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Abstract

The role of ionized groups in biological systems is determined by their affinity for waterwBiophys. J. 72(1997)
65–76x. The tightly bound water associated with biologically important ions increases their apparent size. We define
the apparent dynamic hydration number of an ion here as the number of tightly bound water molecules that must be
assigned to the ion to explain its apparent molecular weight on a Sephadex G-10 size exclusion column, and report�

the first accurate determination of tightly bound water for 23 ions of biological significance, including H andq

HO . We also calculate the radius of the equivalent hydrated sphere(r ) for each ion. We find that the ratio of they
h

hydrated volumes of two ions approximates the ratio of the square of the charges of the same two ions. Since the
‘ionic strength’ of the solution also depends upon the square of the charges on the ions, our results suggest that ionic
strength effects may largely arise from local effects related to the hydrated volume of the ion—that is, from space
filling, osmotic, water activity, surface tension and hydration shell overlap effects rather than from long-range electric
field effects.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Specific ions at moderate to high concentrations
in aqueous solution can have large but very differ-
ent effects on the behavior of other solutes. For
example, malonate is much more effective than
other common anions in crystallizing a wide range
of proteinsw1x. Thiocyanate is particularly effec-
tive in crystallizing the basic protein lysozyme,
but phosphate is not, while phosphate is especially
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effective in crystallizing the acidic protein collag-
enase, but chloride is notw2x. Complex ion-specific
effects in fractionating proteins by ion exchange
are commonw3x, while the ion-specific retention
of ribonuclease on a hydrophobic interaction chro-
matography column follows the Hofmeister series
w4x. The physical basis for these dramatically
different behaviors is poorly understood. We have
chosen to investigate the origins of these and other
ionic phenomena by examining the affinity of 23
biologically significant ions for water. The hydrat-
ed size of biological ions, reported here as a
dynamic hydration number and a radius of the



156 M.Y. Kiriukhin, K.D. Collins / Biophysical Chemistry 99 (2002) 155–168

equivalent hydrated sphere, specifies the distance
over which the electric field of the ion controls
solvent behavior, identifies the water molecules
accepting charge from the ion, defines solvent
shell structure, determines the distance over which
the osmotic attractive force between protein mol-
ecules or other particles acts, affects the activity
coefficient of test solutes in the solution(see
below), and modulates the magnitude of space
filling, surface tension and viscosity effects.
Dynamic hydration numbers(or related measures
of hydrated ion size), sometimes called transport
numbers or other names, have been reported before
w5–12x, but have varied widely and usually been
unrealistically high. They have almost always
(incorrectly) assigned positive values to chaotro-
pes wchaotropes are defined in point(iv), Section
3.6x. The values reported here in Tables 1 and 2
are consistent with viscosityB coefficients, neutron
and X-ray diffraction studies, and other physical
measures of ion hydrationw13,14x. In general, the
dynamic hydration numbers correlate well with
charge density, with higher charge density being
associated with higher dynamic hydration number.

2. Materials and methods

All chemicals were analytical or reagent grade.
Polymers of glycine and glutamate were purchased
from Sigma. Sephadex G-10(Amersham Pharma-
cia Biotech, lot number KA33825) was prepared
according to Washabaugh and Collinsw15x. A
Shimadzu UV-2401PC UV-Vis recording spectro-
photometer was used for all spectral determina-
tions. A jacketed cylindrical glass column(XK-16,
Amersham Pharmacia Biotech) at 30 8C was
packed using a peristaltic pump for 5 days at 135
ml cm h , and then continually fed by gravityy2 y1

at 1.2 ml min . The final column bed was 1.6y1

cm in diameter by 98 cm high and the fractionating
volume was 120 fractions(78 ml). For quantitative
work, the column was fed by gravity at 1.2 ml
min and 308C; 0.65-ml fractions were collected.y1

Each compound analyzed was run as a 0.6-ml
sample at 0.1 M. Results are reported as the
partition coefficient (relative elution position),
K , defined asK s(V yV )y(V yV ), whereVD D e o i o o

is the excluded(void) volume,V is the includedi

volume andV is the elution volume for a givene

solute. The H O ‘included volume’ of the column2

(K s1) was determined measuring the HOH3
D

included volume and multiplying by 0.917 to
convert it to the H O included volumew16x. For18

2

calculations, H O was assigned a molecular weight2

of 18. The ‘excluded volume’ of the column(K sD
0) was measured as the peak elution position of
polyglutamic acid (MWs13 700) spectrophoto-
metrically determined at 205 nm. Homopolymers
of glycine, ranging from glycylglycine(ns2) to
hexaglycine(ns6), were used as calibration stan-
dards and were also spectrophotometrically detect-
ed at 205 nm. Each chemical species was
determined by a specific assay for that substance.
w Px-orthophosphoric acid, NaCl, Na Cl,32 22 35

CaCl and w Cx-formic acid (Amersham Phar-45 14
2

macia Biotech) were detected by liquid scintilla-
tion counting. Zn , SO and Al were detected2q 2y 3q

4

with water analysis kits(Hach Company, Love-
land, CO). Ba , Sr , Be and F were color-2q 2q 2q y

imetrically detected according to Marczenkow17x.
Li was detected using vitros Li slides(Johnsonq

& Johnson Clinical Diagnostics Inc, Rochester,
NY). Mg was detected by Mag-Fura 2 fluores-2q

cent indicator(Molecular Probes, Eugene, OR).
Cr was spectrophotometrically detected at 4183q

nm (fresh solution) or 410 nm (aged solution).
H and OH were detected by titration usingq y

bromothymol blue as indicator. Each sample and
standard was run in triplicate, with no variation in
the identity of the peak fraction.

