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Abstract

The comparative investigation of biopolymer hydration by physicochemical techniques, particularly by small-angle
X-ray scattering, has shown that the values obtained differ over a wide range, depending on the nature of the
polymer and the environmental conditions. In the case of simple proteins, a large number of available data allow the

Ž .derivation of a realistic average value for the hydration 0.35 g of water per gram of protein . As long as the average
properties of proteins are considered, the use of such a default value is sufficient. Modeling approaches may be used
advantageously, in order to differentiate between different assumptions and hydration contributions, and to correctly
predict hydrodynamic properties of biopolymers on the basis of their three-dimensional structure. Problems of major
concern are the positioning and the properties of the water molecules on the biopolymer surface. In this context,
different approaches for calculating the molecular volume and surface of biopolymers have been applied, in addition
to the development of appropriate hydration algorithms. � 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Hydration and solvent interactions in solutions
of biological molecules are highly important
phenomena responsible for the stabilization,
structure, and function of biological molecules
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941-943-2813.
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Ž .burg.de H. Durchschlag .

� �1�19 . Although in the past, various physico-
chemical techniques have been applied to de-
termine the hydration�solvation of biopolymers
Ž � �.e.g. 5,20�26 , the extent of water�solvent asso-
ciation, the properties of water�solvent molecules

Žbound to biopolymers e.g. volume and density of
.water molecules , and their localization on the

macromolecule surface are still enigmatic, partly
due to the fact that different approaches seem to
yield quite different results. For precise determi-
nations of the water content of biopolymers, some
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of the assumptions underlying the evaluation and
Žinterpretation of different techniques e.g.

concerning mass density and electron density of
.constituents, existence of water shells seem to be

inadequate. Therefore, comparative investigations
of biopolymer hydration�solvation are a neces-
sary prerequisite for understanding the behavior
of biological matter. In addition, the application
of several techniques of structural analysis re-
quires qualified assumptions regarding hydration

Žand�or buoyancy e.g. for the prediction of hy-
drodynamic parameters from three-dimensional
Ž . � �.3D information 27�35 . While, nowadays, the
experimental or theoretical determination of spe-

� �cific volumes poses no serious obstacle 36�39 ,
the hydration�solvation problem is still the major
limitation to many applications.

Ž .The goal of the present study was: i the
investigation of hydration contributions of many
classes of biopolymers, particularly of proteins, to
establish the basis for more accurate possibilities
to visualize water molecules on the polymer sur-

Ž .face; and ii the use of the 3D structure of
proteins together with scattering and hydrody-
namic modeling approaches to test the assump-
tions concerning number and localization of wa-
ter molecules bound to the protein surface. For
the latter purpose, the calculation of solution
scattering functions was used as an additional
tool.

2. Molecules and methods

To obtain a survey of experimental data
concerning volume, V, surface area, S, partial
specific volume, �, hydration, � , of various classes1
of biopolymers, literature values were examined.
The data were selected from a large number of
publications, and therefore, show quality differ-
ences in the data cited, obviously due to quite
different accuracies achieved by different meth-
ods and authors. Concerning V and S, data from

Ž .small-angle X-ray scattering SAXS were pre-
� �ferred 40,41 . Hydration values were extracted

from a variety of papers reliant upon quite dif-
ferent techniques for their estimation: e.g. isopi-
estic, calorimetric and densimetric experiments,

hydrodynamic measurements including analytical
Ž .ultracentrifugation AUC , IR, Raman and NMR

spectroscopy, SAXS, modeling techniques, etc.
Ž � �.e.g. 3,5,23 .

To illustrate a typical example in more detail,
the tetrameric enzyme bovine catalase was cho-
sen, the native enzyme containing one additional
heme b and one NADPH per subunit. Catalase2
has been analyzed by a variety of physicochemical

� �techniques, including X-ray crystallography 42
� �and solution techniques such as SAXS 43,44 ,

� �AUC and viscometry 45�47 . In order to corre-
Ž .late structural X-ray and hydrodynamic data, it

has also been the subject of whole-body and
�multi-body modeling approaches 32,35,40,41,44,

�48,49 .
In the following, only the parameters and

methods pertinent to this study are mentioned in
more detail.

Specific volumes can be determined experimen-
tally, preferably by use of density measurements
� �36,39 . Experiments in multi-component solu-
tions may be performed at constant molality or
constant chemical potential of added solvent
components. Partial and isopotential specific

Ž .volumes � and � � or the isomolal and isopoten-
Ž .tial mass density increments, ����c andm

Ž .����c , may be used for the calculation of�

interaction parameters including information on
Žthe preferential binding�exclusion of water hy-

. � �dration and co-solvents 9,15,19,50 .
The calculation of partial molar and partial

specific volumes, V and �, of low-molecular-weight
and macromolecular organic compounds of non-
ionic and ionic nature can be performed by means

� �of a simple ab initio approach 37,38 . The calcu-
lated volumes are valid for aqueous solutions at

Ž .298 K two-component solutions . The applied
volume increments already take into account any
interactions with the solvent water or other ef-

