the property of a molecule A to bind to another molecule
B may be described by using the affinity constant, which is a quantitative parameter. A
property may also be described in a binary (or Boolean) way: when a couple of molecules
A and B is considered, it is described as “physically interacting” or not. The purpose of this
review is two-fold. Firstly, we shall briefly discuss the dependence of different methods
used to study cell functions on the initial choice of the parameters. Secondly, we shall focus
on the description of biomolecular interactions, since they are considered as prominent
contributors to cell function, and we shall ask whether the parameters currently used
to describe molecular interactions are sufficient to allow the tools currently used by cell
biologists to elucidate cell behavior.

2. The Initial Choice of Parameters Used to Describe Cell Properties Strongly
Influences the Performance of Quantitative Methods Currently Used to Study
Cell Function

Before focusing on the description of biomolecule interactions, it seemed useful to rapidly
discuss the power and limitations of strategies currently used to model cell function within
the domain of systems biology. Indeed, the information that can be obtained on cell function
is dependent on the choice of parameters that can be defined and measured, and the choice of
methods that will be used to process data. We shall describe several representative examples
of strategies that may be considered to study cells or cellular components.

2.1. An Exhaustive Ab Initio Description of Cell Function Seems Out of Reach in the Near Future,
and It Is Not as “Parameter-Independent” as Might Be Thought: Lessons from
Molecular Dynamics

Computer simulation is a powerful way of studying complex systems. Molecular
dynamics (MD) is a prominent example and it brought new information on protein struc-
ture and biomolecule interactions [6,7]. A brief discussion of the basic principles, recent
advances, and limitations seems warranted to discuss the relevance of this approach to
cell function. See, e.g., [8] for a technical description of Gromacs, a freely available MD
software providing a good example of currently performed MD simulations [9,10].

A typical MD computation consists of simulating the evolution of a protein molecule
in a box filled with water and ions. The current orders of magnitude are 100 nm for the
linear size of the box, 10,000 for the number of atoms in the protein, and 100,000 for the
number of water molecules or number of water atoms. A full description of the protein may;,
thus, involve an order of 60,000 parameters, corresponding to the positions and velocities
of all atoms. The simulation consists of starting from a reasonable conformation, usually on
the basis of a structure obtained by an experimental method such as X-ray crystallography,
and calculating the forces experienced by all atoms with empirical force fields in order to
determine the displacement and velocity changes of individual atoms during a time step
on the order of 1 fs (10715 s). This procedure is then repeated for at least several millions
of steps, with periodic recording of the parameters, yielding “trajectory files” that can be
processed to determine requested pieces of information. MD has been used for more than a
decade to obtain insight on ligand-receptor interactions [6]. This approach is now widely
used to address a variety of problems, such as an estimate of binding affinities [11], check
of the quality of experimentally determined structures [12], or assessment of the influence
of the conformational variability of proteins on docking behavior [13]. This strategy was,
thus, able to bring new insight into protein structure and function without any a priori
model of investigated phenomena.
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However, applying this powerful approach to whole cells is clearly out of reach: the
size of a typical cell is on the order of 10 um, and the number of atoms is, thus, 15'°-fold
higher than accessible with current MD simulations. The number of steps required to reach
physiologically significant time periods would need a more than 1000-fold increase. As
recently emphasized [2], the computational power required to deal with this complexity is
not expected to be available before many decades. Therefore, a drastic dimensional reduc-
tion would be required to simulate cellular systems. Noticeably, such simplification was
already required to explore physiologically relevant properties of single proteins or ligand-
receptor couples with MD. So-called coarse-grained simulations might consist of replacing
individual atoms with groups such as water molecules [14], accelerated sampling [15,16],
splitting long simulations by a number of shorter ones with different starting configurations
(so-called umbrella sampling), or increasing transition rates with well-chosen virtual forces
(steered MD) allowed to explore more extensive regions of conformational landscapes.

As was recently emphasized [17], a conventional simulation can now generate ter-
abytes of data, and data processing requires elaborate methods that are not always easy
to fathom, and the outcome of which may depend on the choice of parameters used to
describe studied systems. As an example, it was shown with a toy model that unsupervised
“machine learning” tools failed to identify important features of a system described with
cartesian coordinates rather than interatomic distances [17].

While a more detailed discussion of MD would not fit into the scope of this review,
this example clearly shows that any attempt at a quantitative understanding of cell function
should require for many years a huge simplification and a choice of a restricted set of
parameters that may strongly influence the outcome of modeling attempts.

2.2. The “Omic” Approach: Representative Examples of Strategies Used to Analyze Huge Datasets

During the last two decades, following the completion of the human genome project,
much effort was made to build extensive datasets of key cell properties, such as the status of
gene transcription (transcriptome [3]), protein content (proteome [18,19]), intracellular bio-
chemical reactions (metabolome [20]), or list of molecular interactions (interactome [21,22])
and computational tools were developed to process available data. Not surprisingly, the
power and limitations of data processing tools are highly dependent on the precise parame-
ters that are fed into databases. We shall give a few general examples before focusing on
parameters used to account for biomolecule interactions in Section 3.

2.2.1. Graph Theory, Networks, and Logic-Based Models

Networks, which are also called graphs in the mathematical literature, may be de-
fined as collections of points (also called nodes or vertices) joined in pairs by lines (also
called edges or links) [23]. This basic principle is displayed in Figure 1. They are widely
used in the biological literature to summarize large datasets. As an early example, an
analysis of inflammation was performed by using microarrays to measure the transcription
rate of 3714 genes in blood leukocytes of human volunteers before and 2, 4, 6, 9, and
24 h after intravenous injection of an inflammatory stimulus [24]. A statistical analysis
was performed to determine the genes that displayed increased, decreased, or constant
transcription rate. A computer-assisted analysis of over 200,000 scientific papers was
performed to identify connections of different types (e.g., physical or transcriptional) be-
tween gene pairs. The results were displayed as a network involving 1556 genes and their
interactions. Each gene was represented as a node with three discrete states. In a similar
spirit, integrin-mediated cell adhesion was analyzed by searching published data. The
results were represented as a network made of 156 nodes representing so-called adhesome
components and 690 interactions that might consist of physical interaction, activation, or
inhibition [25]. Network analysis was shown to yield valuable hints on the function of
displayed molecules [26,27]. Obviously, this analysis is strongly dependent on the choice
of parameters represented by the edges.
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Figure 1. Example of a network representation of six molecules (A, B, C, D, E, F) that may be, e.g.,
enzymes or cytoskeletal components. The edges may represent binding interactions, or enzyme
activation and inhibition. Network analysis may reveal remarkable patterns, also called motifs, that
can be ascribed a particular function (such as retroinhibition) [27]. A relatively independent group
(such as ABCF) may be viewed as a fairly autonomous module and represented by a single node for
network simplification. Additionally, the frequency of occurrence of a particular motif such as ABCF
in a huge network can be calculated, and this may be compared to the frequency expected with a
random distribution of edges [25].

This representation is a good starting point for the building of a Boolean network as
a basis of dynamic modeling of cell function [28-30]. This strategy was used to analyze
the differentiation of CD4+ T lymphocytes that play a key role in orchestrating immune
responses [29]: following stimulation with infectious agents, CD4+ may differentiate into
different subtypes that will preferentially activate a particular branch of the immune
response. Thus, Thl cells will enhance cellular effectors by activating cytotoxic T cells or
mononuclear phagocytes. Th2 cells will activate humoral responses. Treg cells will prevent
excessive activation and autoimmunity. The balance between possible differentiation
pathways may determine the outcome of an infection. Thus, intracellular pathogens are
known to escape antibody responses. It is, therefore, of prominent medical importance
to predict and possibly manipulate the outcome of a particular stimulation. The authors
scanned the scientific literature to build a regulatory network including 18 nodes (cytokines
or transcription factors) with two possible states (active or inactive) and Boolean algebraic
equations based on known biological data to obtain dynamical predictions. As an example,
the state of IL2-receptor at time t + 1 was calculated as {(IL-2 at time t) AND (NOT SOCS-1
at time t)}, (IL-2 is interleukin 2, SOCS is suppressor of cyokine synthesis). A notable
finding is that this approach yielded so-called attractors (as defined within the framework
of chaos theory), i.e., states that remain stationary and that were concluded to correspond
to already-known differentiation states. More recently, a similar strategy was used to
analyze the differentiation pathways followed by macrophages [31]. The Boolean model
comprised 29 nodes (such as cytokines or kinases) and 60 interactions. This was aimed at
better controlling the balance between pro- and anti-inflammatory fates.

These simple examples deserve some comments: (i) as was early emphasized, the use
of logic-based models made it possible to perform a dynamic treatment of complex systems
in absence of detailed quantitative experimental data [28,30]. (ii) This approach is appealing
since it is fairly easy to grasp intuitively. (iii) The validity is difficult to assess rigorously,
and it is not obvious to determine which features of a network may be considered as unique.
(iv) The building of the network is based on the use of arbitrary thresholds to achieve a
binary description of molecular states and interactions [29].

Therefore, it is not surprising that more quantitative models were considered to be
necessary to account for complex biological systems. Thus, fuzzy logic was proposed as
a more quantitative approach, with a possibility of more than two states of a node, and
probabilistic transitions [32]. Boolean models were transformed into quantitative models in
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order to make use of quantitative experimental data, and this approach was applied to a
study of T lymphocyte signaling [33]. However, a detailed discussion of these attempts
would not fall into the scope of the present review.

2.2.2. Viewing Cells as Mobile Points Moving on a Multidimensional Landscape

The starting point was a highly quoted metaphor by C. Waddington, who compared
differentiating cells to marbles rolling down a surface with valleys (corresponding to
developmental paths) and local minima [34,35]. This general representation recently
met with considerable success. In the widely used Pubmed database, the number of
papers retrieved with the “landscape” keyword increased from 269 to 10,468 (0.7% of
published papers) between the years 2000 and 2020. As an example, the reprogramming
of mouse embryonic fibroblasts into pluripotent stem cells was studied with single-cell
RNA sequencing [3]. A total of 315,000 cell samples were sampled at short time intervals
during an 18-day period and the cell trajectories in the developmental landscape were
derived with a mathematical procedure (so-called optimal transport theory) by relying on
the assumption that cells displayed straightforward displacement in a short time, and the
displacement probability did not depend on displacement history (following a Markov
model). A theoretical model of epithelial-to-mesenchyme transition was built on the
basis of 16 representative genes previously identified in experimental studies [36]. The
landscape metaphor was also used to account for different biological processes, such as the
signaling pathways of T lymphocyte activation, as revealed by analyzing cell proteome
and phosphoproteome [37], the immunological status of infected patients as a point in
a 19-dimensional space representing 19 blood cell types [38], or cell shape control by a
couple of interacting Rho GTpases [39]. More mathematically oriented reports aimed
at showing that the dynamics of complex systems were amenable to such a geometrical
representation [40,41].

