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Abstract Hydrodynamic models of proteins have been
generated by recourse to crystallographic data and applying
a filling model strategy in order to predict both hydrody-
namic and scattering parameters. The design of accurate
protein models retaining the majority of the molecule
peculiarities requires usage of many beads and consider-
ation of many serious problems. Applying the expertise
obtained with ellipsoid models and pilot tests on proteins,
we succeeded in constructing precise models for several
anhydrous and hydrated proteins of different shape, size,
and complexity. The models constructed consist of many
beads (up to about 11,000) for the protein constituents
(atoms, amino acid residues, groups) and preferentially
bound water molecules. While in the case of small proteins,
parameter predictions are straightforward, computations
for giant proteins necessitate drastic reductions of the
number of initially available beads. Among several auxil-
iary programs, our advanced hydration programs,
HYDCRYST and HYDMODEL, and modified versions of
Garcia de la Torre’s program HYDRO were successfully
employed. This allowed the generation of realistic protein
models by imaging details of their fine structure and
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enabled the prediction of reliable molecular parameters
including intrinsic viscosities. The appearance of the
models and the agreement of molecular properties and
distance distribution functions p(r) of unreduced and
reduced models can be used for a meticulous inspection of
the data obtained.
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Introduction

The present knowledge of proteins includes information
about their amino acid (AA) sequence and precise 3D
structure (Creighton 1993; Serdyuk et al. 2007). Currently,
crystallographically analyzed proteins span a wide range of
simple and complex molecules of quite different shape and
mass, investigated in the absence or presence of various
ligands. The solution properties of many proteins have also
been investigated by hydrodynamic and scattering
techniques. Besides the experimental characterization of
proteins in terms of hydrodynamic and scattering molecular
parameters, bead modeling approaches were successful in
predicting properly various molecular quantities (Carrasco
and Garcia de la Torre 1999; Garcia de 1a Torre et al. 2000;
Zipper et al. 2005; Byron 2008).

A short outline of the applied hydrodynamic modeling
strategies in context with concurrent hydrodynamic and
scattering calculations has been given in Part 1. The pro-
grams usually to be used for predicting hydrodynamic
properties of bead models comprise the freely available
programs HYDRO (Garcia de la Torre et al. 1994),
HYDRO++ (Garcia de la Torre et al. 2007), and
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HYDROPRO (Garcia de la Torre et al. 2000), amongst
other programs for special purposes. The HYDROPRO
approach uses a shell model and can be used if only
hydrodynamic data are wanted, whereas HYDRO and
HYDRO ++ exploit ‘filling model” strategies, preferably
to be adopted if both hydrodynamic and scattering
parameters are desired.

In the case of proteins, recourse to high-resolution
crystallographic data allows the atomic coordinates of all
constituents (AAs, ligands) to be used. Owing to the wide
spectrum of size and complexity of proteins (molar masses
ranging from a few up to several thousand kg/mol),
hydrodynamic modeling has to be able to handle not only a
few hundred but even a myriad of atoms or atomic groups
and a variety of special problems. Among the problems to
be addressed, the often immense number (N) of unequally
sized and overlapping beads, requirement of reduction
approaches, and the choice of an appropriate volume cor-
rection turned out to be the most serious ones (Zipper et al.
2005; Zipper and Durchschlag 2007b). In the course of our
recent investigations, the maximum number of beads
(Nmax) to be feasible for hydrodynamic modeling and the
applicability of the reduced volume correction (RVC) to
anisometric particles turned out to be burning issues. As a
first step in this direction, a variety of model calculations
on two- and three-axial model ellipsoids of different axial
ratios were performed (Part 1). In this study, we extended
our knowledge by performing model calculations on real
molecules, namely proteins exhibiting quite different
molecular features, applying primarily the programs by the
Garcia de la Torre group (HYDRO, HYDRO++) and our
own in-house programs. In this context, however, it should
be mentioned that in the past several other approaches have
been developed to handle the construction of hydrody-
namic bead models with reduced numbers of beads [e.g.
the freely available programs AtoB (Byron 1997) and
SOMO (Rai et al. 2005)] and to allow the generation of
bead models for scattering purposes (Glatter 1980; Dur-
chschlag et al. 1991; Svergun et al. 1995). These
approaches may also be used in conjunction with dispos-
able atomic coordinates.