3. Results and discussion

3.1. Using size exclusion chromatography to deter-
mine hydrated ion size

We have previously shown that aqueous size
exclusion chromatography in its simplest form
(inexpensive chromatographic media in a gravity-
fed column of modest size at room temperature
and atmospheric pressure) can be used to obtain
dynamic hydration numbers for single ionsw18x,
and we extend that work here. Sephadex G-10 is
epichlorohydrin-cross-linked dextran in beaded
form, which is meant to separate solutes up to a
molecular weight of approximately 700 by size
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exclusion: large molecules are excluded by the
small pore size of the beads, taking a short path
through the column and emerging early, while
small molecules penetrate the beads, taking a long
path through the column and emerging late. The
apparent dynamic hydration number(ADHN) of
an ion is the number of tightly bound water
molecules that move with an ion as it diffuses,
and as determined here is simply the number of
tightly bound water molecules that must be
assigned to an ion to explain its apparent molecular
weight on a Sephadex G-10 size exclusion column.
The joint motion of water and ion requires that
the bound water diffuse more slowly than pure
water, and that the water-ion complex have a
lifetime of at least several ps at room temperature
w19–22,85x. The mean lifetime of attachment of a
water molecule to K wapparent dynamic hydrationq

number(ADHN)s0x has been calculated to be 2
ps, 5 ps for Na (ADHNs0.22), 27 ps for Liq q

(ADHNs0.6) and approximately 10 ps for6

Mg (ADHNs5.73) w85x. The rates of water2q

exchange for many other metal ions have also
been estimatedw22x. For all the ions examined,
except Cr and perhaps Al , we expect water3q 3q

exchange on the ion to be fast compared to
transport processes associated with flow through
the gel sieving column(a flow rate of 1.2 ml
min was used), and we have previously showny1

that the elution position of the strongly hydrated
salts NaF and Na SO does not change over the2 4

temperature range of 2.5–508C (the elution posi-
tion of NaCl is not temperature-dependent either)
w15x. AlCl Ø6H O and CrClØ6H O were the begin-3 2 3 2

ning salts used to characterize Al and Cr .3q 3q

Freshly dissolved CrClØ6H O in particular shows3 2

a slow water exchange reaction requiring many
hours to completew23,24x; it is associated with a
change in color. Thus, we determined the elution
position of CrClØ6H O immediately after disso-3 2

lution (l s418 nm) and after 1 week in solutionmax

(l s410 nm); the elution position wasmax

unchanged.
Two assumptions are required to obtain the

dynamic hydration number and radius of the equiv-
alent hydrated sphere(r ) from size exclusionh

chromatography. First, although the column meas-
ures a volume(or, more rigorously, a partition

coefficient), we calibrate the column with stan-
dards described by their molecular weight(MW),
and plot the partition coefficient(relative elution
position) K vs. the log of the molecular weight,D

because for spherical molecules or random coils,
it has been empirically found that the molecular
weight can be expressed in terms of some power
of the Stokes radiusw25x. This interconversion
between weight and volume assumes a constant
density, and the density of water at 308C is used
for this because water is used to generate the
calibration curve in Fig. 1a, and thus to define
ideal behavior. Second, the column generates an
apparent molecular weight for a neutral salt, and
the excess molecular weight(in the form of tightly
bound water molecules) is apportioned between
the ions of the salt using a mixed salt containing
either the weakly hydrated cation K or theq

weakly hydrated anion Cl , which are marginallyy

chaotropes and do not adsorb detectably to the
column w14,15,18x, plus a strongly hydrated ion to
which the tightly bound water molecules are
assigned.
Fig. 1a uses H O and glycine polymers from2

diglycine (ns2) to hexaglycine(ns6) to define
ideal behavior—i.e. solutes that bind water with
affinity equal to the affinity of water for itself in
bulk solution. The enthalpy of interaction of the
amide group with water is approximatelyy11.5
kcal mol w26x, while the heat of evaporation ofy1

water at 208C is 10.5 kcal mol w27x; thus, they1

strength of amide–water interactions is approxi-
mately equal to the strength of water–water inter-
actions. The key to an accurate calibration of the
Sephadex G-10 column is to use standards that
cover the whole molecular-weight fractionating
range of the column, which we have done. Inspec-
tion of Fig. 1a shows that the elution positions of
the standards are all on a straight line. However,
slight non-ideality in the glycine oligomers can be
detected: there is a very small bias towards the
standards being too large as they grow smaller.
Since the carboxylate binds two water molecules
tightly (Table 1), the glycine oligomers carry two
water molecules with them at the carboxyl termi-
nus; these two water molecules increase the effec-
tive molecular weight slightly, and this effect is
relatively larger for the shorter glycine oligomers.
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Fig. 1.(a) Calibration of the Sephadex G-10 column with H O2

and glycine homopolymers. H O refers to H O and the num-18
2 2

bers 2–6 refer to the peptides glycylglycine–hexaglycine(see
Section 2 for the definition ofK and other information). (b)D

