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Abstract The hydrodynamic properties of macromole-
cules and bioparticles, represented by bead models, can
be calculated using methods implemented in the com-
puter routine HY DRO. Recently, a new computer rou-
tine, SOLPRO, has been presented for the cal culation of
various SOLution PROperties. These include (1) time-
dependent el ectro-optic and spectroscopic propertiesre-
lated to rotational diffusion, (2) non-dynamic properties
like scattering curves, and (3) dimensionless quantities
that combine two or more solution properties in aform
which depends on the shape of the macromolecule but
not on its size. In the present work we describe the in-
clusion of more of those types of propertiesin anew ver-
sion of SOLPRO. Particularly, we describe the calcula-
tion of relaxation rates in nuclear magnetic resonance
(NMR). For dipolar coupling, given the direction of the
dipole the program cal culates val ues of the spectral den-
sity, from which the NMR relaxation times can be ob-
tained. We also consider scattering-related properties,
namely the distribution of distances for the bead model,
which is directly related to the angular dependence of
scattered intensity, and the particle’s longest distance.
We have devised and programmed a procedure to cal cu-
late the covolume of the bead model, related to the sec-
ond virial coefficient and, in general, to the concentra-
tion dependence of solution properties. Various shape-
dependent dimensionless quantities involving the covo-
lume are calculated. In this paper we also discuss some
aspects, namely bead overlapping and hydration, that are
not explicitely included in SOLPRO, but should be con-
sidered by the user.
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Introduction

The hydrodynamic properties of rigid macromoleculesand
bioparticles can be conveniently calculated by represent-
ing the molecule as bead models (Bloomfield et al. 1967;
Garciade laTorre and Bloomfield 1977) whose hydrody-
namics is described by theoretical and computational pro-
cedures (Garcia de la Torre and Bloomfield 1981; Garcia
de la Torre 1989) which are now implemented in the
public-domain HY DRO computer program (Garcia de la
Torre et al. 1994). Recently, the present authors have de-
veloped further this methodol ogy, presenting another pub-
lic-domain program, SOLPRO, for calculating additional
SOL ution PROperties (Garcia de la Torre et al. 1997). In
atypical calculation, HYDRO is called first to obtain the
basic hydrodynamic properties, namely the translational
diffusion coefficient, sedimentation coefficient, intrinsic
viscosity, rotational coefficients, and relaxation times.
Next, the subroutine SOLPRO can be called to calculate
more advanced dynamic properties, particularly time-de-
pendent birefringence and fluorescence ani sotropy, or non-
dynamic properties such as angular dependence of radia-
tion scattering. Another utility of SOLPRO is the calcula-
tion of quantitiesthat combine hydrodynamic and non-hy-
drodynamic solution properties in dimensionless forms
which havetheimportant feature of depending onthe shape
of the macromolecule, but not on its size (Harding 1995).

Inthe present work, wereport theinclusionin SOLPRO
of new solution properties which extend the applicability
of bead modeling using HY DRO+SOLPRO. In experi-
mental work, solution properties are obtained for various
solute concentrations, and the values extrapolated to infi-
nite dilution are the primary results to be used in structu-
ral analysis. However, the concentration dependence (usu-
ally, the slopein aproperty versus concentration plot) also
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contains information on the size and shape of the macro-
molecular solute. The concentration dependences can be
expressed in terms of the quantity called molecular covo-
lume (Ogston and Winzor 1975; Harding and Johnson
1985a), which has been now included in SOLPRO.

It is known that rotational quantities (rotational diffu-
sion coefficientsand relaxation times) are among the prop-
erties most sensitive to the detailed size and shape of the
macromolecule. These quantities are experimentally ob-
tained in asomehow indirect, rather involved manner from
instrumental techniquesthat monitor therotational dynam-
ics. In the previous version of SOLPRO we extended the
HY DRO calculation of rotational diffusion and relaxation
times to predict the results of two such techniques: tran-
sient electric birefringence and fluorescence anisotropy
decay. Another technique which is gaining popularity re-
cently is NMR relaxation spectroscopy, which is being
used to gain insight into the detailed shape and backbone
dynamics of proteins (see, for instance, Clore et al. 1990,
Barbato et al. 1992, Tjandraet al. 1995) and nucleic acids
(see, for instance, Birchall and Lane 1990; Eimer et al.
1990; Nuutero et al. 1994). In the new SOLPRO subrou-
tine we have programmed the calculation of the correla-
tion and spectral density functions from which the NMR
quantities, such relaxation rates and nuclear Overhauser
effect (NOE) enhancement, can be predicted.

