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Abstract
The researchers working with high-throughput methods of genomics, transcriptomics, and proteomics reconsider the
concept of concentration and evaluate the data obtained in the number of copies of biomacromolecules. Measurement
of copy number reflects a steady trend in increasing the sensitivity of postgenomic analytical methods, up to the level
of a single molecule. In this paper we review the physical meaning of the terms "molar concentration" and "Avogadro’s
number" to establish a relationship between them. The relationship between the molar concentration and the number of
copies of that same macromolecule in a certain volume is set through the reverse Avogadro’s number, the value of which
(10-24 М) characterizes the molar concentration of a single molecule in 1 liter. Using the reverse Avogadro’s number, we
deal with situations in analyzing homogeneous biological solutions and heterogeneous cellular material.
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Introduction
At the end of the 18th century the physicist Amedeo Avogadro
formulated the law [1], which subsequently allowed establishing one
of the fundamental constants called Avogadro's number [2]. The
Avogadro’s number defined the number of molecules in one grammolecule. The Avogadro’s constant (NA) is expressed in the unit
mol−1 and used in the International System of Units (SI), instead of
the dimensionless Avogadro’s number, which counts for the number
of molecules.
For a century the Avogadro’s number and molar concentration
existed in parallel. These two terms were rarely used together to
characterize the number of molecules of any substance in a solution.
In the early 21st century the situation changed due to the emergence
of genomics and its derivatives – transcriptomics and proteomics.
Postgenomic science aroused a necessity to characterize the
concentration of DNA (for genome), RNA (for transcriptome), and
proteins (for proteome) in the copies of molecules in a biological sample.
Combining the concepts of the Avogadro’s number and molecular
concentration it was possible to revisit the notion of protein content in
a solution (and cells) using number of molecules instead of chemistryimposed concentration units [3]. The reverse Avogadro’s number
was introduced for recalculating the concentration of substances in a
solution to the copy numbers, i.e. the determination of the number of
entities of a certain biomacromolecule in a cell volume or in a biofluid,
for example, in blood plasma.
In postgenomic biology copy numbers seem to be more important
than concentrations, as genes and proteins could be definitely identified.
Postgenomic technologies are used to investigate heterogeneous cellular
material and more homogenous in composition of biological fluids. Each
cell is a heterogeneous formation, to which the concept of volume is not
applicable due to the existence of biological membranes. Membranes create
the boundaries of the partitions inside a cell and impede free diffusion,
which is a mandatory requirement to a solution [4,5].
The homogeneity of a biological fluid, at first glance, raises no
doubts. However, in the case of blood plasma, taking into account
the maximum soluble concentration of the plasma main component
– albumin 10-3 М [6], the obvious question that arises is: how many
other proteins can physically have room in the micro volumes loaded
into analytical equipment? Analyzing the protein component of plasma
it is necessary to consider, what the minimum volume of a sample is
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that can typically represent all 4-5 liters of blood in human body. At the
same time, the sensitivity of an analytical method should be taken into
account, since the more sensitive method, the lesser amount of blood is
required for an analysis. In genomics and transcriptomics the analytical
sensitivity of technology is not so urgent due to the possibility of
multiplying molecules by the PCR method. So, relatively to the proteins
here we focus at the link of the copy numbers of biomolecules and the
problem of heterogeneity in the sample.

Historical Background
The essentiality of concentration has been adopted by biochemists to
define the amount of substance in a sample for over a hundred of years.
At the beginning of the 19th century, biochemists described amounts
per cubical centimeters or normalized them the to the mass units, e.g.
per grams of sample [7]. Molar concentration entered biochemistry
more than half a century later, synchronizing the terminology with the
standards established by organic chemistry [8]. Molar concentration is
convenient because it simultaneously gives the amount of substance in
relation to the volume in which the substance is dissolved.
At the dawn of, who deals with the dynamic nature of biological
processes, taking place within living cells, widely used masses and
percentages to characterize the containing of substances, but not
molarity [7]. These units maintained hegemony in measurement
system till 1960s, when molarity finally stepped forward [9-12].
The metamorphosis of the domination can be easily explained: the
calculation of molarity requires volume and amount of substance of
interest. Due to simplicity of composition of inorganic and elementary
organic molecules calculation of molar weight and, as a consequence,
molarity literally was not rocket science–in contradistinction from
study of bulky and undeciphered biological molecules. With all
reliable technics of fractionation and weighing, and even ambitious,
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but unsuccessful efforts to invent a universal formula for all proteins
[13], it took a great while to reveal the atomic composition of these
biomolecules.
At the beginning of the 20th century Emil Fischer found that protein
molecules contain long sequences of amino acids [14]. Works of Sanger
(who determined the exact sequence in which the 51 amino acids in
the molecule of insulin are linked together) and Anfinsen (who used
paper chromatography to reveal the structure of ribonuclease) spawned
a new phase in biochemical research [15,16]. Furthermore, well-known
Lowry and Bradford assays for determining the total level of protein
in solution were proposed in 1951 and 1976, respectively [17,18].
Evolving fractionation technics coupled with emerged approaches of
protein sequence analysis allowed to estimate exact molecular weight,
which is crucial for calculation of amount (ν) and concentration of
biomacromolecules in traditional for chemists molar units.