Ž .fects ionization, hydration, ring formation, etc.
Ž .leading to volume changes electrostriction of

different extents.
Ž .The analysis of SAXS curves, I h , and their

Fourier transforms, the pair�distance distribution
Ž .functions, p r , allows the determination of a

variety of molecular parameters including radius
of gyration, R , hydrated particle volume, V, andG
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� �surface area, S 51,52 . V can be obtained either
Ž . Ždirectly from the second moment of I h Porod’s

.invariant or indirectly from a model derived from
SAXS data. Accordingly, hydration values, � , may1
be obtained from a comparison of V with the
anhydrous volume, V , calculated from molardry
mass, M, and � of the biopolymer:

VNA Ž .� � �1 ��� 11 24ž /10 M�

where � is given in g g�1, V in nm3, M in kg1
�1 3 �1mol , � in cm g , and the solvent density � in

g cm�3 ; N symbolizes Avogadro’s number.A
Sedimentation coefficients, s, are usually de-

termined by AUC, diffusion coefficients, D, by
AUC or dynamic light scattering, and intrinsic

� �viscosities, � , from different types of viscometric
measurements. The hydrodynamic parameters
may be used to derive hydration values, �1
� �5,53,54 .

The hydration of proteins may be calculated
� �according to Kuntz 55 . His published data indi-

cate a significant temperature dependence for the
amount of water associated with the charged
residues, and a strong pH effect for Glu, Asp and
Tyr residues. The most obvious deficit of this
approach is the assumption that each amino acid
is exposed to the solvent; any correction for buried
residues should increase with the size of the pro-
tein under consideration. However, according to

� � ŽKuntz 55 , the effects of buried residues approx.
.�10% hydration in the case of lysozyme and

aggregation of subunits are considered to be of
subordinate importance, and they should not gen-
erate major changes in hydration.

For the application of hydrodynamic and scat-
tering modeling approaches, consideration of the
appropriate amount of hydration is crucial
� �27�35,40,41,48,49,53,56�61 . Vice versa, model-
ing may be used to check the validity of � -values1
used, on the one hand, and the localization of
water molecules on a biopolymer surface on the
other.

In particular, multi-body approaches may be
used efficaciously for the prediction of hydrody-
namic properties from the atomic coordinates

� �35 . Using bead-modeling approaches and con-
sideration of appropriate hydration contributions,
hydrodynamic parameters such as sedimentation
and diffusion coefficients as well as intrinsic vis-
cosities may be estimated. The prediction of solu-
tion scattering data requires application of ‘filling

� � � �models’ 35,41 instead of shell models 35,60 ,
since the whole particle contributes to scattering.
When applying this approach, various sophisti-
cated procedures may be involved, e.g. efficient

� �data reduction 31 , bead modeling by overlapping
spheres, consideration of hydration. Hydrody-
namic calculations may be performed using Garcıá
de la Torre’s public-domain programs HYDRO
� � � �62 or HYDROPRO 35 or modifications
thereof, since they enable the calculation of hy-
drodynamic quantities even by use of personal
computers. Problems in the context of overlap-
ping unequal spheres may be overcome by use of
an ad hoc expression for the interaction tensor
� �31,32,63,64 . The crucial problem of hydration
contributions may be solved by introduction of
transformation factors acting on bead radii
and�or bead coordinates, producing a uniform or

� �non-uniform molecule expansion 27�34 .
As an alternative approach to representing hy-

dration, we modeled individual water molecules
on the protein surface instead of ‘blowing up’ the

� �whole molecule 27,28,30�34 or building a uni-
� �form water shell around the molecule 29 , as was

done in previous calculations. This was achieved
by calculating the protein surface by use of sur-
face calculation strategies, starting from the
atomic coordinates, and positioning water
molecules on the protein surface. The atomic
coordinates of the protein were obtained from

� � Žthe Protein Data Bank 65 accession code for
.beef liver catalase: 8CAT .

‘Solvent-accessible surfaces’ were originally de-
� �fined and computed by Lee and Richards 66 by

tracing out the surface accessible to the center of
a probe sphere representing a solvent molecule as
it rolls over the protein; this represents a kind of
expanded ‘van der Waals surface’. Refinements

� �were achieved by Richards 67�69 introducing
further surface definitions and strategies: the
‘molecular surface’ is formed by the ‘contact sur-
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face’ and ‘re-entrant surface’.1 More recent meth-
ods calculate analytically a smooth 3D contour
about a molecule. Connolly’s program MSRoll
� �70�72 computes a piecewise quartic molecular
surface envelope surrounding the molecule. It
yields contact, re-entrant, molecular and accessi-
ble areas and solvent-excluded volume of the
entire molecule and of each interior cavity; and in
addition to a ‘dot surface’, the program also com-
putes a polyhedral surface of the molecule. Simi-
larly, the program SIMS by Vorobjev and Her-

� �mans 73 produces a smooth invariant molecular
dot surface, generating the smooth molecular sur-
face by rolling two probe spheres; the method
produces a quasi-uniform dot distribution on the
molecular surface, which is invariant to molecular
rotation and stable under changes in the molecu-
lar conformation. The main difference between
the two programs seems to be the difference in
homogeneity of the dot distribution.