This brief description deserves two remarks: (i) using models that were thoroughly
studied in other fields of science has long proved a very fruitful approach in the domain of
mathematics and physics. (ii) It may be difficult to assess the significance of parameters
that are fed into these models. Thus, epithelial-to-mesenchyme transition was modeled [36]
with a network involving 16 nodes representing genes or micro-RNAS, the relevance of
which was demonstrated experimentally. Activation, inhibition, and interactions were
modeled with functions involving a number of parameters, such as degradation rates
(16 parameters) or mutual activation (16 x 15 = 240 parameters are needed to account for
the effect of each component on the 15 others). In order to make the model manageable,
a number of parameters were slumped together, resulting in a total of five parameters.
Thus, while the model could yield metastable states and some path transitions consistent
with experimental data, it is very difficult to determine the actual biological significance of
nodes and activation parameters.

2.3. Data Processing with Multivariate Statistics and Machine Learning

Multivariate statistics [42] have long been used to analyze large biological datasets [43,44]
and perform tasks such as identification of important parameters (with techniques such as
principal component analysis), significant groups in large sets of points (with so-called clus-
tering techniques), or correlations between different parameters and prediction of outputs
from input parameters. Discrete data, such as DNA sequences, are particularly amenable to
these powerful methods, and user-friendly tools were developed to make them accessible to
a wide community of users [45]. Furthermore, during the last decade, artificial intelligence
was more and more successfully used to perform complex tasks due to the progress brought
by deep learning to conventional machine-learning technology [46—48]. This met with im-
pressive success in a wide variety of fields, including image analysis [49], medicine [50],
and protein studies [51]. It is, therefore, not surprising that machine learning is more and
more often used to analyze cell processes such as immune cell differentiation [52] or relate
DNA sequence to cell morphological patterns [53].
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However, despite impressive successes met by artificial intelligence in finding pat-
terns in complex datasets and predicting outputs, some unanswered questions hamper
their contribution to our understanding of cell function. First, the complexity of trained
networks caused them to be considered as black boxes, and attempts are currently done to
decrease their opacity [54,55] or increase reliability [56,57]. Secondly, a well-known caveat
of correlation studies is that a strong correlation between two parameters is not a proof of
a causal relationship between these, and unveiling causal relationships is by no means a
simple task [58]. This limitation is important because it may hamper the understanding of
a cellular process if the parameters used to describe this process are not directly involved
in its mechanism. Thus, the very efficiency of machine learning to find patterns in complex
datasets makes it difficult to conclude that the parameters used to measure the studied
phenomena were directly and causally related to cell function.

In conclusion: as shown by the few examples we described, much effort is currently
being made in gathering huge datasets to describe various cell functions, and highly
sophisticated methods are currently developed to try and interpret these data and identify
hopefully predictive rules. The significance of conclusions is dependent on the choice
of parameters used to describe experimental data. The growing complexity of currently
published papers makes it more and more difficult to assess the validity of models, and
intrinsic relevance of chosen parameters. In the following section, we shall try to clarify
this, admittedly too general and abstract, statement by considering a more specific question:
which parameters should be used to account for protein interactions in order to derive
optimal benefit from the enormous amount of available information.

3. Is There a Need for a More Precise Description of Biomolecule Interactions?
3.1. Current State of Interactome Databases

It has long been recognized that biophysical interactions between cell components
play a key role in the cell structure and function [6,21,59,60]. Cell cohesion obviously
needs stable attachments between structural molecules. Cell communication with the
outer world relies on the adhesion to other cells or surfaces, and recognition of soluble
or surface-bound mediators with hundreds of membrane receptors [61]. Generation and
propagation of intracellular signaling events relies on the formation and dissociation
of multimolecular complexes [62,63]. Molecular transport throughout cells is strongly
influenced by interdependent crowding and binding effects. Thus, much effort is currently
being made to gather extensive experimental information on biomolecule interactions
and particularly protein interactions, to build extensive maps of the so-called interactome.
While a detailed description of the current state of this highly moving field would obviously
fall outside the scope of this review, it is important to emphasize some points:

(i)  The term “interaction” may refer to different phenomena. Physical binding and unbinding
of a molecular pair in solution can be quantified with high accuracy with standard
techniques, as will be detailed below. High throughput maps of binary interactions
involving about 17,500 human proteins (about 90% of the protein-coding genome)
were built with the standard yeast two-hybrid method, yielding about 53,000 inter-
actions [60]. The validity of results was fed into public databases such as IntAct
(https:/ /www.ebi.ac.uk/intact/ accessed on 7 December 2021) after careful valida-
tion [60]. However, as was well acknowledged by the authors, the occurrence of
physiologically relevant molecular interactions requires that molecular partners might
encounter each other within cells. Additionally, molecular interactions may display
significant differences in vitro and within cells [64]. Affinity purification-mass spec-
trometry (AP-MS) is currently used to obviate this difficulty [65,66]. This relies on
the use of cells expressing tagged “baits” that may be purified after cell lysis before
identification of binding partners with quantitative mass spectrometry. As a recent
example, a network of 118,162 interactions among 14,586 proteins was obtained after
affinity-purification of 10,128 proteins expressed by human epithelial kidney cells,
yielding the Bioplex 3.0 network [21]. Interestingly, comparison with data obtained on
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another cell line (from human colorectal carcinoma) revealed, as expected, significant
differences between interatomic networks found with two different cell types. Addi-
tionally, when AP-MS was studied to monitor, for a period of time of 600 s, primary T
lymphocytes subjected to antigen-receptor mediated stimulation, the expected evo-
lution of signalosome interactions was clearly evidenced [65]. I conclusion, while a
reliable and nearly exhaustive network of the physical interaction of human proteins
under standard conditions may be available, an exhaustive description of interactions
involving relevant epigenetic states of the proteome and cellular environments is cur-
rently out of reach [21,60], despite the impressive amount of information gathered by
combining data mining and experiments, as exemplified by the STRING database [22].
As clearly stated [60]: “It remains infeasible to assemble a reference interactome
map by systematically identifying endogenous protein—protein interactions (PPIs) in
thousands of physiological and pathological cellular contexts”.

(ii) As already mentioned in the aforementioned examples, the quantitative properties of
biomolecule interactions may display huge variations. As an example, the dissociation
constant of biomolecular bonds may vary between picomolar values (as exemplified
by hormone-receptor interaction) and millimolar values [67], which may be considered
to represent ultra-weak interactions, of which the biological importance is, however,
recognized [68]. The lifetime of a ligand-receptor bond may vary between less than a
second (as was sometimes reported on cadherins [69] or antigen-antibody pairs [70])
and hours.

In conclusion, recent work has provided scientists with an extensive description of
biomolecular interactions that were represented as essentially qualitative networks. This
situation may be illustrated by a search made on several well-known databases to find
information on the interactome of P-selectin, an endothelial adhesion molecule that was
shown to mediate the rolling of blood leukocytes on inflamed endothelium by binding
to its main ligand PSGL-1 with a high binding rate and resistance to forces [71,72]. As
shown in Table 1, the P-selectin ligand was easily retrieved, but the specific quantitative
features of receptor-ligand interactions were not immediately displayed. The analysis
of these networks with suitable algorithms yielded new information on, e.g., signaling
pathways [37,65]. An open question is to know whether this basis may be sufficient to allow
a quantitative understanding and prediction of cell behavior provided suitable processing
methods are developed, or whether there is a need to incorporate a number of other
quantitative parameters in datasets. While it is certainly not possible to give a definitive
answer to these questions, it is certainly useful to review parameters recently used to
account for biomolecule interactions and discuss their relevance to cellular processes.

Table 1. Information given in representative public interactome database on P-selectin (CD62P)
interaction with PSGL1 (P selectin glycoprotein 1)/CD162 1

Affinity or . Nb of PUBLI-
Database Website C.D162 Kinetic Catch Rolhyg CATIONS
Ligand Bond Function
Constants Quoted
N https:/ /thebiogrid.org/ accessed on 7
Biogrid December 2021 ¥ - - - !
Di https://dip.doe-mbi.ucla.edu/dip/ accessed + ) ) )
P on 7 December 2021
HPRD http:/ /hprd.org/ accessed on 7 December 2021 + - - - 3
https://www.ebi.ac.uk/intact/ accessed on 7
IntAct December 2021 ¥ - - - 4
Mint https:/ /mint.bio.uniroma?2.it/ accessed on 7 B B B B B
December 2021
. https:/ /string-db.org/ accessed on 7
String December 2021 * ) ) * 0
. https:/ /www.uniprot.org/uniprot accessed on
Uniprot 7 December 2021 * /- ) * n

! Only immediately displayed information is shown. Bases are often interconnected and additional information
can be obtained by following several sequential links.
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3.2. Parameters Currently Available to Describe Biomolecule Interactions

In this section, we shall briefly describe methods currently available for quantitative
studies of ligand-receptor interaction and parameters yielded by these methods. In the
next section, we shall discuss the need of using these parameters to unravel cell function.

Here, our purpose is not to present an exhaustive description but only to give a feeling
for the kind of information that is currently available.

3.2.1. Interaction between Soluble Molecules and Surface-Bound Receptors

Surface plasmon resonance (SPR) is a widely used method [73,74]. A protein solution
is driven along a receptor-coated surface in a narrow channel and the amount of bound
material is determined in real time by probing the refractive index near the surface with
an evanescent wave. When equilibrium has been reached, the protein solution is replaced
with an empty buffer and the kinetics of protein release is determined. This method
allows label-free determination of the kinetic constants of bond formation and dissociation
(Figure 2), and the equilibrium constant can be calculated as the ratio between these kinetic
constants (Section 3.3). In contrast, standard radioimmunoassay (RIA) or enzyme-linked
immunosorbent assays (ELISA) only yield equilibrium constants. It is usually considered
that the mechanisms of interaction between a soluble and a surface-bound molecule are
comparable to the interaction between two soluble molecules; however, they are easier to
study. Another point is that the measured parameters represent average values of a large
number of molecules. The receptor and solute must be homogeneous.

RU 1 2
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Figure 2. Studying ligand-receptor interaction with SPR. (A) A ligand solution (blue disks) is
driven through a narrow channel, of which the floor is coated with receptor molecules. A laser
beam (green arrows) is used to probe the optical properties at the interface, allowing real-time
determination of the amount of bound material. (B) A typical curve. After an equilibration period,
the ligand solution is driven into the channel, resulting in progressive increase of bound material
(first arrow). The ligand solution is then replaced with an empty buffer and the ligand release is
monitored. The on- and off-rate can, thus, be determined. A significant cause of error is the presence
of molecular aggregates in the ligand solution.

3.2.2. Interaction between Surface-Bound Ligands and Receptors

The aforementioned methods are subject to two kinds of limitations (see [61] for
a recent discussion). First, important cell functions such as adhesion or migration on
surfaces are mediated by membrane receptors and surface-bound molecules. Second, as
will be described in Section 3.3.4, kinetic rates of bond formation and dissociation are not
sufficient to account for all important cell phenomena. These points are important since the
properties of interactions between surface-bound molecules (two-dimensional or so-called
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2D interaction) cannot be derived from data obtained with soluble molecules (so-called 3D
interactions) [75]). We shall briefly describe three methods that were widely used to study
2D interactions during the last two decades [70,76].