Reverse Avogadro’s Number
What is the sense of using the reverse Avogadro’s number instead of
the canonical Avogadro’s number (aka Avogadro’s constant)? Reversing
the Avogadro’s number stipulates the transition from concentration
units to the number of copies of biomolecules. Indeed, Avogadro’s
number is dimensionless and expressed in units of molecules, so it is
incorrect to apply it in the formulas in the SI metrics. The Avogadro’s
constant is expressed in inverse moles (mol−1), the units that do not have
a physical meaning. At the same time, the reverse Avogadro’s number
characterizes the lowest concentration value having physical sense
corresponding to one molecule per one liter [19]. Reverse Avogadro’s
number can be easily imagined as a single particular molecule floating
in the one liter of the fluid.
The Avogadro’s number, characterizing the number of molecules
in 1 mole of gas, was calculated on the basis of Avogadro's law [1].
Avogadro's law applies to ideal gases. However, assumptions made by
Avogadro extended to weak solutions, in which analyte concentration is
substantially less than the concentration of solvent molecules. The logic
of calculations using Avogadro’s number (and, thus, the NA constant)
has been adopted in biochemistry in the first half of the 20th century.
The initial restriction of Avogadro's law, namely that it only applies to
ideal gases, was transferred to biological systems where intermolecular
interactions are considerably less important than the kinetic energy of
individual molecules [20].
Deviations from Avogadro's law could be said unimportant, but
for ever-increasing sensitivity of postgenomic technologies. Using
standard measuring instruments (spectrophotometer, fluorimeter,
potentiometer, etc.) in a biochemical experiment the concentrations
of the molecules analyzed is around 10-6 М. In this case, we deal with
the stochastic distribution of the distances between molecules. The
distribution, on one hand, reflects the concept of concentration, but
on the other hand – is not truly consistent with Avogadro's law, since
the intermolecular interactions are not taken into account in this law.
Increasing the sensitivity by 10 orders of magnitude, up to 10-15 М
and below, theoretically – up to 10-24 М, the concept of concentration
completely loses its meaning. Instead of concentration, the counting of a
number of molecules in a given sample becomes an issue. The approach
to ultra-low concentrations is seemingly consistent with the concept of
an ideal gas, however, it ignores the fact that molecules interact with the
environment – either within a cell or within blood plasma. The vision
of reverse Avogadro’s number would be complete if a single certain
biomolecule in one liter is seen in surrounding of billions of different
molecules, which all together makes up what is called “biomaterial”.
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We propose to combine the concepts of "concentration" and "copy
number". Using the reverse Avogadro’s number the situation in a cell and
in blood plasma is analyzed. Have to be comprehended, that the reverse
Avogadro’s number determines: if a gram-molecule of a compound
contains 6.022×1023 of molecules (ions), then the mole fraction of each
molecule in one gram mole of a substance is approximately 10-24 of
molecules per mole. Since one mole, dissolved in one liter is a 1 M of
concentration, then one molecule in the one liter corresponds to 10-24
moles/liter. This value has a meaning as a physical constant in the SI,
since it represents the lowest unit of naturally achievable concentration
of a substance in one liter.
The concept of concentration virtually characterizes the distances
between molecules [21]. The smaller the distance between adjacent
molecules, the greater the possibility of their interaction, and therefore,
the more the deviation from Avogadro's law applicable for an ideal gas
is expressed (Figure 1).
If the number of molecules decreases, then the physical regularity
established by Avogadro is observed up to a certain limit: modern
biochemistry is built up on this point. Considering the reverse
Avogadro’s number, we should proceed from the fact that the sensitivity
of some instruments could be as low as one molecule per liter, because
nanotechnologies approached these detection limits [3]. Within
ultralow concentration range the Avogadro’s law may be relevant only
in a probabilistic formulation. In this case, it is not the volume, which
is one mole of an ideal gas, but the volume, in which a single molecule
can be detected with the specified probability, provided that we take a
certain amount of the substance for analytical investigation.