Atomic coordinates were converted to hydrody-
namic or SAXS models by representing each

Ž .amino acid residue by a sphere bead of ap-
propriate radius. The total volume of chosen
spheres corresponded to the molecular volume of

� �the anhydrous particle 33,74 . For hydrodynamic
Ž .modeling, only the size volume of the beads was

important, whereas for SAXS models, the beads
were weighted according to their number of ex-

� � 2cess electrons 75 .
The resultant models were then hydrated as

described in the following. We used the programs
MSRoll and SIMS, the latter in adapted form, for
computing a large number of dot surface points

Žand normal vectors approx. 50 000�100 000 in the
.case of catalase . The coordinates and normal

vectors of the points, calculated on the basis of a
probe radius of 0.14 nm, were used to construct

1 The contact surface is the part of the van der Waals
surface that can be touched by a water-sized probe sphere, the
re-entrant surface is defined by the interior-facing part of the
probe when it is simultaneously in contact with more than one

� �atom 69 .
2 The number of excess electrons of a bead corresponds to

the product of the bead volume and the electron density
Ždifference between the amino acid residue represented by the

.bead and the bulk water.

potential positions of water molecules on the
protein surface. A ‘hydration algorithm’ was then
applied to select appropriate positions for placing
individual water molecules on the protein surface.
The number of water molecules assigned to each
accessible amino acid residue was primarily based

� �on the values given by Kuntz 55 , assuming a
minimum distance of 0.28 nm between water
molecules. For modeling different degrees of hy-
dration, the Kuntz values were uniformly in-

� �creased by a factor �1 76 . Each selected water
molecule was represented by a sphere of volume

3 � � 3 � �0.0245 nm 18,77,78 , 0.0269 nm 26,79 or 0.0284
nm3, corresponding to volume decreases of ap-
proximately 20, 10, and 5% if compared to the

3 � � 3volume of 0.0299 nm 77 for bulk water. In an
alternative approach, the calculated volume of
the water molecules adjacent to the amino acid
residues on the surface was added to the amino
acid volumes. A further alternative procedure ex-

Ž .panded the volume of all accessible and buried
amino acids according to the hydration values

� �given by Kuntz 55 , irrespective of whether they
are buried inside or are located on the protein
surface.

For hydrodynamic modeling, these hydrated
models had to be reduced to a proper number of
beads by means of the cubic grid approach
� � Ž .27,30,31 . SAXS curves, I h , of unreduced and
reduced models were calculated by Debye’s for-
mula and converted to distance distribution func-

Ž . � �tions, p r , by Fourier transformation 51,52 . The
radii of gyration of the models were derived using
the size and the coordinates of the beads
Ž .R or size, coordinates, and excess elec-G,Hydro

Ž .trons R .G,SAXS

3. Determination of biopolymer volume and
hydration

3.1. Physicochemical methods

For many applications, including AUC, solution

3 As established by the cited X-ray, neutron and density
investigations, the average density of bound water is approxi-
mately 10�20% larger than that of bulk water.
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Table 1
Specific volumes and hydration of selected biopolymers, as revealed by different physicochemical techniques or calculative
procedures by several authors.

a bMolecule Solvent Specific volume Hydration
conditions d c d� Reference � Method Reference1

3 �1 �1Ž . Ž .cm g g g

1. Simple Proteins:
Ž .Albumin bovine serum

� �0.15�1.07 Different 2
Ž . � �0.32 Different avg. 2

� �0.32 SAXS 23
� �0.32 Isopiestic 3
� �0.32�0.49 Calorimetric 3
� �0.33�0.52 Hydrodynamic 3
� �0.35 Hydrodynamic 5
� �0.36 Dialysis 84
� �0.40 NMR 3,55

� � � �0.735 40 0.55 SAXS 40
� �0.23 Calc. 15
� �0.36 Calc. 84
� �0.45 Calc. 3,55

� � � �1 M NaCl 0.735 85 0.23 Thermodynamic 15,85
� �1 M NaCl 0.24 Thermodynamic 9,19

� � � �4 M GdmCl 0.728 85 0.18 Thermodynamic 15,85
� �urea 0.44 NMR 3,55
� �urea 0.45 Calc. 3,55
� �pH 3 0.30 NMR 3,55
� �pH 3 0.32 Calc. 3,55

epH 4 0.32 Calc. This study
epH 6�8 0.45 Calc. This study
epH 10�12 0.47 Calc. This study

� �Denatured 0.33 Calorimetric 3

Ž .Catalase bovine liver
� �0.29 SAXS 23

� � � �0.730 40 0.34 SAXS 41
� �0.70 Diffusion 2

e0.40 Calc. This study
e,f0.39 Calc. This study

Ž . � � � �Citrate synthase pig heart 0.740 40 0.33 SAXS 40
e0.39 Calc. This study

� � � ��oxaloacetate 0.739 40 0.27 SAXS 40

Ž . � �Lysozyme chicken egg white 0.19�0.10 SAXS-modeling 86
� �0.23�0.89 Different 2
� �0.25 Isopiestic 3

Ž . � �0.29 Different avg. 2
� �0.3 Calorimetric 3
� �0.31�0.34 Different 11

� � � �0.702 40 0.32 SAXS 23,40
� �0.34 NMR 3,55
� �0.34�0.52 Hydrodynamic 3
� �0.55 Dialysis 84
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Ž .Table 1 Continued

a bMolecule Solvent Specific volume Hydration
conditions d c d� Reference � Method Reference1

