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Abstract Nowadays, biologists can explore the cell at the nanometre level. They discover
an unsuspected world, amazingly overcrowded, complex and heterogeneous, in which
water, also, is complex and heterogeneous. In the cell, statistical phenomena, such as
diffusion, long considered as the main transport for water soluble substances, must be
henceforth considered as inoperative to orchestrate cell activity. Results at this level are not
yet numerous enough to give an exact representation of the cell machinery; however, they
are sufficient to cease reasoning in terms of statistics (diffusion, law of mass action, pH,
etc.) and encourage cytologists and biochemists to prospect thoroughly the huge panoply
of the biophysical properties of macromolecule-water associations at the nanometre level.
Our main purpose, here, is to discuss some of the more common misinterpretations due to
the ignorance of these properties, and expose briefly the bases for a better approach to the
cell machinery. Giorgio Careri, who demonstrated the correlation between proton currents
at the surface of lysozyme and activity of this enzyme was one of the pioneers of this
approach.

Keywords Interfacial water - Intracellular diffusion - Signal transduction -
Proton currents - Giorgio Careri

Up to the 1980s, most biologists had never even suspected that the physical properties of
water could play a key role in the orchestration of the cell machinery. In fact, the only topic
in which these properties were taken into consideration was protein folding.

Until nowadays, water, which composes 70-80% of the cell mass, was generally
considered as abundant enough to allow efficient diffusion of the water-soluble sub-
stances down their concentration gradients without expense of energy. Very few people
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P. Mentré

imagined that cell water could participate actively, in a sophisticated manner, to the transport
of metabolites and biomolecule activity.

1 Misinterpretation of the electron microscopy images

Most biologists were unaware that cell interior was occupied by a huge macromolecular
overcrowding until this was magisterially demonstrated represented by Goodsell [1, 2]. This
long-lived ignorance was in part due to the misinterpretation of the electron microscopy
images which show more or less dark organelles (mitochondria, ribosomes, etc.) seemingly
floating in a very electron-transparent medium, the hyaloplasm (from Greek : hualos =
glass), often improperly named cytoplasm, the cytoplasm being sensu stricto the whole cell
except the nucleus. The darkness of the objects in electron microscopy is a direct function of
their mass density. It has thus been generally concluded, ill-consideredly, that hyaloplasm
was quasi-totally composed of water (replaced by a resin after fixation and embedding
of the material). This conception has long persisted and is probably still persisting in
many minds, in spite of the warnings of eminent cytologists. Keith Porter, particularly,
as early as the 1980s, suggested that the fuzzy structures observed in hyaloplasm were not
artefacts but should be proteic structures playing a major role in the coordination of cell
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Water in the cell machinery

functions. He named these structures microtrabecules [3, 4]. His observations have been
supported by Zierold who showed that regions apparently devoid of organelles contain
not less than 20% macromolecules [5]. It is less than mitochondria or ribosomes (which
each has 50% macromolecule content), which explain the low contrast of these regions in
electron microscopy but is sufficient to structure the present water (80%) into a strongly
constrained water, called interfacial water (see below).

2 The widely ignored interfacial water

In the 1980s, very few biologists thought that cell water could differ deeply from common
bulk water. Bulk water is a good solvent, therefore an appropriate medium for diffusion.
The collective opinion was, and often remains, that ions and small molecules—signals and
metabolites—reach their target by diffusion through hyaloplasm, since this is supposedly
quasi-totally occupied by bulk water. It was still less imagined that information could be
transferred along proteic structures such as suggested by Porter.

Goodsell’s illustration shows that there is little space left between macromolecules. It
is clear that macromolecules constitute mechanical obstacles for diffusion. Moreover, their

Fig. 2 Schematic representation
of the first layer of interfacial
water at the surface of a protein.
Its structure, highly
heterogeneous, reflects the
heterogeneity of the
macromolecule surface.
Interfacial water presents a large
range of densities. Therefore,
changes in protein configuration
must involve changes in volume,
therefore mechanical effects
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surfaces are patchworks of polar and apolar domains which can bind ions, polar and apolar
molecules. It is then puzzling to understand how the complex and ultra-fast cell processes
can depend on diffusion. Indeed, diffusion is a random phenomenon. It is only in the
presence of a large number of identical molecules that emerges what is called diffusion
(or concentration) gradient. But this situation is rare in cell (see below).

