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Abstract
Hydration is essential for the structural and functional integrity of globular proteins. How much hydration water is
required for that integrity? A number of techniques such as X-ray diffraction, nuclear magnetic resonance ŽNMR.
spectroscopy, calorimety, infrared spectroscopy, and molecular dynamics ŽMD. simulations indicate that the hydration level is 0.3᎐0.5 g of water per gram of protein for medium sized proteins. Hydrodynamic properties, when
accounted for by modeling proteins as ellipsoids, appear to give a wide range of hydration levels. In this paper we
describe an alternative numerical technique for hydrodynamic calculations that takes account of the detailed protein
structures. This is made possible by relating hydrodynamic properties Žtranslational and rotational diffusion constants
and intrinsic viscosity. to electrostatic properties Žcapacitance and polarizability.. We show that the use of detailed
protein structures in predicting hydrodynamic properties leads to hydration levels in agreement with other techniques. A unified picture of protein hydration emerges. There are preferred hydration sites around a protein surface.
These sites are occupied nearly all the time, but by different water molecules at different times. Thus, though a given
water molecule may have a very short residence time Ž; 100᎐500 ps from NMR spectroscopy and MD simulations.
in a particular site, the site appears fully occupied in experiments in which time-averaged properties are measured.
䊚 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
Hydrodynamic measurements are one of the
oldest techniques for characterizing the size and
U

Tel.: q1-215-895-2716; fax: q1-215-895-5934.
E-mail address: hxzhou@einstein.drexel.edu ŽH.-X. Zhou..

shape of protein molecules. Historically molecular dimensions were estimated from the expressions of hydrodynamic properties for ellipsoids
w1᎐4x. Owing to the crudeness of ellipsoids as
models of globular proteins, hydrodynamic hydration levels have varied widely, from 0.1 to over 1.0
g of water per gram of protein. Now several
numerical techniques based on modeling the de-
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tailed structures of proteins have been developed
to calculate hydrodynamic properties w5᎐8x. It is
time to re-examine the issue of hydrodynamic
hydration.
A number of techniques such as X-ray diffraction, nuclear magnetic resonance ŽNMR. spectroscopy, calorimety, infrared spectroscopy, and
molecular dynamics simulations indicate that the
hydration level is 0.3᎐0.5 g of water per gram of
protein for medium sized proteins. For example, a
recent high-resolution X-ray diffraction of ribonuclease A identified 258 water molecules in
the first hydration shell w9x, corresponding to a
hydration level of 0.34 grg. The non-freezable
water around a protein can be easily detected by
NMR. The hydration levels from such a measurement are 0.34, 0.42 and 0.34 grg for lysozyme,
myoglobin, and chymotrypsinogen A, respectively
w10x. Calorimetric measurements of the heat capacity of lysozyme powder at different hydration
levels indicate that the amount of water required
to hydrate lysozyme is 0.38 grg Ži.e. any additional water beyond this hydration level simply becomes part of the bulk water. w11x. Similarly,
infrared spectroscopy indicates that hydration of
lysozyme stops at approximately 0.33 grg w12᎐14x.
Molecular dynamics simulations of myoglobin solvated by different numbers of water molecules
show that root-mean-square deviations from the
X-ray structure become stable after approximately 350 water molecules Ži.e. 0.37 grg. are
included w15x.
In earlier work we presented hydrodynamic calculation results to indicate that when the detailed
structures of proteins are explicitly modeled, hydration levels in the narrow range of 0.3᎐0.5 grg
are predicted w7x. Here we present additional data
on rotational correlation times to support this
conclusion.

2. Relations of hydrodynamic and electrostatic
properties
The connection between hydrodynamic and
electrostatic properties was recognized from the
fact that the Oseen Tensor, i.e. the Green function for the Navier᎐Stokes equation, when orien-

tationally averaged is proportion to the Green
function for the Laplace equation w16x. One has
T˜s
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By approximating the Oseen tensor by its orientational average, Zhou w16x showed that the
translational friction is related to the electric
capacitance by
 s 6  0 C

Ž3.