3 �1 �1Ž . Ž .cm g g g

� �0.57 Hydrodynamic 5
� �0.28 Calc. 84

g � �0.335 Calc. 3,55
� �0.36 Calc. 3,55

e0.35 Calc. This study

� � � �Malate dehydrogenase, NaCl 0.73 87 0.35�0.45 Thermodynamic 15,87
� �halophilic 0.252 Calc. 15

� �Default value for simple proteins 0.14�1.04 Hydrodynamic 81
� �0.2�0.35 88
� �0.2�0.4 87
� �0.25 89
� �0.3 34
� �0.3�0.4 81
� �0.3�0.5 90

� � � �0.735 40 0.35 40,53
� �0.36�0.04 NMR 5,55

� � � �0.730 5 0.53�0.26 5
� �Monomeric proteins 0.280 23,56,57

�1Ž .M�100 kg mol
� �Oligomeric proteins 0.444 23,56,57

�1Ž .M�100 kg mol

2. Glycoproteins:
Ž . � � � �Fibronectin human 0.72 40 0.64 SAXS 40

Ž . � �Fibrinogen bovine 0.5 Hydrodynamic 3
� � � �0.700 58 4.45 SAXS 41

Ž . � � � �Mucus glycoprotein human 0.633 91 100 Hydrodynamic 53

� �Default value for glycoproteins 0.3 78,92

3. Polysaccharides:
h � � � �Dextran 0.620 39 0.2 NMR 93

� �Sephadex 0.3 NMR 90

� �Default value for polysaccharides 0.1�0.2 NMR 93

4. Nucleoproteins, �iruses:
� � � �Bacteriophage fr 0.673 40 0.91 SAXS 40

� � � �Tomato bushy stunt virus 0.700 40 0.99 SAXS 40



( )H. Durchschlag, P. Zipper � Biophysical Chemistry 93 2001 141�157 147

Ž .Table 1 Continued

a bMolecule Solvent Specific volume Hydration
conditions d c d� Reference � Method Reference1

3 �1 �1Ž . Ž .cm g g g

5. Nucleic Acids:
� �DNA 0.35�1.6 Different 93
� �0.59 NMR 3
� �0.61 Calorimetric 3
� �1.5 NMR 93

� � � �1 M NaCl 0.528 85 0.20 Thermodynamic 15,85
� �CsCl 0.24 Thermodynamic 15
� �Denatured 0.65 Calorimetric 3

� � � �t-RNA 0.54 40 0.34 SAXS 40
� �Denatured 1.7 NMR 90

� � � �5S rRNA 0.54 40 0.23 SAXS 40

Ž .The values are valid for aqueous solutions water or dilute buffer, unless otherwise stated at 20�25	C.
a Ž � �.Partial specific volume, �, obtained preferably by densimetry for details see: 36,39 .
b Hydration, � , in grams of water per gram of molecule under analysis.1
c Ž .Thermodynamic analysis based primarily on densimetry preferential binding of water .
d Detailed citations can be found in the references given.
e � �Based on the sequence deposited in the SWISS-PROT data bank 94 : accession numbers P02769, P00432, P00889, and P00698

for albumin, catalase, citrate synthase, and lysozyme, respectively. For calculations all amino acid residues are used, irrespective of
Ž .their localization in the protein interior or outside exposed to the solvent .

f Ž .Corrected for ligands heme b, NADPH .2
g Corrected for buried residues.
h Ž .For � the value for the monomeric unit glucose was used.

scattering, and modeling, the exact value of the
Ž .partial molar or partial specific volume V, �

and�or other volume quantities is a necessary
prerequisite. In the case of biomolecules, the
densimetric exploration of isomolal or isopoten-

� �tial volume quantities is straightforward 36,39 .
In the case of simple proteins, the average value

3 �1for � is approximately 0.735 cm g and does
Ž .not exhibit pronounced scatter Fig. 1; Table 1 .

If the experimental determination of V or � is
Žnot feasible e.g. because of a lack of material,

.insufficient solubility, strong adsorption behavior ,
experiments have to be replaced with appropriate
calculations. This is demonstrated in Fig. 2 for
the two ligands of catalase, heme b and NADPH ,2
their V values being required for modeling pur-

Ž .poses see Section 3.2 . The validity of this ap-
� �proach 37,38 has been demonstrated for numer-

Žous substances of quite different properties in-
. �cluding hydration : compounds like NAD ,

ŽNADH, acetyl-coenzyme A free acids, anions,
.salts .

As follows from the experiments and compila-
Ž �tions of many authors e.g. 2,3,5,9,15,19,23,40,

�.41,55 , the application of various physicochemi-
cal techniques to biological molecules yields hy-

Ždration values, � in grams of water per gram of1
. Ž .molecule , varying over a wide range Table 1 .