The apparent molecular weight of neutral salts as determined
on the Sephadex G-10 column. The apparent excess molecular
weight associated with each salt is measured by its horizontal
displacement from the calibration curve. The numbered data
points correspond to the entries in Tables 1 and 2.

We have found that neutral carbohydrate oligomers
bind weakly to Sephadex G-10 and that the glycine
oligomers give the best column calibration. Weakly
hydrated ions adsorb to the non-polar surface of
the gel and have apparent molecular weights small-
er than their anhydrous molecular weight(above
the calibration line in Fig. 1a), while strongly

hydrated ions diffuse with attached water mole-
cules through the column by gel sieving and have
apparent molecular weights larger than their anhy-
drous molecular weights(below the calibration
line in Fig. 1a). We know that the calibration line
shown in Fig. 1a is accurately positioned for two
reasons. First, ions with negative viscosityB coef-
ficients chromatograph above the line, while ions
with positive viscosityB coefficients chromato-
graph below the linew14,18x. And second, the
behavior of ions changes at the calibration line:
those salts found above the line show concentra-
tion- and temperature-dependent elution (charac-
teristic of adsorption), while those found below
the line show concentration- and temperature-
independent elution (characteristic of gel sieving)
w15x. Fig. 1b shows the excess molecular weight
(horizontal displacement from the calibration line)
associated with each salt, and the numbered points
in Fig. 1b correspond to the numbered entries in
Tables 1 and 2, which are presented as ion-specific
apparent dynamic hydration numbers(ADHN) and
ion-specific radii of the equivalent hydrated
spheres(r ). The effective molecular weight ofh

NaCl (anhydrous molecular weight, 58.45) on the
Sephadex G-10 column is 62.4 for a 0.1 M sample
of NaCl or Na Cl eluted with either 0.1 M NaCl22 35

or water, and this excess molecular weight is
attributed to 0.22 water molecules bound to the
Na ion (Table 1). Neither does the effectiveq

molecular weight of NaCl change when a dilute 1
mM sample of NaCl is eluted with either 0.1 M22

NaCl or water(data not shown). Furthermore, the
apparent molecular weight of hydrated Na(anhy-q

drous molecular weight, 23.0) is 26.9 within exper-
imental error when determined as either sodium
chloride or sodium formate. Similarly, the dynamic
hydration numbers of Li , Ca or Mg do notq 2q 2q

differ between the chloride or formate salt. From
these control experiments, we draw the following
three conclusions. First, because the apparent
molecular weight of NaCl is slightly greater than
the anhydrous molecular weight and does not
depend on which ion is labeled with radioactivity,
we conclude that only neutral salts penetrate the
sieving gel (not separate ions alone). Second,
because the apparent molecular weight of NaCl
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Table 1
Apparent dynamic hydration number and radius of equivalent hydrated sphere for biological ions at 308C (uncorrected for
electrostriction)

Species Crystal r (A)ih
˚ ADHNk,j Counterion Eluant

determined radius salt
(0.1 M) (A) (CN)h˚ (0.1 M)

1 H POy
2 4 2.38a 3.02 1.91"0.17 Kq KCl

2 HPO2y
4 2.30a 3.27 3.95"0.23 Kq KCl

3 PO3y
4 2.23a 3.39 5.10"0.28 Kq KCl

4 HCOy
2 1.31a 2.58 2.00"0.12 Kq KCl

5 SO2y
4 2.15a 3.00 1.83"0.20 Kq KCl

Clyb 1.81 (6)g (1.95) 0 (assigned)
6 Fy 1.19 (6)c 2.84 5.02"0.14 Kq KCl

NHqd
4 1.61 (6)g (1.04) 0 (assigned)

Kqe 1.38 (6)g (2.01) 0 (assigned)
7 Naq 1.02 (6)g 1.78 0.22"0.06 Cly NaCl

Naq 1.02 (6)g 1.78 0.22"0.06 Cly H O2
8 Naq 1.02 (6)g 1.83 0.30"0.13 HCOy

2 Na HCOq y
2

Na ( as w Cl x)q 35 y 1.02 (6)g 1.78 0.22"0.06 Cly NaCl
Na ( as w Cl x)q 35 y 1.02 (6)g 1.78 0.22"0.06 Cly H O2