Methods
Proteins

Atomic coordinates and masses of the proteins analyzed
were taken from the Protein Data Bank PDB (Berman et al.
2000) and/or the SWISS-PROT protein knowledge base
(Boeckmann et al. 2003). The proteins under investigation
comprise: (1) pig insulin (PDB accession code: 4INS;
SWISS-PROT entry: PO1315); (2) bovine pancreatic
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trypsin inhibitor (4PTI; P00974); (3) bovine pancreatic
ribonuclease A (1RBX; P61823); (4) hen egg white lyso-
zyme (2LYZ; P00698); (5) E. coli malate synthase G
(molecules A and B: 1P7T; P37330); (6) bacteriophage fr
capsid (1FRS; P03614); and (7) hexagonal bilayer (HBL)
complex of Lumbricus terrestris hemoglobin (heme-
liganded globin chains A—L plus heme-deficient linker
chains M—O: 2GTL; P13579 (A,E)]D), P02218 (B,F,)),
P11069 (C,G,K), 061233 (D,H,L), Q9GV76 (M), Q21743
(N), Q21742 (O); for further details see Durchschlag et al.
2007; Durchschlag and Zipper 2008). All protein models
were visualized by the program RASMOL (Sayle and
Milner-White 1995).

Calculation of parameters of anhydrous protein models

The number of beads, N, for hydrodynamic modeling of the
anhydrous small proteins insulin (4INS), pancreatic trypsin
inhibitor (4PTI), ribonuclease A (1RBX), and lysozyme
(2LYZ) was chosen to be identical to the number of
respective atoms given in the PDB file (there is no need for
bead reduction in the case of small N values). In the case of
the medium-sized malate synthase G (1P7T) either the
available atoms or the AA residues (after reducing the
original value of N) were used. For the huge, 180-meric
proteins, the phage capsid (1FRS) and the L.z. HBL com-
plex (2GTL), only reduced models could be applied.

The molecular volumes, V, of the protein models can be
calculated by summing up the volumes of the individual
constituents (beads) by the Traube procedure as outlined
previously (Durchschlag and Zipper 2005, 2008; Zipper
and Durchschlag 2007b). The obtained volumes are anhy-
drous volumes.

The radius of gyration, Rg, and the pair-distance dis-
tribution function, p(r), of the protein models were
calculated from the radii and coordinates of the constituent
beads (Glatter 1980; Glatter and Kratky 1982) and the bead
volume as statistical weight. This conforms to the usage in
hydrodynamic calculations, whereas for comparisons with
experimental scattering data the electron or scattering
length densities would have to be included in the calcula-
tion of Rg and p(r).

Translational diffusion coefficient, D, sedimentation
coefficient, s, and intrinsic viscosity, [n], were computed
by means of our modified versions of HYDRO (Garcia de
la Torre et al. 1994) or by HYDRO++ (Garcia de la Torre
et al. 2007), taking into account the pitfalls and precautions
mentioned in Part 1. For comparing the available approa-
ches for the computation of [#], again, several procedures
were tested: no volume correction (NVC), full volume
correction (FVC), adjusted volume correction (AVC),
cubic substitution (CBS), and our reduced volume correc-
tion (RVC).
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In the context of the FVC and RVC approaches, the
different ways to calculate [#] should be mentioned
explicitly:

2.5NAV

[Mrve = [Mlnve + M
B 25NAV
[Mrve = lsve + im0

where N, is Avogadro’s number, and N, V, and M denote
number, total volume and mass of the beads, respectively.
Thus, a simple analytical expression may be given to
derive [n]lrvc from [#]gvc:

25N,V (N3 —1
rve = Mlpve — M N1/3

Since the values for [f]gyvc can be obtained by
original versions of HYDRO or by HYDRO++ (option
ICASE = 11), [y#lrvc can be gained simply by an
algebraic transformation. By contrast, calculation of the
values for [n]lavc and [n]cps requires application of
HYDRO++. In the case of extensive bead numbers, N,
however, modified versions of HYDRO are needed to
assess the values for [n] (cf. Part 1): models with
N > 20,000 (NVC, FVC, RVC); models with N > 250
(CBS); no modified approach of HYDRO++ for AVC is
available. Similarly, calculations in the double precision
mode require adaptations of the existing program HYDRO.