As commented above, in the former version of SOL-
PRO we included the calculation of a non-hydrodynamic
property, the angular dependence of radiation scattered by
the macromolecule in solution, i.e., the form or structure
factor. For the same bead models used for hydrodynamics
a Debye-formula cal culation of the form factor, including
theinfluence of the elements (beads) was presented. Inthe
field of X-ray scattering there exists acommon practice of
transforming the experimental angular dependence into a
distribution of distances between pointsin the particle, ex-
pressing as afinal result the distance distribution function
(Glatter and Kratky 1982). In the new SOLPRO we have
implemented analytical formulasthat give the distribution
of distancesbetween pointsin an array of spheresand some
characteristic particle distances and lengths.

Dynamic NMR

For dipolar chemical shift anisotropy and quadrupolar re-
laxation mechanisms, relaxation rate constants are linear
combinations of values of the spectral density function,
J(w), particularized by some specific characteristic values
of the frequency w.

A simple but frequent example is the dipolar interac-
tion between a proton (*H) and a different nucleus X
(such as X = 13C or °N) (Palmer et al. 1996). The NMR
relaxation times, T, and T, respectively, and the NOE en-
hancement are calculated from J (w) (Abragam 1961) as
linear combinations of the values J (wy—wy), J (wy),
J (wy), J (wytwy), and J (0), where ey isthe Larmor fre-
guency of the X nucleus (Evans 1995). For the full expres-

sions of T, T,, and NOE, see, for instance, Clore et al.
(1990). The spectral density function is related to the ro-
tational dynamics of the macromolecule by means of the
fundamental relationship

3 (@)= { (P [u(O) ()] cos(wt) dt (1)
0

pm isavector defining the orientation of the axis of the re-
laxation interaction, i.e., avector along the X-H vector in
the case of dipolar interaction given here as an example.
© (0) and u (t) are the orientations of the X-H vector at
some initial time (0) and after some time (t) has elapsed.
The scalar product u (0) - p (t) = cos 6 (t) where 6 (1) is
the angle subtended by those two orientations, and P, (c)
= (3 ¢™—1)/2 is the second-Legendre polynomial of ¢ =
cos (6 (t)).

Thus, the problem of calculating NMR relaxation quan-
tities reduces to the determination of the correlation func-
tion

P2 (1) = P2 (e (0) - p ()T )

where p is a specific unitary vector within the particle.

When the particleisarigid body (in the absence of any
internal motion), asisassumed in the context of HY DRO/
SOLPRO, the evaluation of the correlation function im-
plicitin Eq. (2), for avector p attached to arigid particle
of arbitrary shape, is a general problem that appearsin a
variety of situations. This problem was solved in the fun-
damental work of Favro (1960), and applied to NMR re-
laxation by various workers (Woessner 1962; Huntress
1968). If u (k= 1, 2, 30r X, Y, 2) are the components of
vector p in a Cartesian system of coordinates whose axes
along the directions of the rotational diffusion tensor, D,,
then the correlation function is a sum of up to five expo-
nentials:

5
R (t) = |§1 a exp(-t/1) ©)

The five rotational relaxation times are the same as for
other rotational properties (Favro 1960; GarciadelaTorre
and Bloomfield 1981; GarciadelaTorre et a. 1997):

T, = (6D -2A)" (4)
,=(3(D+Dy)* (5)
13=(3(D+Dy)™" (6)
7,=(3(D+Dy)™" (7)
;= (6D +2A)™ (8)

where D4, D,, D5 are the eigenvalues of D, in an ascend-
ing order, and

D = (13) Tr D, 9)
A = (Df+ D+ D{—D;D, — D;D3 — D,D3)"? (10)

Tr indicates the trace of amatrix, i.e., the sum of its diag-
onal components.



The amplitudes, &, in Eq. (3) are given by

a :%(F’ +G) (1)
a =313 115 (12
ag =3 f 115 (13)
ay =3 uf 113 (14)
8= (F'~G) (15)
where
3
Fr=-3+5 W (16)
k=1
and
10 3 4 2 214
G'=4 E’D"'kéle[IJk +245 1] (17)

where m and n are the two other indices different from k.
We use the notations F"and G’in Egs. (11)—(17) to distin-
guish them from the related quantities F and G used in the
calculation of fluorescence anisotropy decay.