9 Liq 0.76 (6)g 1.55 0.58"0.05 Cly KCl
10 Liq 0.76 (6)g 1.58 0.64"0.06 HCOy

2 K HCOq y
2

11 Ba2q 1.52 (10)g 3.11 0.35"0.25 Cly KCl
12 Sr2q 1.36 (10)g 2.80 0.95"0.16 Cly KCl
13 Ca2q 1.23 (10)m 2.53 2.09"0.14 Cly KCl
14 Ca2q 1.23 (10)m 2.60 2.38"0.16 HCOy

2 K HCOq y
2

15 Mg2q 0.72 (6)g 3.00 5.85"0.19 Cly KCl
16 Mg2q 0.72 (6)g 3.00 5.73"0.18 HCOy

2 K HCOq y
2

17 Be2q 0.27 (4)g 2.80 5.31"0.16 Cly KCl
18 Zn2q 0.74 (6)g 2.80 2.18"0.16 Cly KCl
19 Ni2q 0.60 (6)g 3.11 4.71"0.20 Cly H O2
20 Cr3qf 0.62 (6)g 3.61 9.59"0.31 Cly KCl
21 Al3q 0.54 (6)g 3.37 8.68"0.27 Cly KCl

Derived from Paulingw28x.a

Cl is a chaotropew14,18,29x.b y

Cotton et al.w24x.c

NH is a chaotropew14,18,30x.d q
4

K is a chaotropew13,14,18,31x.e q

Result identical for fresh and aged solution.f

Crystal radii from Richensw23x.g

The coordination number(CN) is the number of water molecules in the first hydration shell.h

Radius of equivalent hydrated sphere,r , is calculated from the molecular mass of the ion using the density of H O at 308C toi
h 2

convert from mass to volume.
Error brackets calculated from the size of the fraction collected.j

ADHN, apparent dynamic hydration number.k

Neilson and Enderbyw21x.m

does not change even at low concentration and in
the absence of supporting electrolyte, we conclude
that there are no ion exchange effects of the salts
with the gel. And third, because the apparent
dynamic hydration numbers for Na , Li , Caq q 2q

and Mg do not differ when determined as either2q

the chloride or formate salt, we conclude that the
apparent dynamic hydration number of strongly
hydrated ions is not counterion-dependent at these
concentrations.
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Table 2
Apparent dynamic hydration number and radius of equivalent hydrated sphere for H and OH at 308C (uncorrected forq y

electrostriction)

Species Crystal r (A)bh
˚ ADHNa Counter Eluant salt

determined radius ion (0.1 M)
(0.1 M) (A) (CN)f˚

22 Hq 1.96 1.93"0.07 Cly KCl
Hq 1.96 1.93"0.07 Cly H O2

23 OHy 1.35 (4)e 2.41 2.80"0.10 Kq KCl
OHy 1.35 (4)e 2.41 2.80"0.10 Kq H O2

24 H O2 1.38d (1.55)c

ADHN, apparent dynamic hydration numbera

Radius of equivalent hydrated sphere.b

Calculated from density of H O at 308C (0.99567 gyml) w32x.c
2

Lonsdalew33x.d

Richensw23x.e

The coordination number(CN) is the number of water molecules in the first hydration shell.f

3.2. The issue of electrostriction

Water molecules near polar solutes take up less
space than those near apolar atoms or in bulk
solutionw34x, and this electrostriction has been the
object of much study(w35x, w36x and references
therein; w37x). Because solution X-ray diffraction
of Mg in water shows six water molecules in2q

the first hydration layer, but no large alteration in
the density of the second hydration layerw38x,
Mg has a maximum of six tightly bound water2q

molecules in solution. Since any substantial cor-
rection of our apparent dynamic hydration number
of 5.8 for Mg in Table 1 for electrostriction2q

would indicate the presence of more than six
tightly bound water molecules, we conclude that
no such correction is necessary, and thus our results
in Table 1 are presented with no correction for
electrostriction. Comparison of our apparent
dynamic hydration number for Cr with solution3q

neutronw39x and X-ray w40x diffraction data, and
of our apparent dynamic hydration number for
Be with ab initio molecular orbital calculations2q

w41x also suggest that a correction for electrostric-
tion is unnecessary(see below). We recognize the
existence and importance of electrostriction, but
this phenomenon seems to be already contained in
our Sephadex G-10-derived apparent dynamic
hydration numbers.

3.3. Strongly bound water as determined by
Sephadex G-10 chromatography correlates well
with solvent density perturbation measured by
solution X-ray and neutron diffraction, as well as
with results from other physical techniques and
simulations

Difference solution X-ray and neutron diffrac-
tion studies of simple ions in water can be per-
formed when two stable isotopes of the ion are
available. These studies generate radial distribution
functions, which show solvent density perturba-
tions as a function of distance from the center of
the scattering ion. Both oxygen and deuterium
scatter neutrons; thus, neutron diffraction of ions
in D O can detect solvent that is strongly oriented,2

as well as strongly boundw13x. A large solvent
density perturbation is associated with strongly
bound and oriented D O; as the solvent density2

perturbation disappears, so does the preferential
orientation of the now weakly bound D Ow13x.2