Calculation of parameters of hydrated protein models

To predict the features of hydrated protein models, the
water molecules bound preferentially to the protein surface
have to be taken into account. This can be realized by
assuming a water shell, by blowing up protein constituents
to some extent, or by applying special hydration algo-
rithms. To obtain biophysically realistic protein—water
models, we proceeded by calculating the exact protein
surface analytically by the program SIMS (Vorobjev and
Hermans 1997) and then adopted our advanced hydration
algorithms HYDCRYST or HYDMODEL (Durchschlag
and Zipper 2002, 2005, 2008) based on the hydration
numbers for individual AA residues (Kuntz 1971).

Our in-house hydration programs are based on the initial
atomic coordinates of the protein (HYDCRYST) or on the
AA coordinates of a reduced model derived therefrom
(HYDMODEL). The programs select preferential positions
for bound water molecules (N,); the selected waters,
assigned to the accessible AA residues, were then attached
to the anhydrous (dry) protein models. A fine-tuning of the
extent of hydration can be achieved by a scaling factor, fx,
acting on the hydration numbers. Of course, the number of

beads to be applied for hydrodynamic modeling, N, is
composed of the beads of the protein moiety and the water
beads. If N exceeds Np.x, alternative modes of modeling
the hydrated proteins have to be considered for hydrody-
namic calculations. As long as the number of beads
representing the protein moiety does not exceed Ny,x, One
can use the approach of expanding the beads on the surface
according to the volume of water molecules assigned to
them. This approach is also implemented in our programs
HYDCRYST and HYDMODEL and is executed together
with the usual hydration routine. In the case of large pro-
teins, however, if already the hydrodynamic modeling of
the anhydrous state requires the application of reduction
procedures, the hydrated models obtained by HYDCRYST
or HYDMODEL have to be reduced by mapping the pro-
tein and water beads onto grids of appropriate symmetry
and voxel size (VS).

Results and discussion

In the following, models of anhydrous and hydrated pro-
teins were constructed, applying the information from
crystallographic, sequence and hydration databases. The
proteins applied cover a wide range of masses and com-
plexity: 6-3,367 kg/mol, 1-180 subunits, presence of
heteroatoms (Zn in the case of insulin; heme groups in the
HBL complex of L.t. hemoglobin), and numerous missing
AA residues in some regions of the HBL complex.

Models of anhydrous proteins and of protein-water
complexes are displayed in Figs. 1, 2, and 3 in space-filling
format. Quantitative results of the proteins under consid-
eration in terms of molecular parameters are listed in
Tables 1 and 2, together with many details of the under-
lying calculations.

The simple proteins analyzed (insulin, pancreatic trypsin
inhibitor, ribonuclease A, lysozyme and malate synthase
G) exhibit differences with respect to shape and distribu-
tion of bound water molecules (protein constituents shown
in CPK colors and waters in cyan) (Fig. 1). The models
obtained for malate synthase G (1P7T) were obtained on
the basis of the coordinates of atoms or constituent AA
residues, with nearly identical structural features.