Blood Plasma Homogeneity
Imagine myriads of individual molecules, comprising a
concentration of plasma proteins – 10-3 M. It is unthinkable how
such enormous number of individual protein molecules can fit into
1-10 μL microvolume selected for the analysis using highly sensitive
postgenomic technologies. Is it possible for such a tiny volume of
plasma (after a series of hard dilutions) to contain at least several copies
of each protein present in the total volume of blood?
What could be the number of protein molecules that are present in
the certain analytical volume, and what is the minimum volume of plasma
that resembles the composition of the whole blood? It is assumed that both
the high- and low–copy number proteins are evenly distributed over the
volume, and that the distribution of proteins by their copy number follows
the extreme value distribution at the log-scale [22].

Figure 1: Concentration is measure of the distance between the molecules.
Visualized from the data of Table 1 “Distance between molecules as a function
of concentration” from ref [21]. Approхimated using the equation l =N-1/3×f(V/R3),
where l is the distance between the molecules, N is the number of molecules,
V is the volume of solution, R is the radius of smooth sphere, that contains a
protein, and function f(х) has to be defined for the case if V/R3≫1.
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First, let’s estimate the maximum number of protein molecules
that could be physically accommodated within a given volume. For
the albumin, the Stokes radius is at least 3 nm [23], thus the volume
would be ca. 10 nm3 (4/3πR3). A protein molecule has the same density
as Plexiglas, almost incompressible under normal conditions [21].
Therefore, neglecting the ellipsoidal form of albumin, we will divide 1
µl of plasma (i.e. 1 mm3) in the volume of a molecule – approximately
113 nm3. The result is that the spatial package allows placing 1017 of
albumin molecules in 1 µl volume.
Thus, 1 μl can physically embrace up to 1017 average protein
molecules. That is orders of magnitude greater than the estimate of
the human proteome width (from 500 thousand to several million
proteoforms taking into account post-translational modifications, splice
variants and single amino acid polymorphisms [24,25]. Dividing the
volume into the maximal number of proteoforms, we obtain that every
proteoform has at least 103 copies of molecules (assuming, until proven
different, that all the proteoforms are present in equal concentrations).
However, the dynamic range of proteins in blood plasma is 10 orders
of magnitude [6]. So it is impossible to settle all protein species into
1 µl, since high-copied proteins will statistically displace low-copied
molecules out of the volume.
In addition to the above, the dynamic range is actually determined by
the sensitivity of the analytical methods of protein detection. Therefore the
presence of low-copied proteins can be judged only within the capabilities
of analytical technologies. If the sensitivity limit of mass spectrometric
methods equals to concentration of 10-18 М [26], then the dynamic range
exceeds 15 orders of magnitude: from 10-3 M to 10-18 M. Applying the
depletion methods of highly-abundant proteins, the range of concentration
can be reduced by no more than two orders of magnitude [27], i.e. the ratio
between the values of the highest-copied protein and the lowest-copied one
will be 1013. At the same time, the analysis of the human chromosome 18
protein products showed that the average concentration of one protein is
108 copies in 1 μl of plasma [28].
Analyzing the protein content of blood, it should be thought over
the minimum sampled volume, which represents the entire of this tissue.
So, the blood volume in the human body is about 4-5 liters, while just a
tiny part of this amount is randomly picked up during blood sampling;
even smaller subfraction is loaded into the analytical instrument.
Calculation of the minimum representative sample volume of
plasma may be performed taking into account that concentration of one
molecule in one liter is 10-24 M. In the volume six orders of magnitude
smaller – 1 μl, the concentration of one molecule will be 10-18 M. This
means that with a uniform molecule distribution within the volume,
1 μl of blood is representative for the proteins in a concentration of
10-18 M. At lower concentration, e.g., 10-19 M, the probability that 1 μl
will contain a molecule is 1%, and so on, as the concentration of target
analyte lowers down.

