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a b s t r a c t

During in vitro selection process, it is very valuable to monitor the binding properties of the ligand
population in real time, particularly the population average of the association constant in the population.
If this monitoring can be realized, the selection process can be controlled in a rational way. In this paper,
we present a simple method to estimate the binding properties of the ligand population during in vitro
selection. The framework of the method is as follows. First, the number of all the collected ligand
molecules, which are eluted after incubation and washing, is measured. Ideally, this number corresponds
to the number of all the ligand molecules bound with the target–receptor or other materials in a test tube.
This measurement is performed through several successive rounds of selection. Second, the measured
numbers of molecules are subjected to a theoretical analysis, based on the mathematical theory of
population dynamics in the selection process. Then, we can estimate the probability density of the bind-
ing free energy in the ligand population. The validity of our method was confirmed by several computer
simulations based on a physicochemical model.

� 2013 Elsevier Inc. All rights reserved.

1. Introduction

In the last two decades, in vitro selection has been developed as
one of the essential processes in evolutionary molecular engineer-
ing; serving for the study on the origin of life, the development of
advanced biomolecules, etc. [1–5]. Many studies have dealt with
the ligand-receptor binding system. A ligand library is prepared
by random synthesis of biopolymers. The ligand library is mixed
with the target molecules immobilized on the magnetic beads in
a test tube, and incubated up to the equilibrium state. A part of
the ligand population is bound with the target (specific binding)
or non-target materials (non-specific binding). Free ligands and a
part of the bound ligands are removed by the washing process
which is repeated several times. Then, the ligands bound with
the target and non-target are eluted from the mixture. The
collected ligands are amplified and subjected to the following
rounds of the selection cycle.

In our previous paper [6], we focused on the concentration of
the free target–receptor molecules, ½R�, which governs the selection
dynamics drastically, and examined its optimal concentration to
perform the rapid selective enrichment. We concluded that the
concentration ½R� should be equal to the dissociation constant of
the fittest sequence (with the highest affinity) in the library. In this

previous study, we found the necessity for monitoring the binding
properties of the ligand population in real time, particularly the
population average of the association constant in the population.
If this monitoring can be realized, the selection process can be
controlled in a rational way [7–9].

In this paper, we present a simple method to estimate the bind-
ing properties of the ligand population during in vitro selection.
The framework of the method is as follows. First, the number of
all the collected ligand molecules, which are eluted after incuba-
tion and washing, is measured by using the quantitative polymer-
ase chain reaction (PCR) or other methods. Ideally, this number
corresponds to the number of all the ligand molecules bound with
the target–receptor or other materials in a test tube. This measure-
ment is performed through several successive rounds of selection.
Second, the measured numbers of molecules are subjected to
theoretical analysis, based on the mathematical theory of
population dynamics in the selection process. Then, we can
estimate the probability density of the binding free energy in the
ligand population and the population average of the association
constant in the population (=statistical moments of association
constant in the population).

Several methods for monitoring the statistical binding proper-
ties of a ligand population have been developed. For example,
the filter-binding assay combined with radioactivity-labeled ligand
molecules [7] and flow cytometry combined with FITC (fluorescein
isothiocyanate)-labeled ligand molecules [8]. Horisawa et al. [10]
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applied the quantitative real-time PCR for evaluation of the se-
quences obtained in in vitro selection for monitoring the process
of enrichment of selected clones in each round of selection. While
their aim is to quantify the amount of each of the selected clones,
our aim is to quantify the amount of population of ligand mole-
cules bound with the target–receptor or other materials in a test
tube. Even if ligand molecules are peptides or proteins, this quan-
tification is possible by using genotype(DNA or RNA)-pheno-
type(protein) linkage techniques [11,12].

This paper is constructed as follows. In Section 2, we introduce a
model of in vitro selection. The model is based on the law of mass
action. In Section 3, we describe how the transition of ligand pop-
ulation occurs through successive selection rounds. In Section 4,
we describe a simple method to estimate binding properties of
the ligand population, that is the probability density of the binding
free energy in the ligand population. The validity of our method
was confirmed by several computer simulations based on a physi-
cochemical model.