The correlation function P, (t) decays to zero from
P, (0) = 1 for t = 0. Thus, the five coefficients obey the
condition

5
Yy a =1 (18)
=1

Mean and initial relaxation times, 7.4, @nd 7, can be de-
fined and calculated as described elsewhere (Garcia de la
Torre et a. 1997). In particular, the mean relaxation time
is called the correlation time, 7. (see below), in NMR lit-
erature:

oo 5
Trmean =Tc = [ Po(t) it =|zl arm (19)
0 =

Now, going back to the NMR spectral density function, it
turns out that, if P, (t) is a sum of exponentials, then for
each component we have

o /
J ep(t/m) syt :0;2(4}(1%)2 (20)
so that, finally:
_o ar
O e @

Note that, as a consequence of the normalization of P, (t),
it turns out from Eg. (18) that the zero frequency value of
the spectral density function is

J(0) = Tmean (22)

The new version of SOLPRO calculates values of the
J (w) function. It accepts input data for the components
of the unitary vector (uy, 1, 1) in the user’s chosen par-
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ticle-fixed system of coordinates. Internally, the p vec-
tor is transformed to the main axes of the rotational dif-
fusion. Previously the rotational relaxation times 7; and
the amplitudes a, are obtained, which allows the calcula-
tion of 1., aswell as 1;,,; and T,,eqy- It IS &S0 possible to
calculate, optionally, a table of P, (t) for a user-given
range of times. Finally, J (w) is evaluated for a set of w
values (combination of Larmor frequencies) specified by
the user.

In order to avoid the complexity of the hydrodynam-
ics of asymmetric particles (mostly, when software
pieces like HYDRO and SOLPRO were not available),
it has been acommon practicein NMR relaxation to rep-
resent the particle by simplified models. For the sake of
completeness we mention them in the present descrip-
tion. One of them is the axially symmetric rotor, with
only two distinct rotational coefficients, DY and DH,. For
this case, only three components enter in P, (t) and in
J(w):

C(t) =aj exp(-t/1i) +a& exp(-t/ 1)+ a5 exp(-t/15)
(23)
& 13

1+ 15%0?

a3 T3
1+ 14°0?

__an
J(@) 1+1}20?
where 7, = (6 DY), 7, = (Dl + 5 D)2, 15= (4 Dl + 2 DH)?
and ay=(3 cos® a-1)/2, a,=3 sin® a cos’ a, ay= (3 sin® a)/4
(Woessner 1962; Huntress 1968; Barbato et al. 1992). Of
course, Egs. (23) and (24) areexactly valid for axially sym-
metric particles such as revolution ellipsoids and rods. In-
deed, SOLPRO does not treat specially this case since the
general equationsare applicablewithout any problem. One
just noticesthat two pairs of relaxation times coincide; for
example (although necessarily in this order), we may ob-
tant,=13=1,and 1, = 15 = 13, with a, = a, + a; and a5
= a; + as. Finaly, a most common assumption in the
interpretation of NMR relaxation has been to treat the par-
ticle as an isotropic rotor, either because the particle was
infact approximately spherical, or just asasimplifying as-
sumption. For a spherical particle, P, (t) is asingle expo-
nential:

P, (t) = exp (—t/1p)

(24)

(25)

where 1 is the (single) rotational correlation relaxation
time, and

J(w) =11+ 72 ) (26)

If EQ. (25) is considered just as an approximation, then it
follows from Eq. (19) that 7, = T,040, accepting the fitting
criterion that the area under P, (t) must be the same. Thus,
the mean relaxation timereported by SOL PRO can be used
to analyze experimental results elaborated in theisotropic-
rotor hypothesis and presented as ..

As described in our previous paper (Garciade la Torre
et al. 1997), thefirst version of SOLPRO included the cal -
culation of compound, dimensionless quantities that com-
binetwo or more solution propertiesin aform that depends
on the shape but not on the size of particles. Some of these
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quantities, or shape functions, that combinearotational re-
laxation time with other properties, are:

Ty _ kT
K== 27
ro - noV (27)
/3 /3 /3
D471170D1L M, (1-0 po) ﬁig =@L°§ P (28)
ESkT E 671Ny Ny s Oy Ty
/\k = ’70[’7] Mr — |:TO O (29)

= v
Na KT  HH

where g and p, are the viscosity and density of the sol-
vent, respectively, M, isthe molecular weight of the solute,
U isthe specific partial volume of the solute, [n] isthein-
trinsic viscosity of the solution, sis the sedimentation co-
efficient, and N, the Avogadro number. In Egs. (27)—(29),
7, can be any of the five main rotational relaxation times
(k=1,...,5). These are independent of the technique (bi-
refringence, fluorescence polarization anisotropy, or NMR
rel axation) used to monitor rotational diffusion. Also, 7,.in
Egs. (27)—(29) represents the mean, or the initial, or har-
monic mean relaxation times. These are dependent on the
technique, and thereforethe NMR values, calculated in the
new version of SOLPRO, will differ from those from other
techniques.