Our apparent dynamic hydration numbers for Li ,q

Na , K , Zn , Ni , Mg and Cr , whichq q q 2q 2q 3q

reflect the charge density of each ion, correlate
well with their solution neutron-diffraction solvent
density perturbationsw13,38x, suggesting that both
techniques are measuring tightly bound water. The
most informative points of comparison between
techniques are where natural discontinuities occur:
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the change from weak to strong hydration between
K and Na ; the change from weak to strongq q

second-shell hydration between Mg and Be2q 2q

or Cr ; and the change from an inner sphere3q

coordination number of six for Mg to four for2q

Be .2q

The water distribution around the mono-anionic
phosphate in DNA has been studied by crystallo-
graphic X-ray diffraction; an examination of 59
crystal structures found six hydration sites in a
cone shape around the two oxygens over which
the single negative charge is distributedw42x. We
see two of these six water molecules as tightly
bound in our gel sieving experiments. An analysis
of X-ray crystal structures of small molecules
found that carboxylate groups, on average, accept
six hydrogen bondsw43x, with the hydrogen atoms
clustering in the carboxylate lone-pair directions
w44x. Computational studies found that the six
water molecules hydrogen bonding to the carbox-
ylate accounted for 40% of the enthalpy change
associated with bulk solvationw45x, with only a
slight preference for thesyn lone pairs(those lone
pairs nearest the neighboring oxygen) w46x. The
charge density on the two oxygens of the carbox-
ylate are probably comparable to the charge den-
sity on the two oxygens of the phosphate
mono-anion, and we also see two of the six
carboxylate-associated water molecules as being
tightly bound in our gel sieving experiments.
However, examination of small molecule crystals
indicates that ‘In general, preferential phosphate–
Lewis acid geometry contrasts markedly with car-
boxylate–Lewis acid geometry’w47x. Di-anionic
sulfate binds only two water molecules tightly,
while di-anionic phosphate binds four water mol-
ecules tightly. However, the two negative charges
of the phosphate are spread over three oxygens,
while the two negative charges of the sulfate are
spread over four oxygens. Furthermore, sulfur is
more electronegative than phosphate. Therefore,
more negative charge is being pulled out of the
central phosphorus atom than out of the central
sulfur atomw28x, and the charge density of the di-
anionic phosphate oxyanions is higher than that of
the di-anionic sulfate oxyanions. Hydrogen bond-
ing patterns of both phosphatew47x and sulfate
w48x have also been examined in small molecule

crystals. Fluoride functions as an analog of hydrox-
ide in biological systems, but the slightly smaller
size of F (Table 1) generates a significantlyy

higher apparent dynamic hydration number(5 for
F and 3.6 for OH ).y y

The apparent dynamic hydration numbers
increase with increasing charge density within the
IA cations (Na , Li , H ) and within the IIAq q q

cations (Ba , Sr , Ca , Mg , Be ) up to2q 2q 2q 2q 2q

Mg . For example, Table 1 shows that 2.1 of the2q

10 water molecules in the first hydration shell of
Ca w49x are tightly bound. However, the appar-2q

ent dynamic number decreases in going from
Mg (ADHNs5.8) to Be (ADHNs5.3).2q 2q

Since the coordination number of the first hydra-
tion shell changes from 6H O for Mg w50x to2q

2

4H O for Be (w41x and references therein), we2q
2

conclude that Be contains 1.3 tightly bound2q

water molecules in the second hydration shell
(ADHN of 5.3 minus the 4 water molecules in the
first hydration shell), consistent with the ab initio
molecular orbital calculations of Bock and Glusker
w41x. Thus, Be appears to be the ion of lowest2q

charge density for which strongly bound second-
shell water has now been demonstrated. Our appar-
ent dynamic hydration number for Be , which2q

by extrapolation from Mg would have been2q

expected to be above six for a hexa-coordinated
Be , accurately reflects the reduction in inner2q

sphere coordination number for Be , and illus-2q

trates that counting bound water molecules by
Sephadex G-10 chromatography correlates closely
with ab initio molecular orbital calculations. Cr3q

contains 6H O in the firstw39,40x and 13H O in2 2

the second hydration shellw40,51x. Evidence for
tightly bound water in the second hydration shell
comes from neutronw39x and X-ray diffraction
studies of aqueous solutionsw40x, O-NMR and17

molecular dynamics calculationsw52x, molecular
dynamics calculations alonew53x, and IR spectros-
copy w54x. We find 3.6 of the 13 Cr second-shell3q

water molecules to be tightly bound. Al also3q

has 6H O in the first hydration shellw23x and2

strong second shell hydration, as judged by far-
infrared spectroscopyw55x. We find 2.7 tightly
bound water molecules in the second hydration
shell of Al .3q
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3.4. How strongly hydrated are H and OH ?q y

The apparent dynamic hydration number of 1.9
for the proton in Table 2 indicates that the major
species in solution is the protonated water dimer
H O proposed by Zundelw56x rather than theq