In particular this result is exact for triaxial
ellipsoids. By the same approximation, the intrinsic viscosity is proportional to the electric polarizability. To make the relation exact for a sphere,
Zhou proposed adding a term proportional to the
volume of particle under consideration. Thus we
have
w x s

3
1
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The capacitance is the total charge on the
surface of the particle if it were a conductor with
the surface electric potential maintained at unity.
That is,
Cs
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where Sp is the surface of the particle and c Žr. is
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the surface charge density. The electric polarizability tensor ␣
˜ has the components
␣ ijs4

HS d sx  Žr.
i

Ž6.

j

p

where x i are the Cartesian components of r, and
j Žr. are the charge densities satisfying
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The origin for the coordinate system should be
chosen such that the total charges

HS d s Žr. are
j

p

zero. In practice, one can choose any origin and
calculate j Žr. according to Eq. Ž7.. If the total
charges are

HS d s Žr. s Q , then the charge denj

j

P

sities to be used for calculating the polarizability
tensor should be j Žr. y Ž Q jrC . c Žr.. The orientationally averaged polarizability is
␣s
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By the orientational average of the Oseen tensor, Zhou w16x also showed a relationship between
the rotational friction tensor ˜
 and the polarizability tensor. This is given by

˜ s 30 Ž3␣ I˜y ␣
˜
˜ . r2 ' 30 ␤

Ž9.

The accuracy of this relation was not as extensively tested as that of Eqs. Ž3. and Ž4.. In the
case of an axially symmetric particle, Zhou did
conjecture a relation between the axial rotational
friction and the transverse electric polarizability.
This is
 I s 2 0 ␣ H

Ž 10.

which is proven in Appendix A. For axisymmetric
particles, Eq. Ž9. predicts  I s 30 ␣ H and  H s
30 Ž ␣ I q␣ H .r2. The former differs from the exact result in Eq. Ž10. by a coefficient of 3 instead
of 2. For ellipsoids, cylinders, and dumbbells, the
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proportionality constant between  H and 0 Ž ␣ I
q␣ H .r2 was found to range from 2 for shapes
close to a sphere to 4 for needles and disks.
The translational diffusion constant is related
to the translational friction via the Stokes᎐Einstein equation
D s k B Tr

Ž 11.

where k B T is the product of the Boltzmann constant and the absolute temperature. A similar
equation relates the rotational diffusion tensor
˜ r and the rotational friction tensor. Globular
D
proteins have traditionally been modeled as
isotropic diffusers. More recently in interpreting
NMR relaxation data on backbone dynamics proteins have been modeled as axisymmetric diffusers, with D I rD H s  H r I ranging from 0.8 to
1.4 w17᎐24x. The rotational correlation function of
a unit vector attached to the particle is w25x is
2

C Ž t . s Ž 1.5cos 2  y 0.5. eyt r t 1
q 3sin 2 cos 2 eyt r t 2 q 0.75sin 4 eyt r t 3
Ž 12.
where  is the angle between the unit vector and
the symmetric axis, 1rt1 s 6 D H s 6 k B Tr H ,
1rt 2 s 5D H qD I s k B T Ž5r H q1r I ., and 1rt 3
s 2 D H q4D I s k B T Ž2r H q4r I.. For 0.8 D I rD H s  H r I - 1.4, Eq. Ž12. is well approximated by a single exponential. In Fig. 1 we compare Eq. Ž12. at D I rD H s 1.2 against the single
exponential function expŽytrtc . with an effective
correlation function
t c s Ž 2 H q I . r18k B T s Tr Ž ˜
 . r18k B T

Ž 13.

The agreement is very reasonable, with the
area under the curve overestimated by 6.7% at
 s 0 and underestimated by 2.5% at  s 90⬚ by
the single-exponential function. Comparable
amounts of errors are incurred at D I rD H s 0.8.
Note that the rotational correlation time in Eq.
Ž13. is not defined in the usual way as t c s
1r2Ž2 D H qD I . s 1r2 k B T Ž2r H q1r I .. The
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cosity, and the rotational correlation time simultaneously from a single electrostatic calculation
for the capacitance and the polarizability. The
details of this calculation are described previously
w7x. In the next section we present results on the
hydrodynamic properties of proteins predicted on
their actual structures.

