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Water is essential for the function of biomolecules 
→ Water behaviors in malignant tissues are different from those in heathy ones1)

2/11 Motivation
Water as a “matrix of life”

2)

Hydration water 
→ activates biological functions2)

Hydrogen-bond (HB) network 
→ affects reactivities and metabolisms3)

3) P. M. Wiggins, Cell. Biol. Int. 20, 429, (1996).

Low-density liquid 
(LDL: ~0.91g/cm3)

High-density liquid 
(HDL: ~1.18g/cm3)

(equilibrium)

Dynamically 
retarded water 
(= stable)

< Hydration to biomolecules > < Reaction eield >

“Hydration state” and “HB structure” may reelect “personality” of the cell

2) J. T. King & K. J. Kubarych, JACS 134, 18705, (2012).1) R. Damadian, Science, 171, 1151, (1971).
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Mysterious cellular water

Characteristics of intracellular water are mostly unexplored

4) D. S. Goodsell, The Machinery of Life: Springer, (1992).

① Diverse and heterogeneous cell components 
② Discriminating intra- and extracellular water 

→   i.e. H/D substitution or freezing 
☞ Water in “intact” cells: completely veiled

< Difeiculty in probing cellular water >

Macromolecular crowding E llis    115

Predictions
Thermodynamic approaches [1–3,4••,5–8] to the quantifi-
cation of the excluded volume effect make two major
predictions of relevance to biological systems.

Diffusion coefficients (D) will be reduced by factors up to
10-fold. The average time a molecule takes to move a cer-
tain distance by diffusion varies as D–2, so if D is reduced
10-fold, it will take 100 times as long for a molecule to
move a certain distance. This reduction applies to both
small and large molecules, so the rate of any process that is
diffusion-limited will be reduced, whether the process
involves small molecules, large molecules or both. The dif-
fusion of large molecules will, however, be impeded more
than that of small molecules. 

Equilibrium constants for macromolecular associations
may be increased by two to three orders of magnitude,
depending upon the relative sizes and shapes of macro-
molecular reactants and products, and of background
macromolecules. This effect on the thermodynamic activ-
ity of macromolecules arises from the reduction in volume
obtained when such molecules bind to one another. The
more solute molecules present in a solution, and the larger
they are, the less randomly they can be distributed. Thus,
the configurational entropy of each macromolecular solute
species becomes smaller and its contribution to the total
free energy of the solution increases as the total concen-
tration of macromolecules rises. The reduction in
excluded volume when molecules bind to one another
thus favours the binding event, as it leads to a decrease in
the total free energy of the solution. In other words, the

most favoured state excludes the least volume to the other
macromolecules present. This conclusion applies not just
to associating macromolecules, but to all processes in
which a change in excluded volume occurs, for example,
the collapse of newly synthesised polypeptide chains and
the unfolding of proteins induced by environmental
stresses such as heat shock.

The crowding effect on activity is largely restricted to
macromolecules. Figure 2a illustrates how the activity
coefficient of a molecule (defined as the ratio of its ther-
modynamic concentration to its actual concentration) in a
background crowded by 300 g/l haemoglobin varies with
its molecular weight; the activity coefficient increases sig-
nificantly only for molecules larger than 103 molecular
weight (note that Figure 2a is a log/log plot). Thus, crowd-
ing does not greatly affect the activity of metabolites and
small ions. For many macromolecules in the size range
found in cells, however, the effect on activity is very
large — note the sharp increase as the molecular weight
becomes larger than that of the predominant crowding
species (haemoglobin in this case). A simple example
taken from [5] will make the point: the equilibrium con-
stant in dilute solution for a spherical homodimer and a
monomer of molecular weight 40,000 will shift towards
dimerisation by a factor in the range 8–40-fold (depending
on the partial specific volume of the protein) if the protein
is expressed inside E. coli. For a tetramer, the shift in equi-
librium towards tetramerisation would be in the range
103–105. Thus, this aspect of the crowding effect is exert-
ed by large molecules on large molecules and can be
surprisingly large. 
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The crowded state of the cytoplasm in (a) eukaryotic and (b) E . coli cells. Each square illustrates the face of a cube of cytoplasm with an edge
100 nm in length. The sizes, shapes and numbers of macromolecules are approximately correct. Small molecules are not shown. Adapted with
permission from [21]. 

Cytoplasm of 
eukaryote cells4)

☞ Terahertz (THz) spectroscopy to reveal intracellular water

(1) 1THz ↔ 1ps in time 

☞ Fluctuation of the water HBs 

　 = HB dynamics directly observed

(2) 1THz ↔ 300µm in wavelength 

☞ Scattering by cell components 
　 = negligibly small
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THz spectroscopy
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Macromolecules Intramolecular modes

→ Imaginary part Im[ε] of protein aqueous solution5,6)

→ Contribution of macromolecules (< 300mg/ml) = negligibly small7) 
☞ Reduction in the bulk water relaxation = (1) hydration state 
☞ non-HB water & intermolecular modes = (2) HB structure

7) K. Shiraga et al., Biophys. J. (in press).