Macromolecular overcrowding slows down metabolite migration for another reason:
it modifies deeply the structure of water at its contact. Indeed water molecules are
electrical dipoles. At the contact of macromolecules, these dipoles arrange themselves
into a non-random, very constrained manner, reflecting faithfully the patchwork of the
macromolecule-surface domains, hydrophobic or hydrophilic (Mentré [6]; Figs. 1 and 2).
Water molecules are strongly attracted by ionized domains (such as COO~, NH, ") and form
electrostricted water with a density higher than 1 [7]. They form hydrogen bonds with the
polar radicals (alcohols, ketone, secondary and tertiary amines...). At the contact of apolar
domains they can arrange themselves into “clathrate-like” structures [8].

When water molecules are bound to consecutive polar aminoacids (Asn, Cys, Gln, Ser,
Thr, Tyr) in a polypeptide chain, they can bind together to form H-bonded lines. Hydrogen-
bonded lines can also be formed along apolar surfaces in clathrates-like structures (Fig. 2).
These water molecules lines are good conductors of protons ([8] and below).

The constraints exerced on surrounding water by the surface of a macromolecule in
aqueous solution extend, decreasingly, up to several layers of water molecules [9, 10].
These layers form interfacial water. But, in fact, there is not water enough in cell to form as
many layers of interfacial water as in aqueous solutions (Fig. 3). Consequently, cell water
is strongly constrained by the macromolecule surfaces. The average thickness of the space
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Water in the cell machinery

between macromolecules in a cell is small: 1.2 nm according to the estimation of Mentré [9],
2 nm according to Cameron and Fullerton [11], 0.3 nm being the size of a water molecule.
It is little compared to the average diameter of globular proteins (3 to 5 nm). This space
is therefore occupied by water quite different from bulk water: highly constrained and also
highly heterogeneous, being the faithful image of the heterogeneity of the surfaces of the
macromolecules.

3 Misrepresentation of concentrations inside the cell

Nowadays, it is widely known that organelles can move in cells using sophisticated means
of transport such as motor proteins along the cytoskeleton (kinesin, dynein; Alberts et al.
[12]). Interestingly, it has been shown that vesicles and secretion granules (mean diameter
100 nm) migrate much faster along the cytoskeleton than isolated proteins (mean diameter
3 to 5 nm), which demonstrates the efficiency of the motor proteins [13].

But many people persist in believing that for ions and small molecules diffusion is the
principal mean of migration in the cell. This is mainly for three reasons: (1) ignorance of the
physical properties of interfacial water (and even sometimes of its existence); (2) confusion
between free form and bound form concentration of a substance; (3) ignorance that most of
the diffusion/concentration gradients are not significant in the cell at the macromolecular
level.

1. Ignorance of the physical properties of macromolecule-associated water

These properties had been investigated as early as the thirties by the Russian School of
Nasonov [14]. Numerous works followed, reviewed by Troshin [15, 16] and more recently
by Mentré [9, 17], Pollack [18], Pollack et al. [19], Chaplin [20]. Biologists rarely take into
consideration these properties, maybe because their bases in physics are often weak, but also
perhaps because they think that some biophysical results are not yet reliable enough: such
as the density or the solvent power of the different forms of interfacial water, the lifetime of
the different associations of water molecules, etc.

But, in any case, what is very important, and already acquired, is the knowledge
that interfacial water is deeply different from bulk water. The biophysicist’s approaches,
although still incomplete, open the door to a deeper understanding of the cell machinery, at
the nanometre level, along the line envisioned by Erwin Schrédinger in his famous “What
is Life?” [21].

Density 'When a macromolecule undergoes a change of form, it is clear that it does not
expose the same domains to its aqueous environment. Consequently, its associated water
undergoes local micro-changes in density, therefore in volume. Whatever the sign of these
changes may be (increase decrease), they induce mechanical effects.

Selective solvent power One important property of interfacial water is its low and selective
solvent power: for example, glucose is more excluded from the cell than urea, which
circulates rapidly [22]. With constant charge; the smallest ions are the most excluded,
according to the Hofmeister series [22-28]. Although recently questioned [29, 30], the
classical explanation the Hofmeister series (Fig. 4) remains a good basis from which to
work: the smaller an ion is, the more it retains water and therefore the more its migration is
slowed down [31].
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Lifetime of water molecule assemblies Changes in interfacial water structure involve local
variations in the lifetime of its molecular assemblies; whatever the sign of these variations
may be, they induce local modifications of solvent power.