Scattering properties

Theangular variation of theintensity of radiation scattered
by macromolecules in solution depends sensitively on the
size and shape of the particle. Asiswell known, theradius
of gyration of the macromolecule, R,, which is a useful
measure of macromolecular size, can be extracted from the
low-angle (Zimm or Guinier) region of the scattering dia-
gram. Thefull angular dependence over awide angular re-
gionisexpressed intermsof the so-called formfactor P(h),
withh=(47172) sin (6/2) where Bisthe scattering angleand
A is the wavelength of the incident radiation in the solu-
tion. The P(h) function depends remarkably on the shape
of the particle.

For a bead model, composed of spherical elements, R,
and P(h) are calculated by HY DRO and SOL PRO, respec-
tively. By the way, we note that the first version of
SOL PRO contained a programming error that was kindly
reported by Dr. J. Gapinski (University of Poznan, Poland).
Theexampleof theP (h) calculationinFig. 5a, b of Garcia
delaTorre et al. (1997) was affected by that error, which
has been corrected in the newer version of SOLPRO.

Now, we have included in SOLPRO the calculation of
other scattering-related properties, namely the distance
distribution and the longest chord, for models composed
of spherical beads. Typical resultsfor the scattering-rel ated
properties for the 1gG3 bead model that we are using as
example are shown in Figs. 4 and 5 (see later). The distri-
bution of distances in Fig. 4 is obtained according to the
procedure described below, and the scattering curves in

Fig. 5a, b are calculated as described in our previous paper
(Garciade la Torre et al. 1997). We are not aware of ex-
perimental datafor this protein which could be used to test
the results in Figs. 4 and 5, which are merely intended to
illustrate a typical outcome from SOLPRO (and, by the
way, to correct the above-mentioned error which affected
two figuresin our previous paper). Particularly, resultsfor
wide-angle scattering beyond the first or second minimum
may be meaningless when h exceeds largely the recipro-
cal of the spatial resolution length of the bead model.

Distribution of distances

The angular dependence of the intensity of scattered radi-
ation depends on the shape of the particles, which deter-
mines how the mass of the particleis spatially distributed.
The scattering phenomenon is due to the interferences of
the rays emitted by every pair of points within the parti-
cle. Asaconsequence, the normalized angular dependence
of intensity (i.e. the “form factor” of the particle), P(h),
can bewritten in terms of the distribution of the distances,
p(r), between every two pairs of points within the macro-
molecule:

P =1 p() *G 0 o (30
and p(r) is expressed as a Fourier transform:

p(r)— J’(hr) P(h)sin(hr) dh (31)
with the normalization condition

}0 p(r)ydr=1 (32)
0

In practice, the integrals over distance in Egs. (30)—(32)
can be extended up to an upper limitr = L, where L is
the longest distance (also named longest chord) between
points within the particle. This has the obvious property
that p(r) = 0 for r>L . The distance distribution p(r) can
be obtained from the experimentally determined angular
dependence of X-ray scattering intensities (Glatter and
Kratky 1982).

The prediction of the distance distribution function for
arigid particle of arbitrary shape can be done only numer-
ically. A finite (but necessary large) number, N, of scat-
tering elements are placed within the particle. This can be
programmed by superposition of a regular lattice (for in-
stance, a simple cubic one) on the particle, taking into ac-
count all the pointsthat fall within the particle. All thedis-
tances between the N2 pairs of points are calculated, and
ahistogram of thedistribution of thesedistancesgivesp(r).
If uisthe separation between lattice points (i.e., the reso-
[ution of the model), the number of pointsis proportional
to u™ and the number of pairs and therefore the comput-
ing time grows as u™. For instance, increasing the resolu-
tion by afactor of 2 would increase the central processing



unit (CPU) time by afactor of 64. Then the determination
of p(r) with high resolution by this numerical procedure
can be extremely time-consuming.

Fortunately, for the specific case of a bead model, i.e.,
when the particleisarigid array of spheres, the above pro-
cedure can be avoided since p(r) can be calculated from
analytical expressions. Let P, (r; a) be the distribution of
distances between points of a sphere of radius a. Also, let
P, (r; a;; a,, dy,) be the distribution of distances from
points of a sphere of radius a; to points of a sphere of ra-
dius a,, with center-to-center distanced;,. Then, for an ar-
ray of N spheres, p(r) can be expressed as a combination
of P4 and Py,

N N N
p(r):_zl fi?Ra(r; ai)"'zé > fi fiRa(rian; a; dip) (33)
i= [EI
In Eq. (33) we have assumed the same uniform density
(electrondensity for X-ray scattering) for all the beads, and
f; isthe volume fraction of the bead: f; = V,/3 V; = a/3 a>.
In a standard monograph, the intra-sphere distribution
P,1 has been given as attributed to Porod (Glatter and
Kratky 1982):

3
Ra(r)=
11( ) 16 ae
but the inter-sphere distribution was not presented, so that
we had to deriveit. It turns out that the functional form of
P, depends on the range of r:

r2(r-2a)%(r+4a) (34)

o Ifdp,—ay —a,<r<dp, +a; —ay:

3r

Po(N)=—— (g +a,+0q)° 35
R P CEL L) (35)
(-4af +12a ay-4a5-3a q-3a, q+q?)