Atomic force microscopy (AFM) was very early used to study strong interactions, such as
streptavidin-biotin or antigen-antibody bonds. As depicted in Figure 3, the ligand-coated
nanometer-width tip of an AFM is pushed against a receptor-coated surface with a typical
force of order of 50-100 pN and a typical duration of order of 100 ms. The tip is, thus, sub-
jected to a disruptive force increasing with a constant rate called the loading rate, expressed
in pN/s. This setup was shown to evidence single-bond attachments that were usually
broken when the applied force ranged between a few tens of piconewtons [77,78] and nearly
200 pN [79]. The measured value is called the unbinding force. Several limitations must
be mentioned: first, the unbinding force is not an intrinsic molecular parameter, since it is
dependent on the loading rate. Second, the kinetic constant of bond formation is difficult
to estimate, since the contact area cannot be measured accurately, and the dependence of
the binding probability on contact duration is difficult to estimate. Third, the monitoring of
very weak bonds, such as the interaction between T cell receptors and their ligand, may be
difficult to achieve [80].
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Figure 3. Atomic Force microscopy. (A) The ligand-coated tip (blue triangle) is bound to a flat
spring (cantilever), bearing a mirror that reflects a laser beam (red arrows) towards a detector (D),
allowing rapid and sensitive determination of vertical displacements. The receptor-bearing sample is
deposited on a receptor-coated block (dotted surface S) driven by a piezoelectric device that is moved
up and down. (B) Real-time determination of the force applied on the tip. Contact is achieved during
an upward move (2), and the surface is, thus, lowered, resulting in a progressively increasing force
(3) until the bond is broken (4).

The biomembrane force probe (BFP) allowed to increase the sensitivity and resolution of
force studies performed with the AFM. The basic principle consisted of replacing the AFM
cantilever with an inflatable vesicle that might be viewed as a tunable spring, as depicted in
Figure 4. This allowed to vary the loading rate over a very wide range of nearly 10 orders of
magnitude. The analysis of the dependence of unbinding force on loading rate, later dubbed
“dynamic force spectroscopy”, yielded some information of the shape of the energy/distance
curve of the ligand receptor complex [81]. This point will be discussed below.
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P1
P2

Figure 4. Biomembrane force probe. A ligand-derivatized microsphere B (gray disk) is glued to a
soft vesicle, such as an erythrocyte (V), and sucked with controlled pressure into a micropipette (P1).
A receptor-bearing cell C is held with a piezoelectric-driven micropipette (P2) and driven against the
microsphere. The force is derived with high sensitivity from the microsphere displacement, since the
vesicle acts as a soft and tunable spring.

The laminar flow chamber (LFC, Figure 5) has been used for nearly three decades to
study the formation and rupture of single molecular attachments between surface-bound
molecules. This technique was extensively described in a previous review [82] and important
results obtained with the LFC were recently reviewed [61]. Briefly, receptor-bearing cells or
microspheres are driven along surfaces sparsely coated with ligand molecules with a low
shear hydrodynamic flow, which imparts to them a typical velocity on the order of tens of
um/s. Particle movement is tracked automatically with a system typically yielding a space
and time resolution of tens of nm for position (if particles are microspheres) and 20 ms (using
standard video cameras), respectively. A single molecular bond is sufficient to stop the particle
since the applied hydrodynamic force may be as low as a few piconewtons. The duration of
contact between ligand and receptor molecules may be estimated as a function of molecular
length. Varying the flow velocity allows to derive quantitative relationships between the
contact duration, force on the bond, binding frequency, and distribution of arrest duration.

Z: v=Gz/ .
| > position
| ,arrest duration,
b i -
/
time
A B

Figure 5. The laminar flow chamber. (A) a receptor-derivatized microsphere (blue disk) is driven
along a surface coated with very low ligand densities with a low shear laminar flow. The hydrody-
namic force on a bond maintaining the microsphere at rest may be as low as a few piconewtons [82].
An automated tracking system yields a plot of cell movement (B). Periods of constant velocity dis-
placements are interspersed with arrests of varying duration. Arrest frequency and duration are
tightly related to the molecular rate of bond formation and dissociation.
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The laminar flow chamber provided an efficient means of obtaining large statistics
on the formation and dissociation of weak bonds with a subsecond lifetime. A common
problem with AFM, BFP, and LFC is to ensure that monitored binding events are indicative
of single molecular bonds [83]. This is easily achieved with LEC by checking that sequential
dilutions of the density of binding sites on the chamber floor result in decrease of bond
formation without bond lifetime alteration.

3.2.3. Additional Parameters May Be Obtained with Computer Simulation

The continuous improvement of molecular dynamics in the last few decades [84] has
made it possible to obtain extensive information on the formation and rupture of bonds
between proteins subjected to controlled forces that were introduced at will as constraints.
While it is not yet feasible to monitor a molecular complex for several seconds, clever
tricks, such as steered molecular dynamics or umbrella sampling, made it possible to obtain
accurate information on the conformational changes and intermediate states displayed by
receptors and ligand molecules during the binding and unbinding process. This provided
a highly valuable help to achieve a quantitative understanding of molecular interactions.
However, the very abundance of experimental and simulated data [17] now raises two
important questions: (i) which set of parameters can give a sufficiently exhaustive and still
manageable account of the binding process and (ii) which information is actually needed to
achieve a reasonably accurate understanding of cell function. These key points, which are
dependent on available tools for data gathering and data processing, will be considered in
the following section. Interestingly, the insufficient incorporation of structural information
in systems biology was recently emphasized [85]

3.3. Physical and Biological Significance of Parameters Allowing to Account for
Biomolecule Interactions

3.3.1. The Equilibrium Constant

The law of mass action has long been considered as a fundamental basis for under-
standing atomic and molecular association, and it was the subject of whole books [86].
Indeed, three decades ago, the concept of affinity was considered to dominate most think-
ing about complex biological reactions [87]. It is well known that when two molecular
species A and B forming a complex AB are mixed and left to reach equilibrium, the final
concentrations of A, B, and AB are related by the following simple equation:

[AB]eq/[A]eq'[B]eq =Ky = 1/Kd (1)

where K, is the affinity constant and K the dissociation constant, which are usually ex-
pressed in M~! and M, respectively. K, is close to the (dimensionless) quantity exp(—AF° /RT),
where AF° is the standard free energy, R is the perfect gas constant, and T is the absolute
temperature (see [70] for details). Importantly, AF°® contains a term accounting for the
structural reorganization of A and B during complex formation and a so-called connection
term accounting for the loss of some degrees of freedom of A and B (such as translational
and rotational motion) after bond formation.

The dissociation constant K4 of biomolecular bonds may vary over more than ten
orders of magnitude (from millimolar values reported on ultraweak interactions [67] to
femtomolar affinity of the streptavidin-biotin couple [70]). It might seem reasonable to
hypothesize that there is a need to know the affinity of reported interactions to understand
their function. However, the utility of quantitative affinity data is hampered by two
important limitations.

1. Itis difficult to use Equation (1) to assess the biological significance of a reported inter-
action. Indeed, it would reasonable to conclude that an interaction AB is significant
if either K4[A] or K;[B] is not too close to zero. But this would require to know the
value of [A] close to a molecule [B] or [B] close to [A], which is not always the case.
As a striking example, it was recently shown that spatio-temporal cAMP signaling
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is under precise control of nanoscale domains [88]. Additionally, local molecular
crowding may alter effective concentrations [89]. More generally, the in vivo affinity
of a reaction may differ significantly from the affinity measured in a standard buffer.
Thus, the qualitative demonstration of a physical interaction between two molecules
within a cell as evidenced with AP-MS [21] may be more informative than quantitative
in vitro affinity measurement.

2. Many biomolecule interactions involve surface-bound molecules. Indeed, as was
recently emphasized [90], nearly 30% of human genes encode membrane proteins.
Unfortunately, as already explained [75], the affinity between surface-bound molecules
is difficult to derive from 3D affinity, and even to define: the outcome of an encounter
between two bound molecules is dependent on a number of parameters independent
of binding sites such as molecular length and flexibility [91], lateral mobility, and
distance between surfaces [92].

In conclusion, the affinity constant may not be the most useful parameter to assess the
influence of a given interaction on cell function.

3.3.2. Kinetic Rates Provide an Informative Means of Accounting for
Biomolecule Interactions

The simplest way of describing the time-dependence of association between molecules
A and B is to use the well-known two-parameter equation [70]:

d[AB]/dt = kon [A] [B] — koft [AB] 2

where the rate of bond formation (on-rate) kon and the rate of complex dissociation (off-rate)
kot are related to the equilibrium constants as:

Ka = kon/koft; Kg = Koff/Kon 3)

As was recently reviewed [61], this kinetic description provided a substantial help
to the analysis of complex biological phenomena. An early example is the attachment of
blood leukocytes to the vessel walls as an early step of inflammation. This was found to
proceed as a two-step phenomenon. Leukocytes first move along the inflamed endothelium
with a jerky motion called rolling, and then stop. Rolling is essentially mediated by
selectin molecules, whereas integrins make cells stop. This difference was ascribed to
a rapid binding kinetics of selectins as compared to integrins [71]. Another example is
the triggering of immune responses by T lymphocytes detecting a foreign antigen such
as a viral protein exposed by an infected cell [93]: the task of a lymphocyte consists of
recognizing an antigen out of a few tens of copies of complexes (pMHC) made of a major
histocompatibility complex molecule (MHC) and a viral oligopeptide (p) that is buried
among nearly 100,000 pMHCs differing by only a few amino-acids. Detection must occur
during an intercellular contact lasting only few minutes, and the detection specificity was
claimed to approach the physical limits of the specificity of molecular interactions [93]. An
early finding was that the lifetime of pMHC interaction with T lymphocyte receptors (TCRs)
was a key parameter for recognition. These two examples support the intuitive assumption
that kinetic parameters may help us determine the significance of a molecular interaction.
Stable bonds may be expected to play a key role in cell structure. Transient interactions are
expected to drive the diffusion of intracellular molecules, signal formation and propagation,
cell displacement, and detection of specific molecular patterns on neighboring surfaces.

However, the biological information provided by the on-rate and the off-rate is ham-
pered by two difficulties:

1. First, biomolecular attachments often appear as multistep reactions, the description
of which may require numerous parameters to account for several energy barriers in
reaction paths. The number of required parameters was somewhat reduced when it
was found that the kinetics of bond formation between different antigen and antibody
might be modeled as a progression along a rugged energy landscape, accounted



Curr. Issues Mol. Biol. 2022, 44

517

for by a single effective diffusion constant, and matched the intuitively appealing
interpretation that bond formation required a minimal contact time that was estimated
as a few milliseconds [94-96]. Thus, in contrast with the predictions of Equation (2),
a fairly long contact may not always be replaced with many transient ones to allow
bond formation.

2. Second, the on-rate is difficult to define under 2D conditions, since it depends on many
properties independent of the molecular binding interface [75,92]. Additionally, the
bond lifetime is certainly as dependent on the disruptive forces exerted by surfaces,
as it depends on the intrinsic bond stability [97].

In conclusion, while there is an absolute requirement for some information on the
kinetic properties of a biomolecule interaction to understand its biological function, there
remains to determine if the use of the on-rate and the off-rate is sufficiently exhaustive to
contain this information. In particular, it might be of interest to explore the predictive value
of the minimal time of bond formation we have just mentioned [96].