2. Confusion between free and bound (chelated, sequestered) forms

The classical view is that ions such as sodium and calcium, referred to as diffusible ions,
can diffuse freely through cell water from concentrated to less concentrated domains.
Simson and Spicer in a remarkable paper [32] explained that only free sodium and calcium
can be precipitated into electron-opaque precipitates by the cytochemical pyroantimonate
technique. They specified that sodium and calcium when they are complexed in insoluble
salts and chelates cannot be chemically detected, except if they have a higher affinity for
the pyroantimonate anion than for their complexing agents.

But, in spite of this excellent analysis, many authors continued to ignore that (1)
only free ions can diffuse, (2) complexed ions require the presence of still stronger
complexing agents to be liberated and therefore precipitated. The consequence has been
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Water in the cell machinery

a lot of useless publications, and, unhappily, a certain discredit upon the pyroantimonate
technique.

It was nevertheless by using this technique (which permits to visualize the free forms
and weakly bound forms of sodium and calcium) in association with electron probe
microanalysis (which gives an estimation of the total concentrations), that I could deduce
that water in the cell matrices must be fundamentally different from bulk water [33-35].
This result was not new for biophysicists. But it was a surprise for cytologists.

Electron microscopy associated with microanalysis was accurate enough to analyze the
variations of calcium at the ultrastructural level during glycogenolysis and glycogenosyn-
thesis in the liver of mouse [36].

3. Ignorance that most of the diffusion/concentration gradients are not significant in cell
at the macromolecular level

A concentration gradient is not a force field A given molecule does not migrate automat-
ically downstream its concentration gradient. The motion of a given molecule is random
with only a higher probability to get to less concentrated regions. Indeed in the cell, the
free (“diffusible”) forms of ions and metabolites, because their concentrations are very
low, are generally separated by tens—and even hundreds of nanometres. For example:
the concentration of calcium in the cell is about 10~ M. The quasi-totality is bound
calcium. The free form oscillates between 10~8 and 1073 M only. A simple calculation,
using Avogadro’s number, shows that the mean distance between two free calcium ions is
55 nm at 107> M, 255 nm at 10~7 M and 550 nm at 10~® M. It is very low, compared to
the 12 nm separating two bound calcium ions. Because the mean size of globular proteins
is 3 to 5 nm, free calcium ions are (statistically) separated by tens and even hundreds of
macromolecules. Free calcium ions have to circulate inside a very narrow space, occupied
by strongly constrained water. They have no chance to arrive rapidly enough by diffusion
where they are needed [37]: (1) because calcium ions are strongly excluded from interfacial
water; (2) because having a high affinity for many macromolecules, they run a high risk of
becoming trapped before reaching their target.

4 Ignorance of the iterative modes of propagation of ions and small molecules

The iterative propagation of granules, vesicles or organelles along the cytoskeleton by
motor proteins like dynein and kinesin is well documented, as said above [12]. Interestingly,
similarly iterative modes of transport have also been described for ions, but these transports
are only apparent. A given ion (phosphate, Ca>*, H") seems to be transported along a chain
(cascade) of macromolecules containing this ion (or another one) in a sequestered form. A
signal (calcium, for example) occurring at the entry of the chain induces the liberation of
the sequestered ion from the first element of the chain. And this one, in its turn, induces
the liberation of the ion from the following element, etc: the ion entering the chain remains
sequestered by the first element of the chain. The ion appearing at the end of the chain
is liberated by the last element of the chain. This type of transport differs deeply from
diffusion. It is not a transport of matter but a transfer of a level of energy (transduction).

Calcium reservoirs and phosphatase-kinase cascades It was only by the end of the
eighties that authors proposed attractive models with cascades of sequestration/liberation
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Fig. 5 a, b Transduction of
calcium signal simulating a
transport of calcium from plasma
membrane to nucleus (inspired
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of calcium into/out of reservoirs (Berridge and Galone [38]; Rasmussen [39]; Swann and
Ozil [40]; reviewed by Mentré [37]).