The values vary for different classes of com-
Žpounds non-conjugated and conjugated proteins,

.nucleic acids, polysaccharides, etc. and environ-
�mental conditions e.g. presence of high concen-

Žtrations of third components co-solvents, denatu-
.�rants, etc. . The vast majority of values have been

reported for simple proteins in aqueous solution
Ž .c of co-solvents �0.2 M which, as a first ap-
proximation, can be regarded as two-component
systems. Experimental results found for proteins
are also compared to predictions from the se-
quence: � values calculated according to Kuntz1
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Ž . ŽFig. 1. Experimental values for hydrated volume � , V in
3. Ž . Ž 2 . Ž .nm , surface area � , S in nm , partial specific volume � ,

3 �1Ž . Ž . Ž� in cm g , and hydration 	 , � in grams of water per1
.gram of biopolymer of 34 selected simple proteins plotted as

Ž �1 .a function of the logarithm of molar mass, M in kg mol ,
Ž . Ž .as derived from SAXS V, S, � and densimetry � , respec-1

3 �1Ž . Žtively. Default values for � 0.735 cm g and � 0.35 g1
�1 .g are shown as dotted lines. For details of measurements

� �and observed values see 40,41,52 .

� �55 agree satisfactorily with experimental values,
though their pH dependence should be taken into

Ž .account cf. Table 1: albumin . Calculated values
may be applied for various purposes, e.g. for the
calculation of isopotential specific volumes of
proteins in high concentrations of denaturing

Ž .agents 6 M guanidinium chloride, 8 M urea
Ž � �from increments cf. 36,39 and references

.therein , or for modeling purposes as shown in
this study.

For molecules possessing average properties,
e.g. simple globular proteins, reasonable average
values for � can be derived from experimental1
determinations. As an example, the hydration val-
ues obtained from the hydrated particle volumes
by means of SAXS are illustrated in more detail.
The hydration values obtained show a strong scat-

Ž .ter Fig. 1 , obviously due to deficiencies in the
determination of the SAXS volumes required for
the � estimates. The deviations for the � values1 1
coincide exactly with the deviations found for V
and S.

From SAXS of the apo- and holoforms of 34
Ž �1simple proteins M�14�333 kg mol , axial ra-

.tio p�0.2�5; Fig. 1 an average hydration value
of 0.31�0.14 g g�1 can be deduced, if the density

�3 Žof bound water is taken as 1 g cm as done in
. 4the past by most authors . This result is in agree-

ment with 0.32�0.13 g g�1 obtained earlier for a
� �set of 21 simple apoproteins 40 . Average values

between 0.34 or 0.38 g g�1, however, would be
gained for the 34 proteins mentioned, if an in-

� �crease in water density of 10 or 20% 18,26,77�79
is assumed. Similar average values as obtained by
SAXS have been obtained from other techniques,
though the accuracy that can be achieved by
different methods is quite different and though
differing protein sets have been used.

The experimental determination of � is dif-1
ficult and the results seem to depend on the
technique applied. According to the literature,
the hydrodynamic hydration of proteins often ex-
ceeds the hydration obtained by other methods
Ž� � .5 ; cf. Table 1 . While the majority of SAXS
experiments yield results consistent with other

Žtechniques, a few examples of SAXS studies e.g.
� �.80 seem to underestimate the hydration. In the
context of the mentioned discrepancies, however,
the question arises to what extent the results are
caused�influenced by the assumptions underlying

Žthe evaluation and interpretation of the data e.g.
uncritical modeling by ellipsoids of revolution; cf.
� �.81 . On the other hand, whole-body modeling,
based on V and R or s and D of a variety ofG
biopolymers, showed full compatibility between

� �SAXS and hydrodynamic data 40,41,49,58 , with-
out involving extreme values for � . This suggests1
that appropriate data treatment and modeling are
more important for the determination of � than1
the choice of the experimental technique.

In the case of lacking databases for hydration
values, default values may be used instead, espe-
cially for molecules with average properties. For
simple proteins, for a good approximation, a �1
value of 0.35 g water�g protein may be applied
Ž .Fig. 1; Table 1 .

4 The use of a value of 1 g cm�3 for the density of
hydration water goes back to the early beginnings of SAXS
when the difference between V and V was attributed to andry
‘inner solvation’ of the biopolymers. Actually a hydration shell
can only be detected by SAXS if the shell has a density
different from that of the surrounding bulk water to give a
significant electron density contrast.
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Fig. 2. Calculation of the partial specific volume of the ligands of catalase, heme b and NADPH , from volume increments for2
� �atoms according to 37,38 . The values for N and O which depend on the neighborhood are indicated in the figure, together with the

�1 Ž . Ž . Ž .values for P and Fe. Heme b: C H N O Fe: M�616.50 g mol ; V �34�9.9 C �32�3.1 H �4�7.0 N �2�0.434 32 4 4 c
3 �1 3 �1Ž . Ž . Ž . Ž . Ž . Ž .O �2�5.5 O �7.1 Fe �12.4 V �4�6.1 V �470.7 cm mol ; � � V �M�0.7635 cm g . NADPH trianion :CV RF c c 2

�1 Ž . Ž . Ž . Ž . Ž . Ž .C H N O P ; M�742.40 g mol ; V �21�9.9 C �27�3.1 H �1�2.0 N �1�4.0 N �5�7.0 N �5�0.4 O �221 27 7 17 3 c
3 �1Ž . Ž . Ž . Ž . Ž . Ž . Ž .��2.3 O �10�5.5 O �3�28.5 P �12.4 V �2�8.1 V �3�6.1 V �3�6.7 V �437.5 cm mol ; � �CV RF RF ES c

3 �1V �M�0.5893 cm g .c
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3.2. Modeling approaches

Using the tetrameric enzyme catalase, a variety
of models were constructed. The results of possi-
ble approaches to predict structural and hydrody-
namic data are given in Table 2 for two extreme
cases of volume, V , of bound water molecules.HOH
Some selected initial and reduced models are

illustrated in Fig. 3. The molecular features of the
reduced models correspond to those of the initial
models.