3.3.3. Accounting for the Effect of Forces on Bonds

As indicated in the previous section, while the off-rate of a bond involving soluble
molecules under standard conditions may be considered as a well-defined parameter, the
rupture of a bond formed between surface-attached molecules is strongly dependent on
the time dependence [81] and direction [98] of applied forces. This is important since cells
continually apply forces on many molecules, including membrane receptors involved in
adhesion, such as integrins, or communication, such as notch [99,100], T cell receptors [101],
and cytoskeleton-associated molecules [102]. Understanding cell function, therefore, re-
quires a suitable description of the effect of forces on molecular bonds. A number of
parameters were used for this purpose.

The bond strength, i.e., the force needed to “rapidly” break a bond seemed a con-
venient parameter when this was studied with experimental methods described in Sec-
tion 3.2.1. Reported orders of magnitude varied between a few tens of piconewtons, as
exemplified by T cell receptors [80], and hundreds of piconewtons, as exemplified by
selectins [79]. An exceptionally high adhesive strength of over 2000 pN was reported for a
bacterial adhesin [103].

The problem is that while bond strength is an appealing parameter, it is not well
defined. As was clearly noted by George Bell in a widely quoted paper [104], bond rupture
is a random phenomenon, the frequency of which depends on applied forces. Bell suggested
the following formula, which is often referred to as Bell’s equation [105,106]:

Kofe(F) = kogt(0) exp (aF/kgT) 4)

where k(F) is the off-rate of a bond subjected to a pulling force F, kg is Boltzmann’s
constant, T is the absolute temperature, and a is a parameter with the dimension of a length.
This empirical formula can be made intuitive with a very naive model: bond rupture
may be viewed as the exit of a particle from an energy well. The exit probability may be
approximated as the frequency of attempts to exit multiplied by the probability of success,
which is expected to be close to the probability that the particle energy is higher than the
energy barrier W. The probability of success should thus be proportional to exp(-W /kgT),
according to Boltzmann's law. A force F is expected decrease W by the product a.F, where a
is the distance between the energy barrier and the resting position. This simple law was
found to give a satisfactory account of effect of force on selectin-mediated bonds [105], and
the results obtained on other ligand receptor-couples such as antigen-antibody [107] or
streptavidin-biotin [81] could be interpreted by assuming that the reaction path involved
several sequential barriers.

However, the conclusion that bond rupture could be adequately described with a two-
parameter equation was disproved by the experimental finding that the force dependence
of the off-rate was not always monotonous. Instead, the off-rate of so-called catch-bonds
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is lowest (and the bond lifetime is accordingly highest) for a value of the pulling force
that is often of order of a few tens of piconewtons [72,108]. While much effort was made
to elucidate the mechanisms of the so-called catch-bond phenomenon with molecular
dynamics [109,110] and/or theoretical studies [106,111,112], no phenomenological equa-
tion gained a wide acceptance to replace Equation (4). Note also that some geometrical
parameters, such as the force direction, are not accounted for by Bell’s equation [98,113].

Another problem was raised by quantitative studies made on biomolecular bonds: an
implicit assumption underlying the aforementioned descriptions was that all studied bonds
had reached an equilibrium state. However, this is not always warranted by experiments.
Experimental studies performed with flow chambers rapidly evidenced the formation
of transient attachments by molecules that were considered as strong binders, such as
antibodies [107], integrins [114], or even streptavidin [115]. Indeed, this finding is fully
consistent with the existence of multiple barriers on reaction paths [81]. Thus, it is not
surprising that the stability of a molecular bond might be dependent on its history. As a
minimal model, it was shown that the dependence of the off-rate on the bond age followed
the following simple phenomenological law [116,117]:

Koff(t) = Kof(0)/ (1 + x ) ©)

The dependence of the so-called strengthening parameter « on forces was approxi-
mated with an affine law for an antibody, and it was found independent of force for another
antibody [117].

Thus, a complete description of the effect of forces on bonds would require to choose
and measure more than one parameter. It is important to ask whether such a task would
be warranted. It is, therefore, useful to discuss available information about the physiolog-
ical relevance of the force dependence of ligand receptor bonds. In addition to a recent
review [61], we shall briefly mention some important examples:

1. Integrin mediated cell adhesion. Integrins are important mediators of cell adhesion. A
well-known peptide ligand of integrins (the RGD tripeptide) was bound to surfaces
with DNA constructs of varying strengths. Cell adhesion required that the linkers be
able to resist a force of at least 40 pN for 2 s [118].

2. Signaling. Similarly, the use of calibrated DNA tethers showed that notch signal-
ing required that the strength of the ligand attachment to a surface be higher than
12 pN [118]. When T lymphocytes were made to contact ligands deposited on a probe
connected to a BFP allowing real-time determination of interaction force, the trigger-
ing of a calcium rise indicative of cell activation was correlated to the application of
a force of about 10 pN on the TCR [119]. Additionally, a force of 10 pN applied on
TCRs with an optical trap was reported to strongly increase signaling [119]. Further-
more, some reports supported the hypothesis that TCR signaling required that the
TCR-ligand bond behave as a catch bond [119,120]. More work is, however, needed
to assess the generality of this requirement [96]. More recently, it was suggested that
talin, a cytoskeleton associated molecules that acted as a force sensor, could filter
mechanical noise as a consequence of specific mechanical properties [102].

3. Ligand discrimination. The capacity of membrane receptors to discriminate between a
high number of potential ligands is an essential requirement for cell function. It is,
therefore, important to emphasize that forces may play an important role in ligand
discrimination. The capacity of B lymphocytes to select and extract antigens bound to
surfaces was shown to rely on forces [121,122]. Forces were also reported to modulate
the preference of «v33 integrin for fibronectin or vitronectin [123].

Thus, many important reports support the view that forces play an important role in

cell function and warrant the search for a suitable set of parameters providing a sufficiently
exhaustive and manageable account of the effect of forces on molecular interactions.
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3.3.4. Receptor Length and Conformational Dynamics

In addition to the thermodynamic, kinetic, and mechanical properties of intermolecular
bonds that were thoroughly studied during decades, we shall now briefly mention some loosely
defined properties of receptor molecules that may strongly influence cell function but are not
usually directly included in the description of binding properties. At least three important
processes are not fully accounted for by aforementioned properties of molecular interactions:

1.  In addition to the molecular properties of binding sites, the efficiency of the bond
formation between surface-attached molecules is strongly dependent on the length
and flexibility of binding molecules so that binding sites might contact each other
with a suitable orientation [91]. As a well-known example, the remarkable capacity of
P-selectin molecules to tether rapidly flowing leukocytes in blood vessels is partly due
to the unusually high length of the ligand-receptor couple (nearly 0.1 um). Length
and flexibility also play an important role in modulating multivalent attachments that
are key to the avidity of interactions. Avidity might be loosely defined as some kind
of “functional affinity” [116].

2. Receptor-mediated signaling is also highly dependent on the capacity of binding
molecules to form multivalent attachments, since clustering of membrane molecules
is often a key event of signal generation [61]. Indeed, an early step of the triggering of
a signaling cascade is often the phosphorylation of a dedicated site on a molecule by
a kinase brought close to this site. The molecular reach of molecules such as kinases
or phosphatases is obviously dependent on the size and conformational flexibility of
involved molecules [124]. Another important role of receptor length in the signaling
process is the reorganization of intercellular contact zones as a consequence of the
exclusion of bulky molecules from tight contact zones generated by short ligand-
receptor couples. The importance of this mechanism was well demonstrated since the
exclusion of the bulky CD45 phosphatase was found sufficient to trigger a signaling
cascade in T lymphocytes [125-127].

3.  The formation of multimolecular assemblies plays an important role in signal gen-
eration (as related to signalosome formation) as well as cell structural organization.
Conformation flexibility may play a key role in this process [128] if bond forma-
tion results in the transient appearance of docking sites that may recruit additional
molecules. Two points may be mentioned in this respect. (i) For the sake of simplic-
ity, model systems used to study molecular associations most often rely on binary
interactions with the underlying assumption that they are additive, which is not
always warranted [129]. (ii) Recent progress in molecular dynamics may strongly
improve our understanding of reaction paths and transient molecular states, which
may increase our interest in ternary and multimolecular interactions.

4. Discussion and Conclusions: What Is the Take-Home Message?

The purpose of this review was to select a sufficient number of experimental and theo-
retical results to convince the reader that the parameters currently used to feed interactome
databases might be insufficient to support optimal progress in the explanation and predic-
tion of cell function. Indeed, while much effort was made to standardize the description
of biomolecule interactions in order to make information optimally available [130,131] or
facilitate retrieval by automated methods [132], there is no known procedure allowing
to assess the utility of the more and more numerous pieces of information yielded by
experimental studies and simulation of single bond formation and dissociation.

While it was considered important to mention as noticeable examples some properties
such as bond strengthening or the flexibility of binding molecules as potentially useful
features to improve our understanding of cell function, if was obviously not feasible to
present a clear-cut list of parameters that need to be added to interactome databases.
However, the points detailed below might be worth to keep in mind.

A first question is to know whether there is an absolute need to feed interactome
databases with quantitative parameters such as equilibrium or kinetic constants. Indeed,
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the seemingly obvious feeling that cell function is too complex to be liable to a description
by qualitative information was formulated three decades ago in a Nature editorial [133].
Additionally, the complexity of molecular interactions might be considered as less amenable
to qualitative descriptions than DNA sequence. However, as reviewed above, recent math-
ematical use of Boolean networks showed that important conclusions could be obtained
by processing qualitative parameters, and it was emphasized that a strong limitation of
quantitative treatments lies in the impossibility of knowing the precise state of a system [28].
Additionally, a time-series of qualitative set of data [65] might be sufficiently informative
to unravel complex phenomena.

A second point is that different parameters may be needed to predict and to under-
stand cell function. This is exemplified in a spectacular way by the progress of artificial
intelligence, and this is remarkably illustrated by a recent breakthrough in the study of
protein structure. While a quantitative account of intermolecular forces seems an obvious
way of explaining protein structure, spectacular progress was obtained by using deep
learning to take advantage of already known proteins to “guess” the structure of a new
molecule [134].

Third, recent evolution of molecular dynamics may support the long-standing idea that
a thorough description of cell behavior from basic molecular mechanisms should benefit
from the study of intermediate scales (or so-called mesoscale phenomena) [93]. Indeed, the
size limitation of systems that are liable to computer simulation for a reasonably long period
of time was often successfully extended by taking use of coarse-grained descriptions that
consisted of replacing individual atoms by weakly coupled subsystems [135] in addition
to the development of smart sampling methods facilitating the study of rare events [84].
Clearly, different parameters may be required to account for different behavior scales.
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protein—protein interaction, TCR: T cell receptor.

References

1. Alberts, B.; Johnson, A.; Lewis, ].; Morgan, D.; Raff, M.; Roberts, K.; Walter, P. Molecular Biology of the Cell, 6th ed.; Garland: New
York, NY, USA, 2015.