THz region InfraredMicrowave

⑤Libration

5) C. Cametti et al., J. Phys. Chem. B 115, 7144, (2011). 6) H. Yada et al., Chem. Phys. Lett. 464, 166, (2008).
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7.0±1.2µm

Exploration of cellular water

Sample cell: HeLa (human cervical cancer)

(FWHM)

10µm�

10μm�

Evaluation of the “hydration state” and “HB structure” in intact cells 
based on the dielectric responses in the THz region

< Objective >

< Histogram: HeLa cell thickness >
Optical image Fluorescent 3D image

Cell monolayer
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ATR prism

Evanescent eield 
(~20µm @1THz)

< Real part Re[ε] > 
(polarization)

< Imaginary part Im[ε] > 
(absorption)

THz-ATR spectroscopy
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① THz time-domain ATR spectroscopy

② Fourier transform ATR spectroscopy

→ 0.25−3 THz 
→ Directly determine ε(ω)

→ 3−12 THz 
→ KK transform to determine ε(ω)

~

~

☞ HeLa cells cultured on the ATR prism

HeLa cell 
monolayer

@ 37℃



0.1 1 10
0

2

4

6

8

10

0.1 1 10
0.1

1

Im
[ε
]

Frequency [THz]

Im
[ε
]

Frequency [THz]

Liquid medium�

Cell monolayer�

ε1�

~�ε2�

~�ε3�

ATR prism�

Ein�

d�

Eout=r123Ein�
~�

r12�

~�

θ�

~�

r23�~�

!!"# ω =
!!" ω + !!" ω exp ! 4π! ε! ω sin!θ− ε! ω λ
1+ !!" ω !!" ω exp ! 4π! ε! ω sin!θ− ε! ω λ

 

7/11

Evanescent 
eield

Experimental
Two-interface model

< Fresnel’s equation >

→ ε2 is derived if ε1, ε3, θ and d are given8) 

HB bulk 
water

non-HB 
bulk water

Intermolecular 
stretching
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: Relaxation strength 
: Relaxation time 
: Vibration strength 
: Resonant frequency 
: Damping constant

8) K. Shiraga et al., J. Infrared Milli. THz Waves. 35, 493, (2014).

7)

Libration

@ 37℃



Cardiac muscle
(INS study)
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(1) Hydration state
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< Bulk water relaxation >

Decrease in the bulk water relaxation 
☞ “Bulk water”→”hydration water” transition

9) K. Shiraga et al., Appl. Phys. Lett. 106, 253701, (2015). 
10) R. C. Ford et al., JACS 126, 4682, (2004).

Onsager’s 
equation9)

→ Similar with “frozen” muscle tissue10) 
　(inelastic neutron scattering measurement) 

☞ Hydration state in the intact cells

! ! − 1 = 4! !w − !h!s ! !
1− !vib. ! ℎ ! !w!

 !vib. ! + !1 ! + !2 !
1− !wℎ! !w!

  

! ! − 1 = + 4!!h!s! !
1− !vib. ! ℎ ! !h!

 !vib. !  

! ! − 1 = + 4!!s! !
1− !sℎ ! !s!

!s 
 

Bulk

Hydration

Solute

< Fraction of hydration water >

10)

nh: hydration number
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(2) HB structure
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Individual relaxation of non-HB bulk water 
☞ freed from the HB network (i.e. HB fragmentation)

< non-HB bulk water relaxation > < Fraction of non-HB bulk water >

Noticeable 
increase

→ Fraction of non-HB water (ΦNHB);11)

gHB(NHB): Kirkwood correlation factor of HB (NHB) water
11) K. Shiraga et al., Biophys. J. (in press).

Φ!"# =
non-HB water amount
Bulk water amount =

Δε!
!!"#

Δε!
!!" +

Δε!
!!"#

 

→ HeLa intracellular water; 
　greater amount of non-HB water 

☞ ”destructured” HB network
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HeLa intracellular water

Two different  characteristics of water were found in HeLa cells:

(1) Hydration state (2) HB structure
☞ Hydration water amounts to ~24%; 

　 (= reorientationally retarded water)

☞ Increase in the non-HB bulk water 

☞ More heterogeneous HB structure
(result not shown in this presentation)

→ Dynamically “stabilized” → Structurally “disordered”

τbulk

τhyd≫τbulk

Bulk water

Hydration water

☞ The rest ~75% behaves as bulk water

LDL water

< HB structure of intracellular water >

HDL water

☞ The fraction of HDL water increases
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Dielectric responses in the THz region (0.25−12 THz); 
→ “Hydration state” and “HB destructuring” in intact cells 
☞ ~24% of intracellular water is classieied as hydration water 

☞ Population of HDL-like water is increased in the cell interior

THz spectroscopy: new tool to access intracellular water

Relationship between intracellular water and cell activity is unexplored 
→ Reveal “biological importance” of intracellular water