5 2

protonated water tetramer H O favored by Eigenq
9 4

w57x, and is consistent with several recent compu-
tational analysesw58–60x. The apparent dynamic
hydration number for hydroxide in Table 2 is 2.8,
suggesting that the trihydrate is the most important
form; modeling studies find stable tri- and tetrah-
ydrate forms w61–63x. Table 2 also shows that
neither the proton nor the hydroxide dynamic
hydration number changes in going from water to
0.1 M KCl. Plausible estimates exist for the elec-
trostriction associated with dissolved Hw64x andq

OH w65x, but comparisons of our apparenty

dynamic hydration numbers for Mg , Be and2q 2q

Cr with solution neutron diffraction dataw13,38x3q

and ab initio molecular orbital calculationsw41x
suggest that corrections for electrostriction to our
Sephadex G-10-derived numbers are not necessary
(see above).

3.5. ‘Ionic strength’ is an experimental observation

Ions in moderate to high concentration in water
are known to interfere with the solvation of test
solutes, resulting, for example, in the decreased
dissociation and solubility of marginally soluble
salts. Ionic strength was an experimental observa-
tion of G.N. Lewis and M. Randall in 1921w66x,
who noted that ‘‘In dilute solutions the activity
coefficient of a given strong electrolyte is the same
in all solutions of the same ionic strength.’’ Ionic
strength was defined by:

2Is M Øz y2w xi i8i

where M is the molarity of each ion,z is thei i

charge on each ion andI is the ionic strength.
(Ionic strength was originally defined in terms of
molality.) The concept of ionic strength was sub-
sequently rationalized by Debye and Huckel¨
w67,68x using the model of continuum
electrostatics.

3.6. The assumptions of continuum electrostatics
are inconsistent with known data

The assumptions of continuum electrostatics, as
listed below, are not consistent with many different
kinds of experimental data. Continuum electrostat-
ics assumes that:

i. Ions can be represented by point charges—i.e.
the charge density of ions can be ignored and
ion-specific effects for ions of the same sign
and charge do not exist. This assumption occurs
because continuum electrostatics does not use
the strength of water–water interactions as a
reference energy level. However, it is the ratio
of the strength of ion-water interactions to the
strength of water–water interactions that con-
trols the behavior of ions in biological systems
w14x. Dramatic ion-specific effects are common;
for example, it is estimated that 25–40% of
brain energy utilization may be related to
Na ,K -ATPase activity, which pumps Kq q q

into cells and Na out. It is also the differenceq

in charge density that makes intracellular cal-
cium toxic but intracellular magnesium essen-
tial w14x. Assigning a finite size to ions in
continuum electrostatics calculations doesnot
address this issue.

ii. Ionic solutions can be conceptually separated
into point charges and a continuum character-
ized by a fixed dielectric constant. However,
there is substantial charge transfer to solvent
from ions of high charge density to their tightly
bound water molecules; for Mg , fullyq0.822q

(i.e. more than 40% of the total charge) is
transferred to the six tightly bound water mol-
eculesw50x; thus the water bound to Mg has2q

dramatically altered properties as compared to
the water in bulk solution, and appears to play
an important role in the function of Mg .2q

Mg is usually required for the stabilization2q

of compact RNA structures and typically
remains mostly hydrated; in fact, fully hydrated
Mg Ø6H O is a cofactor for several ribozymes2q

2

and protein enzymesw69x. Another mechanism
for the dispersal of charge from cations of high
charge density is the ionization of a bound
water molecule to produce bound HO andy
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free H ; the lowest pK for water attached toq
a

Cr is 4.29 w23x. Estimated pK values for3q
a

most aqua metal ions are availablew10,23x.
Circumstantial evidence for charge transfer to
solvent from F by F nuclear magneticy 19 y

resonance and from phosphate by P nuclear31

magnetic resonance and other techniques has
been reviewedw70x. The phenomenon of charge
transfer to solventw70,71x is also the most
likely basis for the polyelectrolyte behavior of
nucleic acidsw72x.

iii. Ion–solvent interactions can be accurately rep-
resented by a point charge–water dipole inter-
action. However, the neutron diffraction studies
of Powell et al. w73x establish that the H O2

interacts with Cl via a nearly linear hydrogeny

bond and not a dipolar interaction. In addition,
large monovalent cations of low charge density
the size of K and larger do not orient theq

adjacent water moleculesw13x, while small
cations of high charge density the size of Naq

and smaller transfer substantial charge to the
tightly bound water molecules—see abovew50x.
Ab initio molecular orbital calculations of metal
ion monohydrates indicate that ‘‘The bonding
of the water molecule, although electrostatic in
origin, is«more complex than a simple inter-
action between a point charge on the metal ion,
and the water dipole’’w74x. We thus conclude
that a point charge–water dipole interaction is
not an accurate description of ion–water inter-
actions under any circumstances.

iv. Ion–water interactions are strong relative to
water–water interactions. Consider each of the
IA cations (H , Li , Na , K , Rb , Cs ,q q q q q q