2. Netz, R.; Eaton, W.A. Estimating computational limites on theoretical descriptions of biological cells. Proc. Natl. Acad. Sci. USA
2021, 118, €2022753118. [CrossRef] [PubMed]

3. Schiebinger, G.; Shu, ]J.; Tabaka, M.; Cleary, B.; Subramanian, V.; Solomon, A.; Gould, J.; Liu, S.; Lin, S.; Berube, P; et al. Optimal-
transport analysis of single-cell gene expression identifies developmental trajectories in reprogramming. Cell 2019, 176, 928-943.
[CrossRef] [PubMed]

4. Sander, M.; Dobicki, H.; Ott, A. Large amplitude oscillatory shear rheology of living fibroblasts: Path-dependent steady states.
Biophys. |. 2017, 113, 1561-1573. [CrossRef] [PubMed]

5. Prentice-Mott, H.V.; Meroz, Y.; Carlson, A.; Levine, M.A.; Davidson, M.W.; Irimia, D.; Charras, G.T.; Mahadevan, L.; Shah, J.V.
Directional memory arises from long-lived cytoskeletal asymmetries in polarized chemotactic cells. Proc. Natl. Acad. Sci. USA
2016, 113, 1272-1627. [CrossRef] [PubMed]

6. Bongrand, P. Biomolecular Recognition: The Current Challenge. In Dynamic Force Spectroscopy and Biomolecular Recognition;

Bizzari, A.R., Cannistraro, R., Eds.; CRC Press: Boca Raton, FL, USA, 2012; pp. 1-50. Available online: http://www.hal.inserm.fr/
inserm-01070064 (accessed on 7 December 2021).


http://doi.org/10.1073/pnas.2022753118
http://www.ncbi.nlm.nih.gov/pubmed/33495364
http://doi.org/10.1016/j.cell.2019.01.006
http://www.ncbi.nlm.nih.gov/pubmed/30712874
http://doi.org/10.1016/j.bpj.2017.07.032
http://www.ncbi.nlm.nih.gov/pubmed/28978448
http://doi.org/10.1073/pnas.1513289113
http://www.ncbi.nlm.nih.gov/pubmed/26764383
http://www.hal.inserm.fr/inserm-01070064
http://www.hal.inserm.fr/inserm-01070064

Curr. Issues Mol. Biol. 2022, 44 521

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

Battimelli, G.; Ciccotti, G.; Greco, P. Computer Meets Theoretical Physics; Springer: Cham, Switzerland, 2021; pp. 1-148.

Abraham, M.].; van der Spoel, D.; Lindahl, E.; Hess, B., GROMACS Development Team. GROMACS User Manual Version 5.07. 2015.
Available online: www.gromacs.org (accessed on 11 December 2019).

Mykuliak, V.V.; Sikora, M.; Booth, J.V.,; Cieplak, M.; Shalashilin, D.V.; Yytonen, V.P. Mechanical unfolding of proteins—A
comparative nonequilibrum molecular dynamics study. Biophys. J. 2020, 119, 939-949. [CrossRef]

Wang, Y.; Liu, M.; Gao, J. Enhanced receptor binding of SARS-CoV-2 through networks of hydrogen-bonding and hydrophobic
interactions. Proc. Natl. Acad. Sci. USA 2020, 117, 13967-13974. [CrossRef]

Chen, C.; Boorla, VS.; Banerjee, D.; Chowdhury, R.; Cavener, V.S,; Nissly, R H.; Gontu, A.; Boye, N.R.; Vandegrift, K.; Nair, M.S; et al.
Computational prediction of the effect of amino acid changes on the binding affinity between Sars-CoV-2 spike RBD and human
ACE2. Proc. Natl. Acad. Sci. USA 2021, 118, €2106480118. [CrossRef]

Croll, T.I; Williams, C.J.; Chen, V.B.; Richardson, D.C.; Richardson, ].S. Improving Sars-CoV-2 structures: Peer review by early
coordinate release. Biophys. J. 2021, 120, 1085-1096. [CrossRef]

Kamenik, A.S.; Singh, I; Lak, P; Balius, T.E.; Liedl, K.R.; Shoichet, B.K. Energy penalties enhance flexible receptor docking in a
model cavity. Proc. Natl. Acad. Sci. USA 2021, 118, €2106195118. [CrossRef]

Wang, Z.; Jumper, ].M.; Freed, K.F; Sosnick, T.R. On the interpretation of force-induced unfolding studies of membrane proteins
using fast simulations. Biophys. ]. 2019, 117, 1429-1441. [CrossRef]

Dickson, A. Mapping the ligand binding landscape. Biophys. J. 2018, 115, 1707-1719. [CrossRef]

Ozsvar, J.; Wang, R.; Tarakanova, A.; Buehler, M.].; Weiss, A.S. Fuzzy binding model of molecular interactions between tropoelastin
and integrin alphaVbeta3. Biophys. |. 2021, 120, 3138-3151. [CrossRef]

Fleetwood, O.; Kasimova, M.A.; Westerlund, A.M.; Delemotte, L. Molecular insights from conformational ensembles via machine
learning. Biophys. J. 2020, 118, 765-780. [CrossRef]

Kusebauch, U.; Campbell, D.S.; Deutsch, EW.; Chu, C.S.; Spicer, D.A.; Brusniak, M.-Y,; Slagel, J.; Sun, Z.; Stevens, J.; Grimes, B.;
et al. Human SRMAtlas: A Resource of Targeted Assays to Quantify the Complete Human Proteome. Cell 2016, 166, 766-778.
[CrossRef]

Liu, Y,; Zeng, R.; Wang, R.; Weng, Y.; Wang, R.; Zou, P.; Chen, PR. Spatiotemporally resolved subcellular proteomics. Proc. Natl.
Acad. Sci. USA 2021, 118, €2025299118. [CrossRef]

Saoi, M.; Britz-McKibbin, P. New advances in tissue metabolomics: A review. Metabolites 2021, 11, 672. [CrossRef]

Huttlin, E.L.; Bruckner, R.J.; Navarrete-Perea, J.; Cannon, J.R.; Baltier, K.; Gebreab, F.; Gygi, M.P.,; Thornock, A.; Zarraga, G.;
Tam, S.; et al. Dual proteome-scale networks reveal cell-specific remodeling of the human interactome. Cell 2021, 184, 3022-3040.
[CrossRef]

Szklarczyk, D.; Gable, A.L.; Nastou, K.C.; Lyon, D.; Kirsch, R.; Pyysalo, S.; Doncheva, N.T.; Legeay, M.; Fang, T.; Bork, P,;
et al. The STRING database in 2021: Customizable protein-protein networks, and functional characterization of user-uploaded
gene/measureent sets. Nucleic Acids Res. 2021, 49, D605-D612. [CrossRef]

Newman, M.E]J. Networks; Oxford University Press: Oxford, UK, 2010; pp. 1-12.

Calvano, S.E.; Xiao, W.; Richards, D.R.; Felciano, R.M.; Baker, H.; Cho, R.; Chen, R.O.; Brownstein, B.H.; Cobb, ]J.P.; Tschoeke,
S.K,; et al. Inflammation and host response to injury large scale collaborative research. A network-based analysis of systemic
inflammation in humans. Nature 2005, 432, 1032-1037. [CrossRef]

Zaidel-Bar, R.; Itzkovitz, S.; Maayan, A.; Iyengar, R.; Geiger, B. Functional atlas of the integrin adhesome. Nat. Cell Biol. 2007, 9,
858-867. [CrossRef]

Barabasi, A.-L.; Oltvai, Z.N. Network Biology: Understanding the cell’s functional organization. Nat. Rev. Genet. 2004, 5, 101-113.
[CrossRef]

Alon, U. Network motifs: Theory and experimental approaches. Nat. Rev. Genet. 2007, 8, 450-461. [CrossRef]

Morris, M.K,; Saez-Rodriguez, J.; Sorger, PK.; Lauffenburger, D.A. Logic-based models for the analysis of cell signaling networks.
Biochemistry 2010, 49, 3216-3224. [CrossRef]

Martinez-Sanchez, M.E.; Mendoza, L.; Villareal, C.; Alvarez-Buylla, E.R. A minimal regulatory network of extrinsic and intrinsic
factors recovers observed patterns of CD4+ T cell differentiation and plasticity. PLoS Comput. Biol. 2015, 11, e1004324. [CrossRef]
Schwab, ].D.; Ikonomi, N.; Werle, S.D.; Weidner, EM.; Geiger, H.; Kestler, H.A. Reconstructing boolean network ensembles from
single-cell data for unraveling dynamics in the aging of human hematopoietic stem cells. Comp. Struct. Biotechnol. J. 2021, 19, 5321-5332.
[CrossRef]

Avila-Ponce de Leon, U.; Vazquez-Jimenez, A.; Madadamas-Guzman, M.; Pelayo, R.; Resendis-Antonio, O. Transcriptional
and microenvironmental landscape of macrophage transition in cancer: A boolean analysis. Front. Immunol. 2021, 12, 642842.
[CrossRef]

Adridge, B.B.; Saez-Rodriguez, J.; Muhlich, J.L.; Sorger, PK.; Lauffenburger, D.A. Fuzzy logic analysis of kinase pathway crosstalk
in TNF/EGF/Insulin-induced signaling. PLoS Comput. Biol. 2009, 5, e1000340.

Wittmann, D.M.; Krumsiek, J.; Saez-Rodriguez, J.; Lauffenburger, D.A.; Klamt, S.; Theis, EJ. Transforming Boolean models to
continuous models: Methodology and application to T-cell receptor signaling. BMC Syst. Biol. 2009, 3, 98. [CrossRef]

Wang, J.; Zhang, K.; Xu, L.; Wang, E. Quantifying the Waddington landscape and biological paths for development and
differentiation. Proc. Natl Acad. Sci. USA 2011, 108, 8257-8262. [CrossRef]


www.gromacs.org
http://doi.org/10.1016/j.bpj.2020.07.030
http://doi.org/10.1073/pnas.2008209117
http://doi.org/10.1073/pnas.2106480118
http://doi.org/10.1016/j.bpj.2020.12.029
http://doi.org/10.1073/pnas.2106195118
http://doi.org/10.1016/j.bpj.2019.09.011
http://doi.org/10.1016/j.bpj.2018.09.021
http://doi.org/10.1016/j.bpj.2021.04.037
http://doi.org/10.1016/j.bpj.2019.12.016
http://doi.org/10.1016/j.cell.2016.06.041
http://doi.org/10.1073/pnas.2025299118
http://doi.org/10.3390/metabo11100672
http://doi.org/10.1016/j.cell.2021.04.011
http://doi.org/10.1093/nar/gkaa1074
http://doi.org/10.1038/nature03985
http://doi.org/10.1038/ncb0807-858
http://doi.org/10.1038/nrg1272
http://doi.org/10.1038/nrg2102
http://doi.org/10.1021/bi902202q
http://doi.org/10.1371/journal.pcbi.1004324
http://doi.org/10.1016/j.csbj.2021.09.012
http://doi.org/10.3389/fimmu.2021.642842
http://doi.org/10.1186/1752-0509-3-98
http://doi.org/10.1073/pnas.1017017108

Curr. Issues Mol. Biol. 2022, 44 522

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.
49.