A If d12+a1—a2<r<d12—a1+a2:

_ 3r 3.2 2 2
Po()=———~=(&)°(-af +5a5 -5 36
3o(r) 20d12a13a§(1)( { 5 —-5Q°) (36)
e Ifd,—a; +a,<r<d;, +a; +ay:

_ 3r 3
I:?LZ(r)_ 3 3(a1+a2_q) (37)

160 dip &7 a5
(-4al +12a a,-4a3 +3a q+3a, q+q°)

whereq=r —dy,.

Maximum dimension and moments
of the distance distribution

As commented above, an important characteristic dimen-
sion of arigid particle is the longest distance, or longest
chord, defined as the maximum distance between any pair
of points within the particle with p (r) =0 for r>L . For a
bead model, L can be calculated trivially:

L=rj+ G + G (38)
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where (i, J) isthe pair of beadsfor which the center-to-cen-
ter distance, r;, is a maximum.

Although the longest chord can be defined and calcu-
lated rather trivially, the most important parameter related
to the distance distribution is the square of the radius of
gyration, I% which actually can be obtained from the sec-
ond moment of the distribution:

L
2_1. 2
Ry = ZJc; r<p(r)dr (39)
However, R§ is more often determined from the low-angle
behavior of the form factor. The term sin(hr)/(hr) in

Eq. (30) can be expressed as a Taylor expansion in even
powers, (hr)?. Thisleads to

o (_1\i 2
where
_1 p 2i
Ry; —Eg r<'p(r)dr (41)

and Rng R, (2i = 2). At very low angle, termswith 2i = 4,
6,..., can be neglected and P (h) depends only on the sec-
ond moment. Common expressions of the very-low-angle
(h < %—1) behavior, employed in analysis of experimental
data, are

ﬁ:u% h2RZ  (Zimm plot) (42)
and
In P(h) = —% h2RZ  (Guinier plot) (43)

In the spirit of combining two or more solution properties
into a shape-dependent quantity that does not depend on
the particle size (Harding 1995), we propose here (we have
not seen it in the literature) a combination of the two
scattering-related properties, Ry and L, in the form of the
ratio

_ L L

R
Two important typical values are H = \/20/3 = 2.58 for
a solid sphere, and H = \/12 = 3.46 for along rod (it
should be noted that these values may not be the lowest
and the highest bounds of H; for instance, H = 2 for a
spherical shell and for a ring). The dispersion of these
typical values suggeststhat H can be sensitive enough to

macromol ecular shape to be used for structural determi-
nation.

(44)



124

Covolume
Concentration dependence

At moderately low concentrations, the solution properties
of macromolecules vary linearly with concentration, de-
pending on the thermodynamic or hydrodynamic non-
ideality of the system (or both). In the case of theinterpre-
tation of thermodynamic equilibrium data (such as from
sedimentation equilibrium distributions in the analytical
ultracentrifuge, the angular intensity distribution of scat-
tered light in classical or static light scattering measure-
ments, or the osmotic pressure of a macromolecular solu-
tion), the concentration dependence coefficient is the sec-
ond thermodynamic virial coefficient, B (or Ay) (ml mol/
g~?) given, for example, in terms of the apparent molecu-
lar weight at a finite concentration ¢ (g/ml) by
i=i+f Bc+...higher order termsinc...
Mgp M

where the concentrations are sufficiently low that the
higher-order termsare ~0. For osmotic pressure, which de-
pends directly on the number concentration of the macro-
molecular solute, £ = 1; for Rayleigh or UV absorbance
optical records of sedimentation equilibrium solute distri-
butions, which depend directly on the weight concentra-
tion of the macromolecular solute, & = 2; for the angular
intensity distribution of scattered light in classical or static
light scattering, which also depends directly on the weight
concentration of macromolecular solute, & also = 2. For
Schlieren optical records of sedimentation equilibrium so-
lutedistributions, which depend directly ontheweight con-
centration gradient, & = 4. [For a heterogeneous solute, M
in EqQ. (45) will be M,, for osmotic pressure, M,, for static
light scattering and Rayleigh/UV absorbance sedimenta-
tion equilibrium, and M, for Schlieren sedimentation equi-
librium.] In the case of hydrodynamic transport properties
such asthe sedimentation coefficient and translational dif-
fusion coefficient, the coefficient in concentration is not
the thermodynamic second virial coefficient. Inthe case of
the sedimentation coefficient it is the parameter kg (ml/g)
in