For predictions, the following molecular pa-
rameters were used: volume, V, radius of gyra-
tion, R , sedimentation coefficient, s, diffusionG

� �coefficient, D, and intrinsic viscosity � . Pre-
dicted values were compared with experimental

Table 2
Comparison of experimental and calculated structural and hydrodynamic parameters of bovine liver catalase

a a,b c 13 7 � �N � N V R R s � 10 D � 10 �HOH 1 Beads G,SAXS G,Hydro
3 2 3Ž . Ž . Ž . Ž . Ž . Ž . Ž .g�g nm nm nm s cm �s cm �g

d e f h h iExperimental, native enzyme 420.0 3.68 11.3 4.1 3.9
g i j3.98 11.6 4.5

kModel 1: 8CAT, anhydrous protein 0 0 2000 278.7 3.62
434 3.61 3.60 12.38 4.74 2.47

Model 2: Kuntz hydration of all AA 5060 0.387 2000 402.7 3.63
3Ž .V � 0.0245 nm ; expanded AA 434 3.63 3.62 12.15 4.65 2.61HOH

Model 3: Kuntz hydration of all AA 5060 0.387 2000 422.4 3.62
3Ž .V � 0.0284 nm ; expanded AA 434 3.62 3.62 12.12 4.64 2.63HOH

Model 4: low hydration of accessible AA 3026 0.231 5026 352.9 3.69
3Ž .SIMS; V � 0.0245 nm 578 3.69 3.70 11.81 4.52 2.84HOH

Model 5: max. hydration of accessible AA 4048 0.309 6048 377.9 3.74
3Ž .SIMS; V � 0.0245 nm 630 3.73 3.76 11.60 4.44 3.01HOH

Model 6: low hydration of accessible AA 3026 0.231 5026 364.7 3.64
3Ž .SIMS; V � 0.0284 nm 578 3.65 3.72 11.78 4.51 2.87HOH

Model 7: max. hydration of accessible AA 4048 0.309 6048 393.7 3.66
3Ž .SIMS; V � 0.0284 nm 630 3.67 3.78 11.56 4.42 3.04HOH

Model 8: low hydration of accessible AA 2930 0.224 4930 350.5 3.69
3Ž .MSRoll; V � 0.0245 nm 596 3.69 3.71 11.81 4.52 2.84HOH

Model 9: max. hydration of accessible AA 3897 0.298 5897 374.2 3.74
3Ž .MSRoll; V � 0.0245 nm 631 3.73 3.76 11.58 4.43 3.02HOH

Model 10: low hydration of accessible AA 2930 0.224 4930 361.9 3.64
3Ž .MSRoll; V � 0.0284 nm 596 3.65 3.72 11.78 4.51 2.87HOH

Model 11: max. hydration of accessible AA 3897 0.298 5897 389.4 3.66
3Ž .MSRoll; V � 0.0284 nm 631 3.67 3.78 11.54 4.42 3.05HOH

Model 12: low hydration of accessible AA 3026 0.231 2000 352.9 3.69
3Ž .SIMS; V � 0.0245 nm ; expanded AA 468 3.68 3.69 12.02 4.60 2.70HOH

Model 13: max. hydration of accessible AA 4048 0.309 2000 377.9 3.73
3Ž .SIMS; V � 0.0245 nm ; expanded AA 482 3.73 3.75 11.78 4.51 2.87HOH

Model 14: low hydration of accessible AA 3026 0.231 2000 364.7 3.64
3Ž .SIMS; V � 0.0284 nm ; expanded AA 454 3.64 3.69 12.08 4.62 2.66HOH

Model 15: max. hydration of accessible AA 4048 0.309 2000 393.7 3.66
3Ž .SIMS; V � 0.0284 nm ; expanded AA 456 3.66 3.75 11.90 4.55 2.78HOH

a Ž .The value in the first line refers to the initial hydrated model, and that in the second line to the reduced model.
bRadius of gyration calculated from the radii, coordinates, and the number of excess electrons of the beads.
cRadius of gyration calculated from the radii and coordinates.
d Ž � �Molar mass M � 235.8 kg �mol mass of the apoenzyme as derived from the SWISS-PROT data bank 94 plus masses of the ligands,

3. � �heme b and NADPH ; partial specific volume � � 0.730 cm �g 95 .2
e � �Ref. 48 .
f � �Ref. 44 .
g � �Ref. 43 .
h � �Ref. 45 .
i � �Ref. 46 .
j � �Ref. 47 .
kThe model includes the contributions of the ligands, however, a few terminal amino acids are missing in the crystal structure.
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Ž . Ž .Fig. 3. Side and top views of selected hydrodynamic models for catalase: i initial models IM obtained from the PDB file 8CAT
Ž . Ž .converting the atomic coordinates to coordinates of the amino acid residues and the ligands, heme b and NADPH ; ii reduced2