The capsid of the bacteriophage fr is a huge and com-
plex protein, composed of 60 copies of a building block
consisting of three chemically identical subunits (Fig. 2).
In accord with previous findings (Zipper and Durchschlag
2007a, b), different reduction approaches rendered reliable
models. Running mean (RM) reductions of the crystal
structure of each subunit (1FRS), using different bead
diameters (BD) or compression indices (ICOM), gave
similar anhydrous models, irrespective of the use of atomic
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Fig. 1 Space-filling models for selected anhydrous and hydrated
proteins based on their crystallographic data: insulin (4INS), pancre-
atic trypsin inhibitor (4PTI), ribonuclease A (/RBX), lysozyme
(2LYZ), and malate synthase (/P7T, molecule A). The basic protein
atoms are shown in the usual CPK colors (C in light gray, O in red, N
in light blue, and S in yellow); Zn (4INS) is highlighted in black. The

coordinates or AA residues (panels a and b). The reduction
process, however, should not exceed a factor of about 100,
to guarantee preservation of structural features. Application
of hexagonal grid (HG) approaches of different voxel size
(VS), placing the resulting beads at local centers of gravity,
were equally successful (panel c). It has to be mentioned
that the only feasible reduction procedure for models of
hydrated capsids is the HG approach. The inclusion of the
bound waters in the reduction process mainly enhances the
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model for /P7T is also shown in AA residues representation
(displayed in gray; two residues representing cystein and
S-hydroxy-cystein are displayed in orange). Bound water molecules
are displayed in cyan. All hydrated models were generated with
k = 1.0; for further details of hydration, see Table 1

bead numbers N as compared to the HG-reduced anhydrous
models, thereby obscuring the role of the voxel size for the
reduction of the protein moiety itself.

Modeling the structure of the giant HBL complex of L.z.
hemoglobin turned out to be a rather sophisticated problem
(Fig. 3). Owing to numerous missing AA residues in the
linker chains, the anhydrous and hydrated models of the
original HBL complex revealed a structure with a too big
cavity in the central core of the complex (panel a). By
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BD=9A
N=7740

BD=0
N=173880

ICOM =1
N =23220

b

Fig. 2 Bead models for the capsid of bacteriophage fr, based on the
crystal structure 1FRS of the trimeric building block (subunits A, B,
and C, displayed in red, blue, and green, respectively). Panels a and b
show the models (together with the corresponding slabs) obtained by
applying RM reductions separately to each subunit of the building
block, using different bead diameters BD (a) or compression indices
ICOM (b), followed by application of the appropriate symmetry
relations. The models obtained with BD = 0 or ICOM = 1 corre-
spond to the original crystal structure in atomic coordinates (a) or to

ICOM=1,VS =24 A
N =82

ICOM=1,VS=9A

ICOM=1,VS=9A
N=10125

ICOM=1,VS=24 A
N = 954

the AA representation (b) of the capsid. The reduced models and the
slabs shown in ¢ were generated by mapping the AA representation of
the entire anhydrous capsid into hexagonal grids of different voxel
size VS, placing the resulting beads at local centers of gravity. Panel d
shows the AA representation of the hydrated capsid (hydration with
fk = 1.0) together with the corresponding slab (AA residues are
displayed in gray and waters in cyan), and panel e presents two
reduced models (and their slabs) obtained by mapping the hydrated
capsid (d) into hexagonal grids of different VS
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contrast, constructing a HBL model with the aid of extra
beads, acting as substitutes for the missing AA residues,
yielded a model (panel b) in agreement with experimental
parameters (Durchschlag et al. 2007). For the purpose of
hydration, hypothetical hydration numbers were assigned
to the extra beads; these were obtained by summing up the
hydration numbers of the missing AA residues. An
inspection of a hypothetical HBL complex, built from
models of the subunits without linker chains, discloses a
structure more hollow than the original HBL complex
(panel c).