50.
51.
52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

Morris, R.; Sancho-Martinez, I.; Sharpee, T.O.; Belmonge, J.C.I. Mathematical approaches to modeling development and
reprogramming. Proc. Natl. Acad. Sci. USA 2014, 111, 5076-5082. [CrossRef]

Lang, J.; Nie, Q.; Li, C. Landscape and kinetic path quantify critical transitions in epithelial-mesenchyme transition. Biophys. J.
2021, 120, 4484-4500. [CrossRef] [PubMed]

Tan, H; Yang, K,; Li, Y.; Shaw, T.I.; Wang, Y.; Blanco, D.B.; Wang, X.; Cho, J.-H.; Wang, H.; Rankin, S; et al. Integrative proteomics
and phosphoproteomics profiling reveals dynamic signaling networks and bioenergetics pathways underlying T cell activation.
Immunity 2017, 46, 488-503. [CrossRef] [PubMed]

Bolouri, H.; Speake, C.; Skibinski, D.; Long, S.A.; Hocking, A.M.; Campbell, D.J.; Hamerman, J.A.; Malhotra, U.; Buckner, ]. H.
Benaroya Research Institute Covid-19 Research Team. The Covid-19 immune landscape is dynamically and reversibly correlated
with disease severity. |. Clin. Investig. 2021, 131, e143648. [CrossRef] [PubMed]

Zmurchok, C.; Holmes, W.R. Simple Rho GTPase dynamics generate a complex regulatory landscape associated with cell shape.
Biophys. |. 2020, 118, 1438-1454. [CrossRef]

Rand, D.A.; Raju, A.; Saez, M.; Corson, E; Siggia, E.D. Geometry of gene regulatory dynamics. Proc. Natl. Acad. Sci. USA 2017,
118, €2109729118. [CrossRef]

Venkatachalapathy, H.; Azarin, S.; Sarkar, C.A. Trajectory-based energy landscapes of gene regulatory networks. Biophys. J. 2021,
120, 687-698. [CrossRef]

Hastie, T.; Tibshirani, R.; Friedman, J. The Elements of Statistical Learning, 2nd ed.; Springer: New York, NY, USA, 2017; pp. 1-8,
Corrected at 12th printing.

Lee, S.-I1.; Batzoglou, S. Application of independent component analysis to microarrays. Genome Biol. 2003, 4, R76. Available
online: http://genomebiology.com/2003/4/11/R76 (accessed on 28 December 2009). [CrossRef]

Lutter, D.; Ugocscai, P.; Grandl, M.; Orso, E.; Theis, F; Lang, E'W.; Schmitz, G. Analyzing M-CSF dependent mono-
cyte/macrophage differentiation: Expression modes and meta-modes derived from an independent component analysis. BMC
Bioinform. 2008, 9, 100. [CrossRef]

Rajaei, P; Jahanian, K.H.; Beheshti, A.; Band, S.S.; Dehzangi, A.; Alinejad-Rokny, H. VIRMOTIF: A user-friendly tool for viral
sequence analysis. Genes 2021, 12, 186. [CrossRef]

LeCun, Y,; Bengio, Y.; Hinton, G. Deep learning. Nature 2015, 521, 436—444. [CrossRef]

Sejnowski, T.J. The unreasonable effectiveness of deep learning in artificial intelligence. Proc. Natl. Acad. Sci. USA 2020, 117,
30033-30038. [CrossRef]

Baraniuk, R.; Donoho, D.; Gavish, M. The science of deep learning. Proc. Natl. Acad. Sci. USA 2020, 117, 30029-30032. [CrossRef]
Krizhevsky, A.; Sutskever, I.; Hinton, G. ImageNet classification with deep convolutional networks. Proc. Adv. Neural Inf. Process.
Syst. 2012, 25, 1090-1098. [CrossRef]

Goecks, |.; Jalili, V.; Heiser, L.M.; Gray, ].W. How machine learning will transform biomedicine. Cell 2020, 181, 92-101. [CrossRef]
Callaway, E. It will change everything:Al makes gigantic leap in solving protein structures. Nature 2020, 588, 203—204. [CrossRef]
Maslova, A.; Ramirez, R.N.; Ma, K; Schmutz, H.; Wang, C.; Fox, C.; Ng, B.; Benoist, C.; Mostafavi, S.; Project, I.G. Immunological
genome project. Deep learning of immune cell differentiation. Proc. Natl. Acad. Sci. USA 2020, 117, 25655-25666. [CrossRef]
Nagata, Y.; Zhao, R.; Awada, H.; Kerr, C.M.; Mirzaev, I.; Kongkiatkamon, S.; Nazha, A.; Makishima, H.; Radivoyevitch, T.; Scott,
J.G.; et al. Machine learning demonstrates that somatic mutations imprint invariant morphologic features in myelodysplastic
syndromes. Blood 2020, 136, 2249-2262. [CrossRef]

Papyan, V.; Han, X.Y.; Donoho, D.L. Prevalence of neural collapse during the terminal phase of deep learning training. Proc. Natl.
Acad. Sci. USA 2020, 117, 24652-24663. [CrossRef]

Amey, ].L.; Keeley, J.; Choudhury, T.; Kuprov, I. Neural network interpretation using descrambler groups. Proc. Natl. Acad. USA
2021, 118, €2016917118. [CrossRef]

Haibe-Kains, B.; Adam, G.A.; Hosny, A.; Khodakarami, F; Shraddha, T.; Kusko, R.; Sansone, S.-A.; Tong, W.; Wolfinger, R.D.;
Mason, C.E.; et al. Transparency and reproducibility in artificial intelligence. Nature 2020, 586, E14-E16. [CrossRef]

Eshete, B. Making machine learning trustworthy. Science 2021, 373, 743-744. [CrossRef]

Stavroglou, S.K.; Pantelous, A.A; Stanley, E.H.; Zuev, K M. Unveiling causal interactions in complex systems. Proc. Natl. Acad.
Sci. USA 2020, 117, 7599-7605. [CrossRef]

Huttlin, E.L.; Bruckner, R.J.; Paulo, J.A.; Cannon, J.R.; Ting, L.; Baltier, K.; Colby, G.; Gebreab, F.; Gygi, M.P,; Parzen, H.; et al.
Architecture of the human interactome defines protein communities and disease networks. Nature 2017, 545, 505-509. [CrossRef]
Luck, K; Kim, D.-K,; Lambourne, L.; Spirohn, K.; Begg, B.E.; Bian, W.; Brignall, R.; Cafarelli, T.; Campos-Laborie, E].; Charloteaux, B.;
et al. A reference map of the human binary protein interactome. Nature 2020, 580, 402-408. [CrossRef]

Puech, P.-H.; Bongrand, P. Mechanotransduction as a major driver of cell behaviour: Mechanisms, and relevance to cell
organization and future research. Open Biol. 2021, 11, 210256. [CrossRef]

Ghosh, L; Singh, R.K.; Mishra, M.; Kapoor, S.; Jana, S.S. Switching between blebbing and lamellipodia depends on the degree of
non-muscle myosin II activity. J. Cell Sci. 2021, 134, jcs248732.

Dadwall, N.; Mix, C.; Reinhold, A.; Witte, A.; Freund, C.; Schraven, B.; Kliche, S. The multiple roles of the cytosolic adapter
proteins ADAP, SKAP1 and SKAP2 for TCR/CD3-mediated signaling events. Front. Immunol. 2021, 12, 703534. [CrossRef]
Ostrowska, N.; Feig, M.; Trylska, J. Crowding affects structural dynamics and contributes to membrane association of the NS3/4A
complex. Biophys. J. 2021, 120, 3795-3806. [CrossRef]


http://doi.org/10.1073/pnas.1317150111
http://doi.org/10.1016/j.bpj.2021.08.043
http://www.ncbi.nlm.nih.gov/pubmed/34480928
http://doi.org/10.1016/j.immuni.2017.02.010
http://www.ncbi.nlm.nih.gov/pubmed/28285833
http://doi.org/10.1172/JCI143648
http://www.ncbi.nlm.nih.gov/pubmed/33529167
http://doi.org/10.1016/j.bpj.2020.01.035
http://doi.org/10.1073/pnas.2109729118
http://doi.org/10.1016/j.bpj.2020.11.2279
http://genomebiology.com/2003/4/11/R76
http://doi.org/10.1186/gb-2003-4-11-r76
http://doi.org/10.1186/1471-2105-9-100
http://doi.org/10.3390/genes12020186
http://doi.org/10.1038/nature14539
http://doi.org/10.1073/pnas.1907373117
http://doi.org/10.1073/pnas.2020596117
http://doi.org/10.1145/3065386
http://doi.org/10.1016/j.cell.2020.03.022
http://doi.org/10.1038/d41586-020-03348-4
http://doi.org/10.1073/pnas.2011795117
http://doi.org/10.1182/blood.2020005488
http://doi.org/10.1073/pnas.2015509117
http://doi.org/10.1073/pnas.2016917118
http://doi.org/10.1038/s41586-020-2766-y
http://doi.org/10.1126/science.abi5052
http://doi.org/10.1073/pnas.1918269117
http://doi.org/10.1038/nature22366
http://doi.org/10.1038/s41586-020-2188-x
http://doi.org/10.1098/rsob.210256
http://doi.org/10.3389/fimmu.2021.703534
http://doi.org/10.1016/j.bpj.2021.07.008

Curr. Issues Mol. Biol. 2022, 44 523

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.
85.

86.
87.
88.

89.
90.

91.

92.

93.

Voisinne, G.; Kersse, K.; Chaoui, K; Lu, L.; Chaix, J.; Zhang, L.; Goncalves Menoita, M.; Girard, L.; Ounoughene, Y.; Wang, H.;
et al. Quantitative interactomics in primary T cells unveils TCR signal diversification extent and dynamics. Nat. Immunol. 2019,
20, 1530-1541. [CrossRef]

Hein, M.Y.; Hubner, N.C,; Poser, I; Cox, J.; Nagaraj, N.; Toyoda, Y.; Gak, L. A.; Weisswange, I.; Mansfeld, J.; Bucholz, F.; et al.
A human interactome in three quantitative dimensions organized by stoichiometries and abundances. Cell 2015, 163, 712-723.
[CrossRef]

Kale, S.; Strickland, M.; Peterkofsly, A ; Liu, J.; Tjandra, N. Model of a kinetically driven crosstalk between paralogous protein
encounter complexes. Biophys. J. 2019, 117, 1655-1665. [CrossRef] [PubMed]

Parker, B.W.; Goncez, E.J.; Krist, D.T.; Statsyuk, A.V.; Nesvizhskii, A.I.; Weiss, E.L. Mapping low-affinity /high-specificity peptide-
protein interactions using ligand-footprinting mass spectrometry. Proc. Natl. Acad. Sci. USA 2019, 116, 21001-21011. [CrossRef]
[PubMed]

Shashikanth, N.; Kisting, M.A.; Leckband, D.E. Kinetic measurements reveal enhanced protein-protein interactions at intercellular
junctions. Sci. Rep. 2016, 6, 23623. [CrossRef] [PubMed]

Bongrand, P. Ligand-receptor interactions. Rep. Prog. Phys. 1999, 62, 921-968. Available online: https://www.hal.inserm.fr/hal-
00320498 (accessed on 7 December 2021). [CrossRef]

Lawrence, M.; Springer, T.A. Leukocytes Roll on a Selectin at Physiologic Flow Rates: Distinction from and Prerequisite for
Adhesion through Integrins. Cell 1991, 65, 859-873. [CrossRef]