(45)

iz%(hksc) (46)
or
Sop =S(1-ks ©) (47)

(Schachman 1959) and in the case of the translational dif-
fusion coefficient it is the parameter ky (ml/g) in

Dapp: D(1+de) (48)
where
ky=2BM — v — Kk, (49)

(see Harding and Johnson 19854). Thus B can also be ex-
perimentally obtained from measurement of k4 and ki,

and a good example of agreement between B measured
from Eqg. (49) and B from sedimentation equilibrium in
the ultracentrifuge [Eq. (45) with & = 2] has been given
for turnip yellow mosaic virus (Harding and Johnson
1985b).

Molecular covolume

The thermodynamic second virial coefficient B for a ho-
mogeneous, monodisperse solution of macromolecules
depends on the size, shape, and polyelectrolyte properties
of the macromolecular solute. It is usual (Tanford 1961,
Ogston and Winzor 1975; Jeffrey et al. 1977; Nichol and
Winzor 1985) to separate the combined contribution of size
and shape (i.e. due to “excluded volume”), B,,, from that
of molecular charge:

B= By +B, (50)

The most general expression for B, for a macromolecular
solute of charge (valency) zis:

B, = [1000 Z2/(4M?I)] [(1+2 k a)/(1+k a)>+...] (51)

where | istheionic strength (in mol/l), a5 isthe equivalent
Stokes radius of the (solvated) particle. k (cm™) isthein-
verse Debye-Huckel screening length (Debye and Huckel
1923) andits magni tude may be evaluated from the expres-
sion k=3.27x10" \i (Iinmol/l) at 20°C. At theisoelectric
pH of a protein, z, and hence also, B, = 0. At sufficiently
high ionic strength, (z, B,) — 0.

The excluded volume contribution to the second virial
coefficient, B,, isrelated to the excluded volume of amac-
romolecule or “molecular covolume” u (ml) by

Bex = UNA/(2M?) (52)
= U/(2M?) (53)

the product u N, is known as the “molar covolume” U
(ml/mal). The molecular covolume, u, for impenetrable
spherical particleshasasimpleinterpretation: itisthevol-
ume of solution from which the centers of two molecules
aremutually excluded. At non-zero but low concentrations
the molecular covolume u is determined by pairwise, two-
particle interactions.

In the most general case, the molecular covolume can
be expressed in terms of an integral, given by
u=-K [{exp[- (r, Q)/kT]-1} d° d°Q (54)
{ (r, £2) isthe interaction potential between two particles
that depends on their relative positions, given by r, and
their relative orientations, given by €. We may fix one of
the particles so that a specific center of it, C (for instance
the center of mass), is at the origin of alab-fixed system
or coordinates, and with some specific system of axes (for
instance, the main axes of inertia) aligned with the lab-
fixed axes. The position of the second particlewith respect
to the first one is specified by the position vector of the
point C of particle 2 with respect to point C of particle 1.



K in Eq. (54) isanormalization constant such that K [ d®2
= 1. The orientation of particle 2 with respect to particle 1
(axes Xy, Yo, Z, With respect to axes x4, Y;, ;) can be char-
acterized, in the most general case, in terms of three Euler
angles, 22 = (6, ¢ ). Thus, the integral in Eq. (54) is
sextuple, involving the three coordinates of r and the three
Euler angles. For instance:

1 in Cartesian coordinates (X, Y, 2); €2 in Euler angles:
K(...d% d® @=L (... dxdydzsin®doded 55
 rin spherical coordinates (r, 6, ¢); £ in Euler angles:
Kf..dr d® Q
_ 1
gl

The above expressions are normalized to the set of Euler
angles setting K = 1/(8 17):

.r2sin@ dr d9' d¢ sin6d@ dpdy  (56)

1 moo2m 2m
——% [ [ [ snfdodedy =1 (57)
8 6=0 ¢=0 w=0
In the case of asymmetric particles, it would be possible
to express 2 in terms of only the two polar angles 6 [
(0, m and @ O (O, 2m), with a normalization constant
K=1/(4 n.

Now, regarding the interaction potential, it is assumed
to have asimple form for particles whose only interaction
consists of just forbidding overlapping, i.e.,  (r, £2) = oo
if the particles overlap and ¢ (r, £2) = 0 if they do not.