2. Model of in vitro selection

We consider an ensemble of ligand peptides that bind to a sin-
gle kind of target receptor immobilized on the magnetic beads in a
test tube. It is possible for each ligand to bind to non-target mate-
rials in the test tube (non-specific binding). We denote: Ls, free li-
gand molecule with sequence s; R, free target–receptor molecule;
Ls � R, molecular complex of Ls and R; U, non-target materials (such
as wall of the test tube and other substances); Ls � U, ligand Ls

bound with U, respectively. For each case, ½X� and ½X�� represent
the numerical value of molar concentration (mol/l) of the molecule
‘‘X’’ at equilibrium and that in the preparation stage, respectively.
fLsg represents a set of heterogeneous ligands over all sequences.

2.1. Protocol of in vitro selection

2.1.1. Preparation of a ligand library
A library of ligand molecules with a large variety of sequences is

prepared by random synthesis. In the resulting library, the number
of all the ligand molecules is denoted by N (=‘‘library size’’), and the
number of different sequences is denoted by M (=’’diversity’’). For
example, N ¼ 108 � 1014 molecules and M ¼ 205 � 2010 sequences
in typical cases. In addition, let ns be the number of ligand

molecules with sequence s, that is
P

sns ¼ N, where
P

s means
the sum over all the M sequences. Particularly, each peptide se-
quence in the initial library is generated by random DNA synthesis
and we neglect the bias originating from the genetic code table for
simplicity.

2.1.2. Pre-screening of the ligand library
The initial ligand library is subjected to a pre-screening process

without target protein receptors R but with non-target materials U.
Then, the library after the pre-screening does not contain the li-
gand molecules that show specific binding with U.

2.1.3. Selective enrichment of the ligand library
The ligand library (fLsg) is mixed with the target receptor mol-

ecules (R) and the mixture is incubated to an equilibrium state. In
cases where the target molecules are immobilized in a local area in
the bulk, the mathematical framework in these cases is equivalent
to that in cases where the same amount of the target molecules are
distributed uniformly over the bulk [6]. At equilibrium, a part of
the ligand library is bound with the receptors (fLs � Rg) (specific
binding), or bound with non-target materials (fLs � Ug) (non-spe-
cific binding) in the test tube. Next, the magnetic beads are washed
with a buffer by several times. Finally, the ligand molecules are col-
lected by separating them from the binding complex
(fLs � Rg þ fLs � Ug ! fLsg þ R þ U) and eluting from the mixture.
We denote the number of the collected ligand molecules with
sequence s by n0s, and we denote the number of all the collected
ligand molecules by N0 :

P
sn
0
s ¼ N0.

The collected ligands are amplified by PCR up to the given
library size N. That is, the number of the ligand Ls is amplified up
to n0s � N=N0. The new ligand library is subjected to the next round
of selective enrichment. Here, we assume that mutations do not
occur in amplification of genotypes by PCR.

2.2. Formulation of the selective enrichment

2.2.1. Equilibrium of binding reaction
The binding-reaction scheme is given by

Ls þ R ~ 
Kds

Ls � R ðfor specific bindingÞ ð1Þ

Ls þ U !randomly
Ls � U ðfor non-specific bindingÞ; ð2Þ

Nomenclature

Notation of main variables and parameters
M diversity, that is the number of different sequences in a

ligand library
N and N0 library size, that is the number of ligand molecules in a

ligand library, and the number of all the collected ligand
molecules after a single selection round, respectively

s serial number of ligand sequences in a ligand popula-
tion (s ¼ 1;2; . . . ;M)

s ¼ 1 fittest sequence, that is a particular ligand sequence
with the highest affinity in a ligand population

~q � N0=N with no target molecules
Kds (mol/l) and Kas (l/mol) dissociation constant of the ligand

with sequence s with the receptor molecules and asso-
ciation constant, respectively Kd1 < Kd2 <

Kd3 < � � � < KdM

X � ln Kd and Xs � ln Kds non-dimensional binding free energy,
and that for sequence s, respectively

r serial number of rounds and generations through a
selection process (r ¼ 1;2;3; . . .). The ligand population
resulting after the rth round of selection is defined as
being in the rth generation

½R�r (mol/l) molar concentration of free target–receptor mole-
cules at equilibrium state for the rth round

x (mol/l) � 1=kas t, where kas is the association rate constant for
sequence s and t is the wash time

Ds dilution factor for sequence s in washing process
AsðrÞ � ðDs � ~qÞ=ðKds þ ½R�rÞ
xsðrÞ mole fraction of ligand molecules with sequence s in the

rth generation
wrðXÞ probability density function of X over all the ligand se-

quences in the rth generation
hQir the average of Q over all the ligand sequences in the rth

generation hQir �
PM

s¼1Qs xsðrÞ ¼
R1
�1 QðXÞwrðXÞdX
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