Rasmussen [39] proposed a model to explain that a calcium signal at the level of the cell
membrane could trigger a calcium burst after only few milliseconds in the nucleus (Fig. 5).
This burst had long been considered as the result of a rapid diffusion of calcium into the
nucleus. Rasmussen proposed that the calcium signal would be transduced, without a real
transport of calcium, along a cascade of phosphatase-kinase molecules, transmitting step
by step an allosteric change triggered by the liberation of phosphate. According to Philippa
Wiggins (personal communication), this transfer would involve changes of structure and
solvent power of water at each step of the cascade (Fig. 6a; see also: Rand [41]; Colombo
et al. [42]).

Linear chains of H-bonded water molecules  As said above [8], chains of H-bonded water
molecules are good conductors of protons.! In fact, like calcium or phosphate ions in the
transduction cascades, protons do not really migrate along the water chains. The Grotthus
representation illustrated by Fig. 6b gives a simplified idea of the mechanism: when a proton
arrives on the first water molecule of a chain, it does not jump to the following one. The
electrostatic equilibrium broken by the formation of OH3+ is restored by the liberation of
another proton of this water molecule. This proton jumps to the following water molecule.
This process, involving a successive “flip-flop” of the H-bonds, is repeated, step by step,
until the last water molecule of the chain. Finally, the entering proton does not go farther
than the first water molecule of the chain and the outgoing proton is provided by the last
water molecule of the chain. This transfer simulates a migration of matter. It is in fact a
transfer of level of energy, far more rapid than diffusion [43].

!Organization of water into H-bonded linear chains of molecules has been often referred as “ice-like” water:
indeed, this structure observed in the common Th-ice is not present in all the types of ice.
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a
Principle of the transduction of a signal

along a cascade of phosphatase-kinases
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Fig. 6 Iterative model for signal transfer. a Simplified representation of signal transduction along a cascade
of phosphatase-kinase molecules. Each element of the chain has two functions: kinase (K7) and phosphatase
(Ph), the former inhibited by phosphate ion, and the latter activated, for example. A phosphate ion “IN,”
liberated from one element of the chain, binds (by Ki action of this element) to the following one (1). This
one undergoes an allostery transformation (in b/ue) which activates its Ph function (2). It exercises on itself
its own phosphatase activity to liberate the phosphate ion which inhibits its Ki function (2). This process is
iterative (3), (4), (5). At the end of the process, the entering ion has not left the first element of the cascade.
The outgoing ion is the provided by the last element of the cascade (5). b Proton current along a linear chain
of water molecules, according to the Grotthus representation. As in (a), the entering proton does not leave
the first water molecule of the chain. The outgoing proton is provided by the last water molecule of the
chain

Role of proton currents Proton currents are involved in many cellular processes, which
suppose the existence of chains of water molecules for their conduction, topologically well-
defined at the surface of macromolecules, or inside of them [44—48].

Giorgio Careri was one of the pioneers who suspected the participation of interfacial
water in the activity of macromolecules. He presented a magisterial demonstration of the
role of proton currents in the activity of lysozyme [49-51]. In hydrating progressively
dehydrated lysozyme powder, he observed that the activity appears when there are enough
water molecules to percolate the surface of the enzyme, i.e. to form proton conducting
chains. To make my students in Biophysics understand this very important process, I
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Figure 6 (continued) b
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conceived a little diagram that I showed for advice to Prof. Careri who gave me the green
light (Fig. 7).

5 What about orchestration of the reactions inside of the cell?

In vitro, the reactants of a given reaction are few in number, but each one is present in a
huge number of copies. The classical laws of chemistry, which are statistical laws, can be
applied. There is no problem of timing and synchronization. The molecules of the reaction,
generally in aqueous medium, enter into contact by diffusion, quasi-instantaneously, from
the experimenter’s perspective.

In vivo, things are deeply different [10, 17, 52]. Because of their huge variety, most of the
chemical species present in cell are present in only a very low number of copies. Moreover,
they cannot diffuse rapidly because they are separated by tens of macromolecules. Bulk
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Figure 7 Proton currents and enzymatic activity. Dehydrated lysozyme powder is progressively rehydrated.
Water coverage exhibits a percolative transition at 0.15 water/g dry weight, detectable by the sudden
appearance of proton conductivity, with emergence of protein mobility and catalytic activity at 0.25 water/g
dry weight (diagram realized from Careri, with his approval; reproduced from Mentré [60], with the
authorization of Prof. Greppin of the University of Geneva)

(“free”) water is quasi-absent, appearing only transiently at the nanometre level during
configuration changes undergone by macromolecules. Interfacial water, which constitutes
the quasi-totality of cell water, has a low and selective solvent power which makes diffusion
a poor means of transport to perform complex and ultra-fast cell processes.