Then, the molecular covolumeis
u=-KJ fipo(r,@Qd’r d°Q (58)
where f;, (r, £2) = —1 or 0 depending on whether particles
1 and 2 overlap or not. The simplest example is that of
spherical particles of radiusa. The problem is orientation-
independent, and the triple integration over Euler angles
reducestrivially to the normalization condition [Eq. (57)].
Furthermore, the remaining integration over r reduces to
the region where f;, = 1, which is a sphere of radius 2 a.
The integration is carried out in spherical coordinates
[Eg. (56)], and we finally obtain the covolume of spheri-
cal

21 T 2a
u=- g [ () @E*sin@' dr do' dgf
¢=0 6'=0 r=0 (59)

:%H(Za)3:8v

where V isthe volume of the (solvated) particle. The most
general rigid particle shape for which u has been worked
out isthat for (pairwiseinteractions) involving general tri-
axial ellipsoids at dominant Brownian motion where all
orientations are equally probable. This was studied by
Rallison and Harding (1985), who followed a scheme out-
lined for general particles earlier by Isihara (see Isihara
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1950; Hirschfelder et al. 1954; Yamakawa 1971). The
general expression is

u=2V+2RS (60)

where Rand Sare both doubleintegrals. Althoughitispos-
sible to evaluate one of the integrals in each double inte-
gral analytically, the results are so complicated as to be
opaque, so it is as easy to evaluate the whole double inte-
gral in both R and S numerically, and this can be done
using standard packages of Harding et al. (1997) and Hard-
ing (1998).

Estimation of u for arbitrary particles
using a Monte Carlo procedure

For the evaluation of the sextuple integral involved in the
calculation of u [Eg. (54) or (58)] we propose a simple
Monte Carlo recipe, which isinspired in the fact that the
integrand f;, can only take one of two values, O or 1.

We first set particle 1 in a convenient position and or-
ientation. Theparticleisrotatedin such away that thelong-
est distance vector within the particle, L (whose modulus
L, is the longest chord), is parallel to axis z. A standard
transformation based on Euler angles is employed for ob-
taining the bead coordinates after this step. Next, the
longest dimensionsinthex andy directions, L, and L, are
obtained. Thus, the particle is enclosed in a parallelepi-
pedic cage with sides L,, L, and L,. Then, the center, P,
of the cageisdetermined and the coordinates aretranslated
to a system of axes with the origin at P. The half-dimen-
sions of the cage centered at P are L, /2, L, /2, and L,/2;
the longest dimension of the cage is the diagonal, D =
(LZ+L7+LHY2

The positions and random orientations of particle 2 can
be obtained by translating particle 1 from P to Q [thusr in
Egs. (54)—(58) would be the PQ vector] and rotating the
coordinates with a uniformly random set of Euler angles,
Q in Egs. (54)—58); cos @is uniformly random in (-1, 1)
and @ and  are uniformly random in (0, 2 7). It is clear
that the two particles cannot overlap if their respective
cages do not overlap either. Overlap is not possible if
center Q of particle 2 isoutside aparallel el epiped centered
at P with sides2X =L, + D, 2Y=L,+D,2Z=L,+D.
Therefore, we restrict the Monte Carlo sampling to posi-
tion Q with coordinates (Xq, Yo, Zo) that are uniformly
distributed random numbers in the intervals (=X, +X),
(=Y, +Y), (-Z, +2), respectively. The volume of such re-
gionis Viggion = 8 XYZ.

For the generated r and £2, it is checked whether or not
the particles overlap. This condition can be easily pro-
grammed since our particles are bead models: particles
overlap if any two beads overlap. A very large number of
suchtrials, Ny 4, aremade, of which N, e, resultinover-
lapping. Then, the molecular covolume is given by

_ Noverlap
Ntrials

Vregi on (61)
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and the reduced covolume U, is therefore

Ured = [Noverlap/Ntrials] ' [Vregion/V] (62)

Tests of the procedure

We have checked the performance of our Monte Carlo pro-
cedurein SOLPRO for covolume, applying it to some sim-
ple cases where the result is known: ellipsoids (including
the sphere) and cylindrical rods.

For asingle sphere, the exact result is u = 8V, where V
isthe volume of the sphere. With only 60 000 Monte Carlo
trials, we obtain u/V = 8.0£0.3. If the number of trialsis
107, we obtain u/V = 7.998. The excellent accuracy and ef -
ficiency of our procedure is due to the compactness of the
sphere, but not to its spherical symmetry. Indeed, a simi-
lar performance can be expected for nearly isometrical,
globular particles.