In addition to the rather superficial examination of the
models, a wide selection of computations with all proteins
under analysis has been performed (Table 1). Both struc-
tural and hydrodynamic parameter calculations by means
of HYDRO and HYDRO++ (if applicable) for anhydrous
and hydrated protein models were executed. HYDRO was
run preferably in double-precision mode. An analysis of
the data obtained reveals that all parameter predictions for
Rg, D (and thus s), and [#7] were successful. In accord with
the findings for various ellipsoid models (Part 1), the
viscosity calculations by the CBS and RVC approaches
were highly efficient and yielded similar results, slightly
higher than the values for NVC, but significantly lower
than the AVC approach and, in particular, the FVC case.
Due to the restrictions in N, however, calculations
applying CBS are restricted to low N numbers. As
expected, the results for the hydrated models show that the
number of beads, N, to be used for the predictions of the
hydrated models increases as compared to the anhydrous
models. A fine-tuning of the extent of hydration by
varying scaling factors (0.8 < fx < 7.0) leads to slightly
different values for Rg, D and [], depending on the extent
of hydration. Selecting a factor of fx = 1.0, the tabulated
values of N, for the protein models correspond to
hydrations ranging from J; = 0.240 g/g (1FRS) to
01 = 0.346 g/g (4PTI); averaging the hydrations obtained
with fx = 1.0 leads to ¢; = (0.29 4 0.03) g/g. As may be
taken from the example malate synthase G (1P7T), the
parameter predictions for original and reduced models
gave similar results, both for the molecule A and the
molecule B.

While calculations with the small- and medium-sized
proteins did not pose problems, parameter computations of
the giant proteins raised various serious difficulties to be
overcome, mainly in context with the enormous number of
coordinates of the original models (Table 1). However,
after appropriate data reductions by means of RM or HG
approaches and variation of the required input parameters
(BD, ICOM, and VS), the problems can be solved satis-
factorily. Also in the case of these huge entities, parameter
predictions for both anhydrous and hydrated models are
reliable. This is proven for the phage capsid (1FRS), but
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Fig. 3 Top and side views together with slabs of models of »

anhydrous and hydrated HBL complexes of L.z. hemoglobin based
on the crystal structure 2GTL. The models of the anhydrous
complexes (AA residues are displayed in gray, heme groups in
black) are shown in the first two columns on the left; the additional
large beads in the model of the modified complex represent the AA
residues missing in the original crystal structure at the N (blue) and C
(red) termini of the linker chains. The successive two columns present
the unreduced models of the complexes hydrated by means of
HYDMODEL (waters are displayed in cyan; for details of hydration
see Table 1). The rightmost column presents reduced models
(displayed in gray) of the hydrated complexes (voxel size = 11.0 A,
for the hypothetical complex 10.0 A)

also for the original, modified and hypothetical HBL
complexes of L.z. hemoglobin (2GTL).

A quantification of the mean ratios of viscosities in
terms of ([]x/[nlrvc) quotients yields results (Table 2)
which verify the conclusions drawn on the viscosity pre-
dictions mentioned previously. The ratio {[n]css/[1]rvc) is
close to unity, the ratio ([#]nvc/[1]rve) slightly lower, and
the ([n]lavc/[nlrvc) value slightly greater, whereas the
values for ([7]gvc/[lrvc) exceed unity by far. This
obviously means that, in the case of proteins composed of
many beads, FVC fails, whereas an appropriate volume
correction or no correction is much more purposive.

A comparison of the distance distribution functions,
p(r), of the various models for the proteins analyzed
(Fig. 4) displays pronounced differences in the profiles.
Owing to the different shape and extension of the particles,
of course, the shape of the profiles and the maximum
particle diameters must differ. All small- and medium-
sized proteins reveal pronounced differences between
anhydrous and hydrated models (panels a and b), caused by
the water sheet of the protein. Huge protein particles such
as the HBL complex of L.z. hemoglobin (panel c¢) are not
significantly influenced by a water layer as follows from
the almost perfect coincidence of the profiles for the pro-
tein and the protein-water complexes, respectively. For
obvious reasons, the profiles between original and modified
HBL complexes differ slightly, while the profiles of these
complexes and the profile of the hypothetical complex built
from the subunits without linkers disagree. Of course, this
discrepancy is caused by the lacking mass in the core of the
hypothetical complex.