Ž . Ž . Ž .models RdM derived therefrom; and iii a comparison of initial models CIM obtained from application of the surface dot points
of program SIMS or MSRoll, respectively, together with central slabs. The basic molecular components are shown in different
colors: red, amino acid residues; green, NADPH ; yellow, heme b; gray and blue, bound water molecules based on programs SIMS2

Žor MSRoll, respectively; water molecules which are common to both SIMS and MSRoll models overlapping more than 50% of
.their volume are highlighted in cyan. Further details of the respective models are explained in Table 2. Graphics were made with

� �the program RasMol 96 .

data derived from various sources. On the basis
of the present results, for R the lower experi-G

� �mental value of 3.68 nm 44 should be preferred,
� �since the higher value of 3.98 nm 43 is obviously

incompatible with all calculated data given in
Table 2. Presumably the presence of aggregates
was responsible for the R of 3.98 nm, since theG
author has found a maximum particle diameter of

� �14.6 nm 43 which evidently disagrees with the
Ždiameter derived from the crystal structure cf.

.Figs. 4 and 5 .
� �As may be taken from the results for � in

Table 2, none of the predicted values is compati-

ble with the experimental value. Possible explana-
tions for this discrepancy are shortcomings of the

� �existing approaches for predictions of � , includ-
Žing inadequate volume corrections cf.

� �.32,35,82,83 , and experimental deficiencies. Al-
� �ready in the case of whole-body approaches, �

has turned out to be a rather unreliable experi-
� �mental parameter 40 . For the mentioned rea-

sons, we abstain from further interpretations of
� �the � values in Table 2.

We started our modeling approaches with the
Ž . Ž .dry anhydrous protein model 1 consisting of

amino acid residues and the ligands, heme b and
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Ž .Fig. 4. Scattering curves, I h , and pair�distance distribution
Ž .functions, p r , of selected hydrodynamic models for catalase

Žgiven in Fig. 3 and Table 2, where h�4
sin��� 2��
.scattering angle, ��wavelength and r is the distance between

Ž .two arbitrarily chosen points electrons within the molecule.
Ž .For better comparison, the p r functions have been normal-

ized to the same height of the maximum. The selected models
Žcomprise a few representative examples IM, V �0.0245HO H

3. Ž .or 0.0284 nm : the anhydrous protein model 1: 

 ; maxi-
Žmum hydration at selected SIMS points model 5: �, V �HO H

0.0245 nm3; model 7: 	, V �0.0284 nm3; model 13:HO H

 �� 
, V �0.0245 nm3, expanded AA; model 15:HO H

3 .
 
 
, V �0.0284 nm , expanded AA . While initialHO H
Žand reduced models exhibit only marginal differences not

.shown , the results for different densities of bound water
Ž . Ž .diverge significantly: both I h and p r found for V �HO H

0.0245 nm3 result in the most pronounced deviations, if com-
pared to the anhydrous protein. The values obtained for the

Ž .Kuntz hydration of all amino acid residues models 2 and 3
Ž .yield curves similar to the anhydrous protein not shown .

Ž .Fig. 5. Pair�distance distribution functions, p r , of selected
hydrodynamic models for catalase given in Fig. 3 and Table 2,
to illustrate differences in the results of the calculations based
on mass points or excess electrons, where r is the distance

Ž . Ž .between mass points symbols or electrons lines , respec-
Žtively. For clarity, the figure comprises only model 1 	 and

. Ž


, anhydrous protein, IM and model 7 � and 
 
 
,
maximum hydration at selected SIMS points, V �0.0284HO H

3 .nm , RdM . In the case of hydrated proteins, the figure shows
marked deviations between these two types of functions: the

Ž .frequency of larger distances of the hydrodynamic p r func-
tions is increased, if compared to the functions based on
excess electrons. In the case of the anhydrous protein, only

Ž .marginal differences in the opposite direction can be found.

NADPH . Only two out of four NADPH2 2
molecules are visible simultaneously, the remain-
ing two are located at the back side. The four
heme b ligands are located in the protein interior,
but can be visualized in the slabs. To enable
hydrodynamic calculations, we then reduced the

Ž .number of beads 2000�434 . The predictions,
with respect to V, R , s and D, obviously failed,G
if compared to the experimental data.

The simplest possibility to give correct values
for V and�or R would be to expand the wholeG
molecule by applying transformation factors act-

� �ing on bead radii and�or coordinates 31,32 . This
� �procedure, however, involves some problems 35

and requires knowledge of the values for V and
R to be simulated. The alternate assumption ofG
definite hydration values for all amino acid

Ž . � �residues AA according to Kuntz 55 also blows
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up the molecule. In this case, different expansion
factors have to be applied to different types of
residues, to give appropriate results concerning V
Ž .models 2 and 3 .