Long-distance transfer of signals As said above, phosphatase-kinase cascades seem able
to transduct signals in cells over long distances, probably from plasma membrane into the
nucleus. But that raises new questions:

1. It is difficult to conceive that all the receptors located on the plasma membrane are
specifically connected to their specific targets everywhere inside of the cell. Their
number is so considerable that cell would be occupied by an incredible tangling of
chains of transduction, leaving little space to the other organelles, looking like a town
obstructed by as many telephone wires as telephone subscribers!

2. If the signal-transduction chains, such as telephonic lines, could permit transmitter-
receiver recognition, their number would be considerably low. But this raises a
question: what would be the nature of “dialing”?

Intracellular pH 1t would be worth concluding this short review of misunderstandings
with intracellular pH. 1t is classically measured with coloured or fluorescent indicators.
Changes are visualized at the scale of light microscopy. Of course, they give only a “global”
value for the whole cell. This method is not without interest since it can indicate which
factors modify this “global” intracellular pH. But it gives a wrong idea of what occurs at
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the nanometre level. Indeed, if the whole cell was at the same pH, it is doubtful that it could
function perfectly, since the cell macromolecules do not have all the same optimal pH.

In fact, like diffusion and the law of mass action, pH is a statistical “macroscopic” notion.
It is meaningful only in vitro when identical molecules and H* ions are in large numbers.
Indeed, at pH 7.0, the mean distance between two protons is 250 nm. What does it mean at
nanometre level? How it is perceived by macromolecules? As said above, a concentration
gradient is not a force field. It is only a probability gradient. In vitro, in aqueous solution,
protons and macromolecules enter randomly into collision with a high frequency. It can
then be conceived that, to function optimally, macromolecules need that the frequency of
these collisions corresponds to their own rhythm of activity [52]. Protons must arrive at an
optimal time in their reaction cycle, not to soon, not too late. But in the cell, protons are in
countable quantity: for example, just few tens in bacteria or in a mitochondrion [53]. They
are not abundant enough to enter into collision with all the macromolecules which need
them at the same time.

Indeed, protons can move rapidly along lines of water molecules. But these lines, very
long in Th-ice, are never long in cell. They display only few units, either along short
sequences of polar amino acids or in clathrate-like structures (Fig. 1). Proton currents can
just be very short stages for signal transduction (for example to bring information into the
very heart of a biomolecule, such as cytochrome, as discussed by Wickstrom [47]), or can
coordinate the activity of an enzyme [45, 49, 50].

6 Conclusion: “order from order”

Interfacial water, which constitutes the quasi-totality of cell water, undergoes numerous
physical changes synchronized with macromolecular transformations. Many advances have
been made demonstrating its pre-eminent role at the nanometre (macromolecule) level, in
recognition, regulation and coordination (Robinson and Sligar [54]; reviewed by Mentré
[6, 17, 37]).

But the problem of orchestration at the micrometre (organelles) level is still in its infancy.
The organization of the organelles is explored with an increased precision, but far from
making the problem clearer that makes it more and more puzzling. For example, it has been
shown recently that the mechanics of the kinetochore, to direct chromosome motion via
microtubules and promote the arrest of cell cycle, involves not less than a hundred proteins
[55].

It is tempting to consider that the cell could coordinate its activity using mechanical and
electromagnetic signals. Mechanical signals could be initiated by variations of density of
interfacial water accompanying variations of configuration of macromolecules. As to the
electromagnetic signals, it would be interesting today to reconsider more thoroughly ideas
advanced in the 1990s: transfer of signals as coherent light along interfacial water inside of
microtubules [56, 57] and “vision” of infrared light by the centrosome [58].

Along the lines forseen by Erwin Schrddinger, cell orchestration proves to be far more
sophisticated than biologists even envisioned, leaving less and less place for thermal
dissipation, which prevails in vitro, and thus excludes chaos:

... the behaviour of living matter, whose most striking features are visibly based to
a large extent on the ‘order-from-order’ principle.” (Erwin Schrédinger [21])
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