The overall appearance of the p(r) function of the capsid
of the bacteriophage fr (Fig. 5) differs strikingly from those
of the proteins discussed above. This is due to the differ-
ences in the mass distribution within these proteins. While
the structure of the capsid resembles a hollow sphere, the
other proteins are more or less solid particles. Conse-
quently, the mass distribution reflected by the p(r)
functions must differ. The p(r) profile of the capsid is
characterized by a sharp maximum located at large r values
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(a) 2GTL: original HBL complex
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Fig. 5 Comparison of distance distribution functions p(r) of selected
reduced space-filling multibead models for the anhydrous (a—c) and
hydrated (c) capsid of bacteriophage fr: a reduction of the crystal
structures of the subunits by means of the running mean approach
under variation of BD; b reduction of the crystal structures of the
subunits by means of the running mean approach under variation of
ICOM; c further reduction of the anhydrous capsid model (circles)
obtained with ICOM = 1 (initial model IM-AM) or of the corre-
sponding hydrated model (/ines) by means of the hexagonal grid
approach under variation of VS
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corresponding to a distance slightly larger than the inner
particle diameter (Glatter and Kratky 1982). The far-
reaching agreement between the profiles obtained for dif-
ferent reduction approaches (RM, HG) and input
parameters (BD, ICOM, VS), again, proves the validity of
the applied computation procedures for the reduction pro-
cess. As expected, the p(r) functions of the grid models for
the hydrated capsid are almost identical to the functions
obtained for the anhydrous grid models. The wiggles
observed in the p(r) profiles of Fig. 5a and b are caused by
the applied RM approach (generation of holes at the sur-
face at high BD or ICOM values; cf. Fig. 2a, b), whereas
use of the HG approach (Fig. 5c¢) results in rather smooth
profiles (no holes at the surface over the whole range of VS
values; cf. Fig. 2c¢).

Conclusions

In agreement with the results found for ellipsoid models of
various axial ratios (Part 1), the RVC and CBS approaches
for the prediction of intrinsic viscosities were successful.
Application of our modified versions of HYDRO permit
hydrodynamic model calculations in single-precision mode
up to bead numbers N of about 11,000. However, a limi-
tation of N of about 7,700 and computations in double-
precision mode yield more accurate results for D. In the
case of giant proteins composed of an immense number of
atoms or constituents, both limits of N require preceding
efficient reduction processes of the original models to be
performed. Considering interactions of proteins occurring
with the solvent water, modeling approaches for both
anhydrous proteins and protein—water complexes have to
be undertaken. Application of our hydration modeling
strategies allow the generation of biophysically relevant
protein—water models. Summarizing this modus operandi,
realistic models of proteins can be generated. These models
also take care of the fine details of the proteins under
consideration. Prediction of structural and hydrodynamic
parameters discloses the validity of the approaches applied.

When comparing the quality of hydrodynamic bead
models, one has to discriminate between the appearance of
the models, on the one hand, and the quality of the
parameter predictions, on the other. Firstly, usage of our
programs and approaches allows the precise construction of
realistic protein models including preferentially bound
water molecules, but requires usage of a multitude of beads
(as many as possible). This proceeding is of importance for
a strict comparison with the results of high-resolution
techniques and many biological and presumable (bio)tech-
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nological applications (Durchschlag et al. 2007; Dur-
chschlag and Zipper 2008). Another aspect to be addressed
is the accuracy of the parameter predictions. If in this case
indeed usage of a multitude of beads is required remains to
be established. In this context, a comparison of our
respective results with the predictions obtained by other
approaches such as SOMO (Rai et al. 2005), now incor-
porated in the program UltraScan (Demeler 2005), would be
of high interest, in particular because SOMO also hydrates
beads according to the amino acids they represent (by
blowing up beads). A comparison of the models obtained by
the approaches available and a critical assessment of the
parameter predictions will be tackled in the near future.

Executable versions of our computer programs are
available upon request; a suite of computer programs for
bead reduction (programs PDB2AT, PDB2AM, MAP2-
GRID), hydration algorithms (program HYDCRYST
including also essentials of HYDMODEL), and visualiza-
tion tools (program HYD2PDBSCAL) will be deposited
later on this year at the RASMB server.

Acknowledgments The authors are much obliged to J. Garcia de la
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SIMS, and to R.A. Sayle for RASMOL.
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