Fr ) and VIIA halides (F , Cl , Br , I ,q y y y y

At ) to be a point charge at the center of ay

sphere of the appropriate size. As the sphere
becomes larger, the point charge eventually
becomes distant enough from the water mole-
cules at the surface of the sphere that the ion–
water interactions are weaker than the water–
water interactions in bulk solution. This is the
simplest description of a chaotrope. Chaotropes
are large monovalent ions of low charge density
the size of K or larger for cationsw13,31x,q

and the size of Cl or larger for anionsw14,29x.y

To assume that ion–water interactions are

strong relative to water–water interactions is to
assume that chaotropes do not exist. However,
since all the positive charges of proteins reside
on amino groups, which are derivatives of the
chaotrope NH w14,18,30x, since the majorq

4

intracellular monovalent cation is the chaotrope
K , and since the major extracellular mono-q

valent anion is the chaotrope Cl , this is ay

serious distortionw14x. Continuum electrostat-
ics predicts that all ions in water will be
repelled from a non-polar surface via image
forces, but experimentally chaotropes are found
to adsorb to non-polar surfaces, the driving
force for adsorption being the release of weakly
bound water adjacent to the ion to become
strongly interacting water in bulk solution
w15,18x.

v. Positive and negative ions of the same total
charge have equivalent interactions with the
solvent. However, anions are experimentally
found to be more strongly hydrated than cations
of the same charge densityw18x.

vi. The effects of ions in solution are due to long-
range electric field effects. In contrast, neutron
and X-ray diffraction experiments find no large
effects on the density of water outside of the
first hydration layer for ions of charge density
equal to or less than that of Mg , and they2q

find large effects on the second hydration layer
only for trivalent cations, such as Cr3q

w13,38,39x. Neutron diffraction of ions in D O2

generates radial distribution functions contain-
ing separate peaks for solvent oxygen and
deuterium in the vicinity of the ion, yielding
information on the orientation of the solvent
w13x. Li , which causes a large solvent densityq

perturbation, generates separate peaks for sol-
vent oxygen (near the ion) and deuterium
(further away from the ion), showing strong
orientation of the bound D O. Ag (an analogq

2

of Na ), which causes moderate solvent-den-q

sity perturbation, generates partially resolved
peaks for oxygen and deuterium, indicating
partial orientation of the adjacent D O. In2

contrast, K (which is weakly hydratedw14x)q

causes only a small solvent-density perturbation
with no separation of the peaks for oxygen and
deuterium, indicating no orientation of the adja-
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Table 3
The ratio of the square of the charge(z ) on two ions is2

approximately equal to the ratio of their hydrated volumes
(V )h

Ion ionVh

ClVc

ionVh

NaVc

2Ž .zion
2Ž .zNa or Cl

Cly 1.00 1
HPO2y

4 4.72 4
SO2y

4 3.64 4
Naq 1.00 1
Ba2q 5.17 4
Ca2q 3.03 4
Cr3q 8.10 9

V s4y3pr ; V s4y3pr ; V s4y3pr .ion 3 Cl 3 Na 3
h h h h-Cl h h-Na

cent solvent. Thus, preferential orientation of
solvent near cations disappears when the sol-
vent density perturbation disappears, and sol-
vent density perturbation is probably a
meaningful measure of the distance over which
the electric field of the ion has a substantial
effect on water behavior. In fact, the weakly
hydrated Cl anionw14x causes significanty

solvent density perturbation and surprisingly
orients the adjacent water moleculesw13x, even
though this oriented water is not tightly held
w29x; therefore, solvent density perturbation
detects electric field effects on water, even
when they are weaker than water–water inter-
actions. Since solvent density perturbations cor-
relate well with strongly bound water as
measured by Sephadex G-10 chromatography,
we conclude that substantial electric field
effects do not extend beyond the hydration
effects.

It should also be pointed out that, although the
concept of ‘ionic strength’ was not formulated in
terms of the model of continuum electrostatics, it
also ignored the issue of charge density, treating
all ions of the same total charge and sign equiva-
lently. Furthermore, while it did not distinguish
betweendirect interactions between the ions of the
supporting electrolyte and the test solute(inner
sphere coordination) and indirect interactions
(mediated via intervening water molecules), it
implicitly refers to indirect interactions. Inner-
sphere ion pair formation(direct interaction) is
now known to occur when oppositely charged ions
have matching absolute free energies of hydration,
because inner-sphere ion pair formation is a dehy-
dration, and the energetic cost of the dehydration
cannot exceed the energetic gain of ion pair for-
mation w14x; salt effects on biological macromol-
ecules are typically a mixture of direct and indirect
effectsw75,76x.