3. Results

Fig. 1. Rotational correlation function of a unit vector attached to a axisymmetric diffuser. Solid curves are the exact
result given by Eq. Ž12. and dashed ones are single-exponential approximations with correlation time given by Eq. Ž13..
The curves for  s 45 and 90⬚ are shifted upward by 1 and 2,
respectively. Note that for  s 45⬚ the two curves are barely
distinguishable.

result in Eq. Ž13. is larger by approximately 1% at
D I rD H s 1.2 and 0.8. The reason for using Eq.
Ž13. is that we want to relate t c to the orientationally averaged electric polarizability wsee Eqs. Ž9.
and Ž8.x. Considering the small deviations of
D I rD H from 1 observed on globular proteins, we
propose the following relation
t c s 2.30 ␣r6k B T

Ž 14.

The numerical factor, 2.3, is between the value 2
for a sphere and 3 according to Eq. Ž9..
Eq. Ž14. is the main theoretical result of the
present paper. Along with the previously proposed Eqs. Ž3. and Ž4., we can now obtain the
translation diffusion constant, the intrinsic vis-

Zhou w7x has used Eqs. Ž3. and Ž4. to calculate
the translational diffusion constant and the intrinsic viscosity for ribonuclease A, lysozyme,
myoglobin, and chymotrypsinogen A. By including
˚
a 0.9-A-thick
uniform hydration shell, the experimental results for both hydrodynamic properties
are reproduced for all four proteins. Table 1 gives
the comparison Ždata taken from Zhou w7x.. The
˚
0.9-A-thick
uniform hydration shell gives hydration levels of 0.40, 0.39, 0.40, 0.38 g of water per
gram of protein for the four proteins.
The same calculation results contain other data
that can be directly compared with experiments.
In Table 2 we compare the volume Vp enclosed by
˚ away from the van der Waals
the shell 0.9 A
surface of the protein with the hydrated volume
as determined by small-angle X-ray scattering.
Kumosinski and Pessen w26x compiled data for 18
proteins, among which are ribonuclease A,
lysozyme, and chymotrypsynogen A. The values of
Vp used for predicting D and w x agree with the
experimental data on the hydrated volume to
within 5, 10 and 4%, respectively, for the three
proteins.
With Eq. Ž14. proposed in the present paper,
we can now predict the rotational correlation
time. The results, by using the previously calculated polarizablility w7x Žlisted in Table 1. in Eq.
Ž14., are shown in Table 3. The predicted values
of t c are consistent with experimental results for
all four proteins.

4. Discussion
With Eqs. Ž3., Ž4. and Ž14., we now have com-

Proteins

Ribonuclease A
Lysozyme
Myoglobin
Chymotrypsinogen A

˚3.
Vp ŽA
20.941
21.668
27.631
39.190

˚.
C ŽA

19.24
19.03
20.52
23.06

˚3.
␣ ŽA

91.691
87.640
110.288
153.540

D Ž10y7 cm2rs.

w x Žcm3rg.

Calculation

Experiment

Calculation

Experiment

Hydration
Žgrg.

11.06
11.18
10.37
9.23

11.2" 0.2
11.2" 0.2
10.3
9.2" 0.2

3.26
2.99
3.14
2.93

3.30" 0.04
2.99" 0.01
3.15
2.82" 0.3

0.40
0.39
0.40
0.38
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Table 1
Electrostatic and hydrodynamic properties Žat 20⬚C. of four proteins
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Table 2
Comparison of modeled and experimental hydrated volumes
˚3 .
ŽA

Table 3
Comparison of predicted and experimental rotational correlation times Žns. at 20⬚C

Proteins

Model

Experiment

Proteins

Prediction

Experiment

Ribonuclease A
Lysozyme
Chymotrypsinogen A

20 941
21 668
39 190

22 000
24 200
37 790

Ribonuclease A
Lysozyme
Myoglobin
Chymotrypsinogen A

8.8
8.4
10.5
14.7

8.3a
7.2b 7.5c 10d
8.9e , 9.4f 12.7g
15h

pleted an approach to predict the three hydrodynamic properties, translational diffusion constant,
intrinsic viscosity, and rotational correlation time,
of globular proteins, without any adjustable
parameters. The new data in Tables 2 and 3
demonstrate the accuracy of our approach.
A very important physical property that come
out of the hydrodynamic calculations is the hydration level. This falls within the narrow range of
0.3᎐0.5 g of water per gram of protein for all the

a
Converted from the result of 7.3 ns at 25⬚C in Krause and
O’Konski w27x.
b
Cross and Fleming w28x.
c
Dill and Allerhand w29x.
d
Bubin et al. w30x.
e
Converted from the result of 10.3 ns at 15⬚C in Anderson
et al. w31x.
f
Tao w32x.
g
Calculated from the steady-state fluorescence data of
Stryer w33x by using a fluorescence lifetime of 16.4 ns for ANS
complexed to apomyoglobin, as measured in Anderson et al.
w31x and Tao w32x.
h
Stryer w34x.