Marshall, B.T.; Long, M.; Piper, ] W.; Yago, T.; McEver, R.P.; Zhu, C. Direct observation of catch bonds involving cell-adhesion
molecules. Nature 2003, 423, 190-193. [CrossRef]

Rispens, T.; Velthuis, H.T.; Hemker, P; Speijer, H.; Hermens, W.; Aarden, L. Label-free assessment of high-affinity antibody-antigen
binding constants. Comparison of bioassay, SPR, and PEIA-ellipsometry. J. Immunol. Methods 2011, 365, 50-57. [CrossRef]
Heinrich, L.; Tissot, N.; Hartmann, D.J.; Cohen, R. Comparison of the results obtained by ELISA and surface plasmon resonance
for the determination of antibody affinity. J. Immunol. Methods 2010, 352, 13-22. [CrossRef]

Pierres, A.; Benoliel, A.M.; Zhu, C.; Bongrand, P. Diffusion of microspheres in shear flow near a wall: Use to measure binding
rates between attached molecules. Biophys. |. 2001, 81, 25-42. [CrossRef]

Robert, P.; Benoliel, A.M.; Pierres, A.; Bongrand, P. What is the biological relevance of the specific bond properties revealed by
single-molecule studies? ]. Mol. Recognit. 2007, 20, 432—447. [CrossRef]

Pyrpassopoulos, S.; Shuman, H.; Ostap, E.M. Adhesion force and attachment lifetime of the KIF16B-PX domain interaction with
lipid membranes. Mol. Biol. Cell 2017, 28, 3315-3322. [CrossRef]

Paananen, A.; Weich, S.; Szilvay, G.R.; Leitner, M.; Tappura, K.; Ebner, A. Quantifying biomolecular hydrophobicity: Single
molecule force spectroscopy of class Il hydrophobins. J. Biol. Chem. 2021, 296, 100728. [CrossRef]

Farzi, B.; Young, D.; Scrimgeour, J.; Cetinkaya, C. Mechanical properties of P-selectin PSGL-1 bonds. Colloids Surf. B Biointerfaces
2019, 173, 529-538. [CrossRef]

Puech, P-H.; Nevoltris, D.; Robert, P.; Limozin, L.; Boyer, C.; Bongrand, P. Force measurements of TCR/pMHC recognition at T
cell surface. PLoS ONE 2011, 6, e22344. [CrossRef]

Merkel, R.; Nassoy, P; Leung, A.; Ritchie, K.; Evans, E. Energy landscapes of receptor-ligand bonds explored with dynamic force
spectroscopy. Nature 1999, 397, 50-53. [CrossRef]

Pierres, A.; Benoliel, A.M.; Bongrand, P. Studying molecular interactions at the single bond level with a laminar flow chamber.
Cell. Mol. Bioeng. 2008, 1, 247-262. [CrossRef]

Johnson, K.C.; Thomas, W.E. How do we know when single-molecule force spectroscopy really tests single bonds? Biophys. ].
2018, 114, 2032-2039. [CrossRef]

Makarov, D.E. Life in silico: Are we close yet? Proc. Natl. Acad. Sci. USA 2021, 118, e2100278118. [CrossRef]

Murray, D.; Petrey, D.; Honig, B. Integrating 3D structural information into systems biology. . Biol. Chem. 2021, 296, 100562.
[CrossRef]

Koudriavtsev, A.B.; Jameson, R.F.; Linert, W. The Law of Mass Action; Springer: Berlin/Heidelberg, Germany, 2001; 328p.
Williams, A.F. Out of equilibrium. Nature 1991, 353, 473-474. [CrossRef]

Bock, A.; Annibale, P.; Konrad, C.; Hannawacker, A.; Anton, S.E.; Maiellaro, I.; Zabel, U.; Sivaramakrishnan, S.; Falcke, M.; Lose,
M.]. Optical mapping of cAMP signaling at the nanometer scale. Cell 2020, 182, 1519-1530. [CrossRef]

Stroberg, W.; Schnell, S. Concentration sensing in crowded environments. Biophys. . 2021, 120, 1718-1731. [CrossRef]

Cao, S.; Peterson, S.M.; Miiller, S.; Reichelt, M.; McRoberts Amador, C.; Martinez-Martin, N. A membrane protein display
platform for receptor interactome discovery. Proc. Natl. Acad. Sci. USA 2021, 118, e2025451118. [CrossRef]

Pierres, A.; Benoliel, A.M.; Bongrand, P. Studying receptor-mediated cell adhesion at the single molecule level. Cell Adhes.
Commun. 1998, 5, 375-395. Available online: http://www.hal.inserm.fr/inserm-00358477 (accessed on 7 December 2021).
[CrossRef]

Barua, D.; Nagel, M.; Winklbauer, R. Cell-cell contact landscapes in Xenopus gastrula tissues. Proc. Natl. Acad. Sci. USA 2021, 118,
€2107953118. [CrossRef]

Malissen, B.; Bongrand, P. Early T cell activation: Integrating biochemical, structural, and biophysical cues. Annu. Rev. Immunol.
2015, 33, 539-561. [CrossRef]


http://doi.org/10.1038/s41590-019-0489-8
http://doi.org/10.1016/j.cell.2015.09.053
http://doi.org/10.1016/j.bpj.2019.09.035
http://www.ncbi.nlm.nih.gov/pubmed/31623885
http://doi.org/10.1073/pnas.1819533116
http://www.ncbi.nlm.nih.gov/pubmed/31578253
http://doi.org/10.1038/srep23623
http://www.ncbi.nlm.nih.gov/pubmed/27009566
https://www.hal.inserm.fr/hal-00320498
https://www.hal.inserm.fr/hal-00320498
http://doi.org/10.1088/0034-4885/62/6/202
http://doi.org/10.1016/0092-8674(91)90393-D
http://doi.org/10.1038/nature01605
http://doi.org/10.1016/j.jim.2010.11.010
http://doi.org/10.1016/j.jim.2009.10.002
http://doi.org/10.1016/S0006-3495(01)75677-9
http://doi.org/10.1002/jmr.827
http://doi.org/10.1091/mbc.e17-05-0324
http://doi.org/10.1016/j.jbc.2021.100728
http://doi.org/10.1016/j.colsurfb.2018.10.017
http://doi.org/10.1371/journal.pone.0022344
http://doi.org/10.1038/16219
http://doi.org/10.1007/s12195-008-0031-9
http://doi.org/10.1016/j.bpj.2018.04.002
http://doi.org/10.1073/pnas.2100278118
http://doi.org/10.1016/j.jbc.2021.100562
http://doi.org/10.1038/352473a0
http://doi.org/10.1016/j.cell.2020.07.035
http://doi.org/10.1016/j.bpj.2021.02.035
http://doi.org/10.1073/pnas.2025451118
http://www.hal.inserm.fr/inserm-00358477
http://doi.org/10.3109/15419069809010783
http://doi.org/10.1073/pnas.2107953118
http://doi.org/10.1146/annurev-immunol-032414-112158

Curr. Issues Mol. Biol. 2022, 44 524

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.
105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Robert, P; Limozin, L.; Pierres, A.; Bongrand, P. Biomolecule association rates do not provide a complete description of bond
formation. Biophys. J. 2009, 96, 4642-4650. [CrossRef]

Limozin, L.; Bongrand, P; Robert, L. A rough energy landscape to describe surface -linked antibody and antigen bond formation.
Sci. Rep. 2016, 6, 35193. [CrossRef] [PubMed]

Limozin, L.; Bridge, M.; Bongrand, P.; Dushek, O.; van der Merwe, P.A.; Robert, P. TCR-pMHC kinetics under force in a cell-free
system show no intrinsic catch bond, but a minimal encounter duration before binding. Proc. Natl. Acad. Sci. USA 2019, 116,
16943-16948. [CrossRef] [PubMed]

Pullen, R.H., III; Abel, S.M. Catch bonds at T cell interfaces: Impact of surface reorganization and membrane fluctuations. Biophys.
J. 2017, 113, 120-131. [CrossRef] [PubMed]

Gruber, S.; Loft, A.; Sedlak, S.M.; Benoit, M.; Gaub, H.E.; Lipfert, J. Designed anchoring geometries determine lifetimes of
biotin-streptavidin bonds under constant load and enable ulstra-stable coupling. Nanoscale 2020, 12, 21131-21137. [CrossRef]
Luca, V.C; Kim, B.C.; Ge, C.; Kaluda, S.; Wu, D.; Roein-Peikar, M.; Haltiwanger, R.S.; Zhu, C.; Ha, T.; Garcia, K.C. Notch-Jagged
complex structure implicates a catch bond in tuning ligand sensitivity. Science 2017, 355, 1320-1324. [CrossRef]

Zhang, Y.; Qiu, Y.; Blanchard, A.T.; Chang, Y.; Brockmann, ].M.; Ma, V.P.-Y,; Lam, W.A.; Salaita, K. Platelet integrins exhibit
anisotropic mechanosensing and harness piconewton forces to mediate platelet aggregation. Proc. Natl. Acad. Sci. USA 2018, 115,
325-330. [CrossRef]

Folser, M.; Motsch, V.; Platzer, R.; Huppa, ].B.; Schiitz, G.J. A multimodal platform for simultaneous T-cell imaging, defined
activation, and mechanobiological characterization. Cells 2021, 10, 235. [CrossRef]

Tapia-Rojo, R.; Alonso-Caballero, A.; Fernandez, ].M. Talin folding as the tuning fork of cellular mechanotransduction. Proc. Natl.
Acad. Sci. USA 2020, 117, 21346-21353. [CrossRef]

Milles, L.F.; Schulten, K.; Gaub, H.E.; Bernardi, R.C. Molecular mechanism of extreme mechanostability in a pathogen adhesin.
Science 2018, 259, 1527-1533. [CrossRef]

Bell, G.I. Models for the specific adhesion of cells to cells. Science 1978, 200, 618-627. [CrossRef]

Chen, S.; Springer, T.A. Selectin receptor-ligand bonds: Formation limited by shear rate and dissociation governed by the Bell
model. Proc. Natl. Acad. Sci. USA 2001, 98, 950-955. [CrossRef]

Chakrabarti, S.; Hinczewski, M.; Thirumalai, D. Phenomenological and microscopic theories for catch bonds. . Struct. Biol. 2017,
197,50-56. [CrossRef]

Pierres, A.; Benoliel, A.M.; Bongrand, P. Measuring the lifetime of bonds made between surface-linked molecules. J. Biol. Chem.
1995, 270, 26586-26592. [CrossRef]

Thomas, W.E.; Trintchina, E.; Forero, M.; Vogel, V.; Sokurenko, E.V. Bacterial adhesion to target cells enhanced by shear force. Cell
2002, 109, 913-923. [CrossRef]

Jahed, Z.; Haydari, Z.; Rathish, A.; Mofrad, M.R.K. Kindlin is mechanosensitive: Force-induced conformational switch mediates
cross-talk among integrins. Biophys. J. 2019, 116, 1011-1024. [CrossRef] [PubMed]