When using the programs SIMS and MSRoll,
many dot surface points are created which may be
used as starting points for the localization of
bound water molecules. To obtain correct values
for V, R , and hydrodynamic parameters, weG
have to modulate the number of beads corre-

Žsponding to different amounts of hydration mod-
.els 4�7 and 8�11 . The application of both pro-

grams yields similar results. In particular, the
assumption of maximum hydration for the acces-
sible amino acid residues, i.e. production of a
more pronounced, but not uniform water shell,
results in good parameter predictions. In an alter-
native approach, we hydrated all accessible AA
Ž . Ždata not shown , i.e. including Phe which ac-

� � .cording to Kuntz 55 has no hydration : this
procedure resulted in a slightly enhanced maxi-

Ž .mum hydration �� �0.003�0.004 g�g . A fur-1
ther calculation alternative, an expansion of
amino acid residues on the protein surface, is
demonstrated for the models based on the pro-

Ž .gram SIMS models 12�15 .
Since use of the programs SIMS and MSRoll,

together with our hydration algorithms, results in
similar predictions, it was of interest to compare
the number and positions of the water molecules
created by these two efficient surface calculation

Žprograms under similar constraints Fig. 3: model
.4 vs. model 8 . Though the water molecules are

located at slightly different positions, their num-
ber, and the predicted structural and hydrody-

Žnamic results, are similar 1789 water molecules,
which overlap with more than 50% of their
volume, may, however, be assigned to both mod-

.els . As long as we are concerned with time-aver-
aged protein properties, this finding obviously is
satisfactory, since there is always a time-
dependent fluctuation of the water molecules
‘bound’ to a protein.

From our computer simulations follows the in-
teresting conclusion that there are also water
molecules inside catalase, at least in some cavities
and channels leading to the position of the four
heme groups. This feature is caused by the

biochemical function of the heme groups and is
no contradiction to the well-known fact that, in
general, no space is left for water molecules in-
side the protein interior.

In addition to the visual inspection of the mod-
Ž .els Fig. 3 and the quantitative comparison of

observed and predicted hydrodynamic parameters
Ž . Ž .Table 2 , we derived the SAXS functions, I h

Ž .and p r , to test the influence of the applied data
reduction approaches and the influence of various
hydration contributions reflected by the models.
The functions for initial and reduced models are
virtually identical, thus proving the correctness of
the performed data reductions. In the case of
catalase, all functions resemble each other to

Ž .some extent Fig. 4 ; however, models without
Ž .hydration model 1 , models assuming a Kuntz

Ž .hydration for all AA models 2 and 3 , and mod-
Ž .els based on unrealistic too low or too high

numbers of water molecules may be excluded. On
the basis of the present results for catalase, no
clear-cut decision between the values to be used
for the density of bound water can be made.
Approximately 4000 water molecules are bound
to the protein, most of them covering the protein
surface.

An interesting observation is the fact that the
Ž .p r functions of models based on the number of

excess electrons are clearly different from the
‘hydrodynamic’ functions based on mass points
Ž .Fig. 5 . This finding is a point of special impor-

Žtance, if details of data e.g. concerning the shape
Ž . .of the p r function, the exact value of R , etc.G

are to be compared. A critical inspection of the
R values calculated on the basis of excess elec-G
trons or mass points reveals slight discrepancies
between these two types of R values, especiallyG

Ž .if maximum hydration is assumed Table 2 .

4. Conclusions

In the context of the behavior of proteins or
other biopolymers in solution, one of the crucial
problems is hydration. To handle this problem in
an appropriate manner, we have tried to simulate
the behavior of bound water molecules using quite
different approaches. Of course, we could not
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apply the water molecules seen by crystallogra-
phers, since, in general, only a few water

Žmolecules are localized in fixed positions and not
necessarily at positions relevant for the solution

.behavior . Their number is too low to represent
the water responsible for hydrodynamic hydra-
tion.

For the simulation of the water molecules on
the protein surface, we have used a variety of
surface calculation approaches, in order to test
the number, position and density�volume of
bound water molecules. There is no doubt that
water molecules do not surround proteins as a
uniform shell. Although in the case of simple,

Ž .non-conjugated soluble proteins, the majority of
Ž .polar hydrophilic AA are located on the protein

surface, and therefore, are preferred targets of
water binding, there are also several hydrophobic
patches on the protein surface. This can also be

Ž .visualized from Fig. 3 e.g. model 4: IM and has
been taken into account by our hydration algo-
rithms.

Summarizing our results, we may state that we
are able to realistically simulate the amount and
time-averaged positions of water molecules on a
protein surface. On the basis of computer simula-
tions, both the scattering and hydrodynamic be-
havior is anticipated efficaciously, if appropriate
hydration contributions are taken into account.
At present, however, a series of problems remain.

Ž .In the case of catalase: i parameters and scatter-
ing functions seem to be very similar irrespective

Ž .of the extent of hydration; and ii no experimen-
tal scattering curve covering the whole angular
range is available. The first deficit may be caused
by the large mass and the oblate shape of this
protein, the second one requires the measure-
ment of very accurate scattering curves for cata-
lase in the future. The only available experimen-

� �tal scattering curve for catalase 44 covers only
part of the theoretical scattering curve. It is,
within the accuracy of experimental data, compat-
ible with the curves of the hydrated models shown
in Fig. 4, but, however, does not allow a final
decision concerning the total amount and the
precise density of bound water. Anyhow, further,
very detailed SAXS experiments on catalase and
other proteins and other types of biopolymers of

quite different shape and composition of subunits
are required, before final statements or general-
izations concerning hydration contributions can
be made.

A computer program implementing the hydra-
tion algorithm will be available upon request in
the near future.
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