Fig. 2. The model of protein hydration. The protein is represented by the shaded area. Hydration water molecules have a black dot,
whereas bulk water molecules have an open circle. Ža. and Žb. represent two time instances. In Ža. water molecules A᎐G hydrate
the protein and X᎐Z are in the bulk. In Žb. the protein has undergone a rotation Žand translation ., and the sites initially occupied
by molecules A, B, and C are now occupied by X, Y, and Z, respectively. Note that the hydration sites around the protein are fixed,
even a given site may be occupied by different water molecules at different times.
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ž ' q z

four proteins considered in this paper. By using
the detailed protein structures, we have brought
the hydration levels implicated by hydrodynamic
properties into conformity with those detected by
other experimental techniques.
It now appears reasonable to propose a unified
picture of protein hydration that reconciles observations from different experimental techniques.
As Fig. 2 illustrates, around the protein surface
are preferred hydration sites. As seen by X-ray
diffraction and in molecular dynamics simulations, these sites are around charged side chains
and polar side chains and the backbone, where
water molecules can make hydrogen bonds with
the protein. Though a given water molecule may
have a residence time of only 100᎐500 ps in a
particular site Žas determined by NMR spectroscopy w35x., the site is almost fully occupied Žalbeit
by different water molecules at different times..
Thus, in experiments Že.g. calorimetry and hydrodynamic measurements . which detect time-averaged properties the hydration water appears as an
integral part of the protein. It is important to
note that hydration water is marked by the permanence of the occupation sites, not by the permanence of the occupants.

¨

Appendix A
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Ž A2b.

/

where S p is the surface of the particle and ⍀ is
the rotational velocity. By the transformation
w37,38x
V s ¨ cos

Ž A3.

Eq. ŽA1. can be converted to a Laplace equation
ⵜ2Vs0

Ž A4.

The boundary conditions are now
V<

S p s ⍀cos

ž ' q z
2

V
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Ž A5a.

ª⬁ s0

Ž A5b.

/

The surface stress force in the present case is
w36x

˜ s ypn q 0 nⵜŽ ¨r .
fsn⭈⌸

The axial component of the resulting torque is

HS d s Žr = f. ⭈ˆzs  HS d sn ⭈  ⵜŽ ¨r .
2

0

p

In this appendix we prove Eq. Ž10., the exact
result relating the axial rotational friction and the
transverse electric polarizability of an axially symmetric particle.
For a fluid perturbed by the axial rotation of an
axisymmetric particle, the only non-zero component of the fluid velocity is in the azimuthal
direction. This we will denote as ¨ . In cylindrical
coordinates the Navier᎐Stokes equation for ¨ is
w36x
⭸ ¨
¨
1 ⭸
⭸¨

q 2 y 2 s0
 ⭸
⭸
⭸z


Ž A6.

Ž A7.

p

The axial rotational friction is
 I s yLr⍀ s y0

HS d sn ⭈  ⵜŽ ¨r ⍀ .
2

Ž A8.

p

The electrostatic potential  induced by a uniform electric field, Ex,
ˆ in the transverse direction
satisfies the Laplace equation
ⵜ2 s 0

Ž A9.

2

ž /

Ž A1.

<

The boundary conditions are
¨<

S p s ⍀

with the boundary conditions

Ž A2a.
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Comparing with Eqs. Ž4., Ž5a. and Ž5b. gives
 s Ž Er⍀ . V s Ž Er⍀ . ¨ cos

Ž A11.

The transverse electric polarizability is w16x
␣ Hs

HS d sn ⭈ Žyⵜ q Exˆ.rE

Ž A12.

p

Using Eq. ŽA11. and noting n ⭈ ˆ
xsn⭈ˆ
cos, we
have
␣ Hs

HS d scos n ⭈ Žyⵜ¨r⍀ q ˆ .
2

p

HS d scos n ⭈ ⵜŽ ¨r ⍀ .

sy

2

p

sy

1
2

I

HS d sn ⭈ ⵜŽ ¨r ⍀ . s 2 
p

0

which is just Eq. Ž10..
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