3.7. Ionic strength arises from hydration forces

NaCl is typically used to establish a given ‘ionic
strength’ for some measurement in solution, and
then salts containing more highly charged species,
such as Na HPO , Na SO and CaCl , are substi-2 4 2 4 2

tuted for all or part of the NaCl to produce the
same ionic strength, sometimes at a different pH.
Table 3 shows that the ratio of the hydrated volume
of di-anionic HPO and di-anionic SO to the2y 2y

4 4

hydrated volume of mono-anionic Cl is approx-y

imately 4, the ratio of their charges squared as
specified in the equation for ionic strength. Simi-
larly, the ratio of the hydrated volumes of Ba ,2q

Ca and Cr to that of Na also approximates2q 3q q

the ratio of their charges squared. This suggests
that the phenomena described by the empirical
formula for ionic strength largely arise from local
effects related to the size of the hydrated ion, such
as space filling, osmotic, water activity, surface
tension and hydration shell overlap effects rather
than from long-range electric field effects. The
water molecule has been modeled as a zwitterionic
tetrahedron with twoy0.17 charges and twoq
0.17 chargesw77x, and as a zwitterion with a full
negative and full positive chargew14x. These mod-
els emphasize the direct electrostatic interactions
between the local charge on zwitterionic water and
other water molecules and ions rather than treating
water as a dielectric continuum, and they suggest
that the strongest electrostatic interactions of an
ion in water will always be with its nearest
neighbors. The almost complete dissociation of
soluble neutral salts in water implies that the
strength of ion–water interactions is comparable
to the strength of hydrated ion–hydrated ion inter-
actions. Aqueous solutions of ions differ from
aqueous solutions of neutral solutes in having a
requirement for overall net neutrality, showing
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Fig. 2. Hydration shell overlap effects: strongly hydrated ions
decrease the solubility of test solutes by displacement of the
transition layer. TS, test solute; sl, solvation layer(which may
be strongly or weakly held); tl, transition layer(which is weak-
ly held); bs, bulk surface;r , radius of equivalent hydratedh

sphere(determined for strongly hydrated ions using the appar-
ent molecular weight of the ion on a Sephadex G-10 size-
exclusion column at 308C and atmospheric pressure).

local preferential interactions with other charge
centers, and producing substantial charge transfer
to solvent from ions of high charge densityw70x;
there is no evidence for substantial long-range
electric field effects. This perspective naturally
follows from realizing that ions are not point
charges—the electric charge of ions in water is
always delocalized over a significant volume—and
that water behaves more as a zwitterion participat-
ing in local electrostatic and partially covalent
bonds than as a dielectric continuum participating
in dipolar interactions.

3.8. The importance of second shell water (the
‘transition layer’) in aqueous solution

Space filling effects(also known as excluded
volume effects) w78,79x appear to be a major
component of the thermodynamic non-ideality
associated with neutral solutesw80x, with osmotic
effects playing a smaller role. However, the gas-
phase experiments of Kebarle and co-workers
w81,82x demonstrate that the second-shell water
(each shell being one water molecule thick) makes
a far greater contribution to the total absolute free
energy of solvation for K and for Cl than isq y

the case with other solvents because of the small
size of water(bringing the second shell closer to
the ion), the capacity of water to both accept and
donate strong hydrogen bonds, and the ability of
water to make effective hydrogen bonds in geo-
metrically restricted regions. Markham et al.w83x
used ab initio molecular orbital calculations to
show that the first hydration shell of Mg con-2q

tributes approximately 60% of the free energy of
hydration, with the second layer contributing most
of the rest, even though the second layer is not
tightly held (Table 1 andw38x). For simplicity, we
present in Fig. 2 a picture that is similar to our
earlier model of solute hydrationw70x. Adjacent to
the test solute is a solvation layer, usually one
water molecule thick. The behavior of the water
in the solvation layer is controlled by the test
solute(this does not require that any or all of the
solvation layer be tightly bound). Adjacent to the
solvation layer is the transition layer, one water
molecule thick, which competes for hydrogen
bonding interactions with both the solvation layer

and the bulk surface; it makes a large contribution
to the absolute free energy of hydration of the
solute, even though it is not strongly bound to the
solute. Adjacent to the transition layer is the bulk
surface, the behavior of which is largely controlled
by the bulk solution. The transition layer, which
has been detected by X-ray diffraction of
Zn(NO ) in water w40x, appears to arise from3 2

strongly coupled local interactions as opposed to
long-range effects, since Table 1 indicates that
only two of the six solvation-layer water molecules
of Zn are tightly held. Other evidence suggesting2q

the presence of a transition layer in aqueous
solutions includes high-resolution neutron quasi-
elastic scattering of Mg and Ni solutionsw84x2q 2q

and the temperature dependence of Hofmeister
effects w70x. In concentrated solutions, when the
water strongly bound to ions(as measured by the
apparent dynamic hydration number in Table 1)
displaces the transition layer of a test solute(Fig.
2), the solubility of the test solute is decreased
because the water strongly bound to ions is ‘not
available’ to help stabilize the solvation layer of
the test solutew70x. These hydration-shell overlap
effects appear to be a principal mechanism for the
indirect interactions that underlie stabilization of
protein structure and decrease of protein solubility
by strongly hydrated salts and neutral solutesw70x,
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and provide an alternative explanation for ionic
strength effects that is consistent with a large body
of physical data on aqueous solutions.
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