Hwang, W.; Mallis, R.J.; Lang, M.].; Reinherz, E.L. The «3TCR mechanosensor exploits dynamic ectodomain allostery to optimize
its ligand recognition site. Proc. Natl. Acad. Sci. USA 2020, 117, 21336-21345. [CrossRef] [PubMed]

Adhikari, S.; Moran, J.; Weddle, C.; Hinczewski, M. Unraveling the mechanism of cadherin-catenin-actin catch bond. PLoS
Comput. Biol. 2018, 14, €1006399. [CrossRef] [PubMed]

Dahlke, K.; Zhao, J.; Sing, C.E.; Banigan, E.J. Force-dependent facilitated dissociation can generate protein-DNA catch bonds.
Biophys. |. 2019, 117, 1085-1100. [CrossRef] [PubMed]

Kim, S.T.; Takeuchi, K.; Sun, Z.-Y.].; Touma, M.; Castro, C.E.; Fahmy, A.; Lang, M.].; Wagner, G.; Reinherz, E.L. The ab T cell
receptor is an anisotropic mechanosensor. J. Biol. Chem. 2009, 284, 31028-31037. [CrossRef]

Vitte, J.; Benoliel, A.M.; Eymeric, P.; Bongrand, P.; Pierres, A. Beta 1 integrin-mediated adhesion may be initiated by multiple
incomplete bonds, thus accounting for the functional importance of receptor clustering. Biophys. |. 2004, 86, 4059-4074. [CrossRef]
Pierres, A.; Touchard, D.; Benoliel, A.M.; Bongrand, P. Dissecting streptavidin-biotin interaction with a laminar flow chamber.
Biophys. J. 2002, 82, 3214-3223. [CrossRef]

Lo Schiavo, V.; Robert, P.; Limozin, L.; Bongrand, P. Quantitative modeling assesses the contribution of bond strenthening,
rebinding and force sharing to the avidity of biomolecule interactions. PLoS ONE 2012, 7, e44070. [CrossRef]

Gonzalez, C.; Chames, P; Kerfelec, B.; Baty, D.; Robert, P.; Limozin, L. Nanobody-CD16 catch bond reveals NK cell mechanosensi-
tivity. Biophys. J. 2019, 116, 1516-1526. [CrossRef]

Wang, X.; Ha, T. Defining single molecular forces required to activate integrin and notch signaling. Science 2013, 340, 991-994.
[CrossRef]

Liu, B.; Chen, W.; Evavold, B.D.; Zhu, C. Accumulation of dynamic catch bonds between TCR and agonist peptide-MHC triggers
T cell signaling. Cell 2014, 157, 357-368. [CrossRef]

Sibener, L.V.; Fernandes, R.A.; Kolawole, EM.; Carbone, C.B.; Liu, F; McAffee, D.; Birnbaum, M.E.; Yang, X.; Su, L.E; Yu, W.; et al.
Isolation of a structural mechanism for uncoupling T cell receptor signaling from peptide-MHC binding. Cell 2018, 174, 672-687.
[CrossRef]

Natkanski, E.; Lee, W.-Y.; Mistry, B.; Casal, A.; Molloy, ].E.; Tolar, P. B cells use mechanical energy to discriminate antigen affinities.
Science 2013, 340, 1587-1590. [CrossRef]


http://doi.org/10.1016/j.bpj.2009.03.020
http://doi.org/10.1038/srep35193
http://www.ncbi.nlm.nih.gov/pubmed/27731375
http://doi.org/10.1073/pnas.1902141116
http://www.ncbi.nlm.nih.gov/pubmed/31315981
http://doi.org/10.1016/j.bpj.2017.05.023
http://www.ncbi.nlm.nih.gov/pubmed/28700910
http://doi.org/10.1039/D0NR03665J
http://doi.org/10.1126/science.aaf9739
http://doi.org/10.1073/pnas.1710828115
http://doi.org/10.3390/cells10020235
http://doi.org/10.1073/pnas.2004091117
http://doi.org/10.1126/science.aar2094
http://doi.org/10.1126/science.347575
http://doi.org/10.1073/pnas.98.3.950
http://doi.org/10.1016/j.jsb.2016.03.022
http://doi.org/10.1074/jbc.270.44.26586
http://doi.org/10.1016/S0092-8674(02)00796-1
http://doi.org/10.1016/j.bpj.2019.01.038
http://www.ncbi.nlm.nih.gov/pubmed/30819565
http://doi.org/10.1073/pnas.2005899117
http://www.ncbi.nlm.nih.gov/pubmed/32796106
http://doi.org/10.1371/journal.pcbi.1006399
http://www.ncbi.nlm.nih.gov/pubmed/30118477
http://doi.org/10.1016/j.bpj.2019.07.044
http://www.ncbi.nlm.nih.gov/pubmed/31427067
http://doi.org/10.1074/jbc.M109.052712
http://doi.org/10.1529/biophysj.103.038778
http://doi.org/10.1016/S0006-3495(02)75664-6
http://doi.org/10.1371/journal.pone.0044070
http://doi.org/10.1016/j.bpj.2019.03.012
http://doi.org/10.1126/science.1231041
http://doi.org/10.1016/j.cell.2014.02.053
http://doi.org/10.1016/j.cell.2018.06.017
http://doi.org/10.1126/science.1237572

Curr. Issues Mol. Biol. 2022, 44 525

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.
134.

135.

Kumari, A.; Pineau, J.; Saez, PJ.; Maruin, M.; Lankar, D.; San Roman, M.; Hennig, K.; Boura, V.E; Voituriez, R.; Karlsson, M.C.L;
et al. Actomysosin-driven force patterning controls endocytosis at the immune synapse. Nat. Com. 2019, 10, 2870. [CrossRef]
Bachmann, M.; Schifer, M.; Mykuliak, V.V; Ripamonti, M.; Heiser, L.; Weissenbruch, K.; Kriibel, S.; Franz, C.M.; Hytonen, V.P;
Wehrle-Haller, B.; et al. Induction of ligand promiscuity of aVb3 integrin by mechanical force. J. Cell Sci. 2020, 133, jcs242404.
[CrossRef]

Clemens, L.; Kutuzov, M.; Bayer, K.V.; Goyette, J.; Allard, J.; Duschek, O. Determination of the molecular reach of the protein
tyrosine phosphatase SHP-1. Biophys. J. 2021, 120, 2054-2066. [CrossRef]

Davis, S.J.; van der Merwe, P.A. The kinetic-segregation model: TCR triggering and beyond. Nat. Immunol. 2006, 7, 803-809.
[CrossRef]

Chang, V.T,; Fernandes, FA.; Ganzinger, K.A.; Lee, S.E; Siebold, C.; McColl, J.; Jonsson, P.; Palayret, M.; Harlos, K.; Coles, C.H.;
et al. Initiation of T cell signaling by CD45 segregation at ‘close contacts’. Nat. Immunol. 2016, 17, 574-582. [CrossRef]

Razvag, Y.; Neve-Oz, Y.; Sajman, J.; Yakovian, O.; Reches, M.; Sherman, E. T-cell activation through isolated tight contacts. Cell
Rep. 2019, 29, 3506-3521. [CrossRef]

Van Hateren, A.; Anderson, M.; Bailey, A.; Werner, ] M.; Skipp, P,; Elliott, T. Direct evidence for conformational dynamics in major
histocompatibility complex class I molecules. J. Biol. Chem. 2017, 292, 20255-20269. [CrossRef]

Boulton, S.; Van, K.; VanSchouwen, B.; Augustine, J.; Akimoto, M.; Melacini, G. Allosteric mechanisms of nonadditive substituent
contributions to protein-ligand binding. Biophys. J. 2020, 119, 1135-1146. [CrossRef]

Orchard, S.; Kerrien, S.; Abbani, S.; Aranda, B.; Bhate, J.; Bidwell, S.; Bridge, A.; Briganti, L.; Brinkman, FS.L.; Cesareni, G.;
et al. Protein interaction data curation: The international molecular exchange (IMEx) consortium. Nat. Methods 2012, 9, 345-350.
[CrossRef]

Snider, J.; Kotlyar, M.; Saraon, P; Yao, Z.; Jurisica, I.; Stagljar, I. Fundamentals of protein interaction network mapping. Mol. Syst.
Biol. 2015, 11, 848. [CrossRef]

Srivasta, P.; Bej, S.; Yordanova, K.; Wolkenhauer, O. Self-attention based models for the extraction of molecular interactions from
biological texts. Biomolecules 2021, 11, 1591. [CrossRef]

Maddox, J. Is molecular biology yet a science? Nature 1992, 355, 201. [CrossRef]

Jumper, J.; Evans, R,; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.; Tunyasuvunakool, K.; Bates, R.; Zidek, A.; Potapenko,
A.; et al. Highly accurate protein structure prediction with AlphaFold. Nature 2021, 596, 583-589. [CrossRef]

Hempel, T.; del Razo, M.].; Lee, C.T.; Taylor, B.C.; Amaro, R.E.; Noé, F. Independent markov decomposition: Toward modeling
kinetics of biomolecular complexes. Proc. Natl. Acad. Sci. USA 2021, 118, €2105230118. [CrossRef]


http://doi.org/10.1038/s41467-019-10751-7
http://doi.org/10.1242/jcs.242404
http://doi.org/10.1016/j.bpj.2021.03.019
http://doi.org/10.1038/ni1369
http://doi.org/10.1038/ni.3392
http://doi.org/10.1016/j.celrep.2019.11.022
http://doi.org/10.1074/jbc.M117.809624
http://doi.org/10.1016/j.bpj.2020.07.038
http://doi.org/10.1038/nmeth.1931
http://doi.org/10.15252/msb.20156351
http://doi.org/10.3390/biom11111591
http://doi.org/10.1038/355201a0
http://doi.org/10.1038/s41586-021-03819-2
http://doi.org/10.1073/pnas.2105230118

	Introduction: Why Is There a Need for Elaborate Parameters to Describe the Properties of Cellular Components? 
	The Initial Choice of Parameters Used to Describe Cell Properties Strongly Influences the Performance of Quantitative Methods Currently Used to Study Cell Function 
	An Exhaustive Ab Initio Description of Cell Function Seems Out of Reach in the Near Future, and It Is Not as “Parameter-Independent” as Might Be Thought: Lessons from Molecular Dynamics 
	The “Omic” Approach: Representative Examples of Strategies Used to Analyze Huge Datasets 
	Graph Theory, Networks, and Logic-Based Models 
	Viewing Cells as Mobile Points Moving on a Multidimensional Landscape 

	Data Processing with Multivariate Statistics and Machine Learning 

	Is There a Need for a More Precise Description of Biomolecule Interactions? 
	Current State of Interactome Databases 
	Parameters Currently Available to Describe Biomolecule Interactions 
	Interaction between Soluble Molecules and Surface-Bound Receptors 
	Interaction between Surface-Bound Ligands and Receptors 
	Additional Parameters May Be Obtained with Computer Simulation 

	Physical and Biological Significance of Parameters Allowing to Account for Biomolecule Interactions 
	The Equilibrium Constant 
	Kinetic Rates Provide an Informative Means of Accounting for Biomolecule Interactions 
	Accounting for the Effect of Forces on Bonds 
	Receptor Length and Conformational Dynamics 


	Discussion and Conclusions: What Is the Take-Home Message? 
	References