and synthesized proteins from the adjacent one. For example, the level of
mRNA expression of GAPDH, averaged for a pool of cells is shown not to
reflect the situation with any single cell in the pool [32]. The degree of cell
heterogeneity is unknown: we cannot generally say that hepatocytes differ
in their molecular profiles, for example, on 0.1%, while neurons – on 10%.
Moreover, it is unclear whether the cells differ only in quantity or different
proteins that can be produced inside them [33].
In regard to the problem of heterogeneity of a cellular material, it
should be taken into account that for the mass spectrometric analysis
one normally takes not a single cell but plenty of them, in most cases,
greater than 1 million. Indeed, high-throughput analysis of a single
cell is not feasible; instead, we should apply the concept of an average
cell. The average cell does not exist in reality; it reflects the uniform
properties of cell population.
There are two sides in the problem of cell heterogeneity. The first
was already mentioned above and refers to the sensitivity limit of mass
spectrometer; the second is related to the volume of the investigated
cells. The concentration of protein material in a cell is a function of
the cell volume (Table 1). For a bacterium, the volume of which is 1016
liters, the concentration of a single molecule will be 3.3×10-8 M –
the detection limit achieved by ion trap mass detectors recently [19].
In the connective tissue, lymphocytic mass and in liver sample the
concentrations of one molecule are 10-11, 10-12, and 10-13 M, respectively.
The measurements of these concentrations are well-consistent with the
detection limits of modern biological mass spectrometry.
The problem of cellular material analysis is that it is necessary to
work with a sensitivity that allows detecting 1 protein copy not in a
quantity but in a particular single cell. Indeed, if the detection limit of
a method allows determining two or more copies of the protein per
cell, then it is not clear whether these two (or more) molecules are
in one particular cell or distributed across multiple cells. For a mass
spectrometric analysis it is necessary to take a sample containing not
a single cell but thousands, usually millions of cells to obtain reliable
registration of peptide ions. For instance, the wide-spread Orbitrap™
mass detectors allow detecting a signal coming from at least 1001000 molecular ions, in such cases analytical sensitivity required for
molecular detection should be several orders of magnitude higher, that
demonstrated in Table 1 [34].

Conclusion
Our vision is based on the rethinking the role of Avogadro's law,
which was formulated about 200 years ago. For biomacromolecules this
law became a regular fixture much later, after determining the number
of molecules in one mole. For almost two centuries the “Avogadro’s law”
and “Avogadro’s number” existed separately, linked just because of the
name of the sagacious scientist and celebration of the “Moles Day”.
Concentration
Sensitivity**, М
of a protein in a cell, М

In cells, dynamic range of protein concentrations is believed to
be significantly lower than in blood: deep proteome analysis resolved
about 2 thousand proteins in plasma [29], versus 10-20 thousand gene
products potentially observed in the cells [30,31]. At the same time,
heterogeneity is observed both inside cells and between cells. This is an
obstacle for the analysis of cellular biological material; the obstacle no
less difficult than the problem of dynamic range in plasma proteomics.

Cell type

Cell volume, L

Bacterium

5.0×10-16

Cell Heterogeneity

*data is shown for human cells.
**analytical sensitivity, sufficient to detect 1 molecule in a sample, consisting of 1
million of cells.

Cells are heterogeneous in their molecular composition, which means
that each cell is to some extent different in the profile of expressed genes
Biochem Anal Biochem
ISSN: 2161-1009 Biochem, an open access journal

Connective tissue
cell*
Lymphocyte*
Hepatocyte*

6.3×10-14
5.0×10

-13

4.0×10-12

10-8

10-14

2.7×10-10

10-16

3.3×10

-11

10-17

4.2×10-12

10-18

Table 1: The analytical sensitivity of mass spectrometric method necessary to
determine 1 copy of a protein per average cell. Sample contains 106 cells.
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Avogadro considered an ideal gas, i.e. the environment where the
energy of particle motion is much higher than the energy of interactions
between them. Historically formed interpretation of Avogadro's law
made Avogadro’s number and Avogadro’s constant equal, wherein the
first one is measured in molecules and the second one is expressed
in reverse concentrational units. Avogadro’s number is applied to the
objects with ordered structure – cells. Avogadro’s constant is applied
to blood plasma, in which the concentration of protein 10-3 M is
extremely high. At such concentrations, the molecules do not form
any weak solution or especially an ideal gas, since they start interacting
among themselves. Proceeding from what has been set forth above,
postgenomic technologies dealing with ultralow-abundant proteins
and complex biological matrix should switch from measuring
concentrations to counting the number of copies.
Thus, it is necessary to combine the common concept of molar
concentration with the arrangements applying the reverse Avogadro’s
number – the connecting link between Avogadro’s law and Avogadro’s
number essential for postgenomic research.
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