A more difficult situation for our procedure occurs
with elongated particles. It is clear that, for slender bod-
I€S, Vyegion IS Much larger than the particle’s volume. Asa
consequence, the “hit ratio” in the Monte Carlo procedure
(Noveriap/Niriais) 1S quite small, and therefore the statistical
(relative) error inits determination islarge. The statistical
error can be reduced by increasing N4, but this has the
obvious cost of increasing the CPU time. Furthermore,
bead models of elongated particles usually have a large
number of beads, N, and the CPU time re(luired for check-
ing overlap in each trial increases with N<.

The second virial coefficient and covolume of cylindri-
cal rods can be calculated from simple expressions. For
very long rods, when the length L is much larger than the
diameter, d, the limiting result was given by Zimm (see
Yamakawa 1971): u = L. d/2. For not too long rods, the
following result is available (Isihara 1950; Hirschfelder
et al. 1954; Yamakawa 1971)

_ml2d Q. (3+m md, mod o
u 2 §_+ > 0L |:|+ 200 E (63)
which tends to the Zimm result in the L/d — oo limit. We
model rods as straight strings of N touching (i.e., tangent,
non-overlapping) beads of identical size, with radius g, so
that L = 2 o N. There is some ambiguity in the correspon-
dence between the cylinder diameter d and the diameter of
the beads, 2 . A first possibility, method A, is making
d=2 g,0=0.5 d, sothat thebead model isinscribed within
the cylinder. This model underestimates the volume of the
particle, and one may think that it would therefore under-
estimate its covolume. Second, in method B the volume of
the bead model is equalized to that of the particle, making
0=0.613d. Covolumeisnotstrictly related totheparticle’s
volume, but rather to the volume that it excludes, and thus
the thickness of the bead model can be regarded in terms
of the minimum distance of separation between the axes
to two side-by-side touching rods. As one rod of beads
slides along the other, this distance varies from 2 o to
1.732 g, and the proper (geometric) average, 1.92 g,

Table 1 Covolume of cylindrical rods: Monte Carlo results from
SOLPRO and comparison with theoretical results

P= Ngias=10" Nyigsvariable U/ Utheor Methods
L/d  uyc
Ntria]s U'MC A B C
5 50.5 5x10* 50.7+0.3 0.781 0.827 1.028
10 173.6 2x10° 174.6+1.1 0.841 0.884 1.072
20 637.6 3x10° 639+7 0.878 0.920 1.098
30 1397.6 5x10° 1390+10 0.896 0.937 1.112
50 3771.7 8x10° 3770+40 0.906 0.946 1.117
100 148974 1x10° 14 800+100 0.920 0.960 1.128

is taken as the equivalent cylinder diameter, so that
0=0.521d.

In Table 1 we list simulated and theoretical values of
covolume. We present results obtained from SOLPRO
with a very large Ny, (affected by a negligible error),
that are employed for the comparison with theory, and re-
sults with a moderate N4 Showing their statistical er-
ror. The latter required a quite reasonable CPU time; the
worst case, L/d = 100 took 50 min of CPU time on a Pen-
tium 200 personal computer. The N4 Values were such
that the resulting statistical errors are about 1%. The ra-
tios of simulated-to-theoretical values, given in Table 1
for the three modelss, approach unity in all cases. For short
rods, method C is better, while for longer rods the best re-
sultisfound for method B. Anyhow, theratios arein most
cases between 0.9 and 1.1; in other words, the deviation
of the SOLPRO results from the exact ones is typically
under 10%.

We have made a similar study for prolate ellipsoids;
covolume is given by an exact expression (Isihara 1950;
Yamakawa 1971) and can be readily evaluated using the
ELLIPS2 program (Harding et al. 1997). Asfor the previ-
ous problem, there is some ambiguity in defining the
bead model. Method A is as proposed by Bloomfield et al.
(1967): the model isastring of colinear beads with differ-
ent radii, decreasing from the center toward the ends, and
has the same length, 2 a, asthe true ellipsoid, in which the
bead model isinscribed. Method B is a volume-equalized
modification of the former (Garciadela Torre and Bloom-
field 1977): the bead model is constructed with an ellip-
soidal envelope with semiaxes (a, b’, b"), with b’ such that
the volume of the model is the same as the (a, b, b) ellip-
soid. The results are given in Table 2, with a presentation
similar to that in Table 1 for rods. The results calculated
withamoderate N,,;4sfollow atrend similar to that for rods
(actually, we report this for one of the methods). Also, the
simulation-to-theoretical ratios behave like those for rods:
while the inscribed model underestimates the covolume
(-9%), the volume-equalized model overestimates it
(+13%), with deviations of roughly 10%, asfor rods. From
the empirical findings with models A and B, we note that
if one would take the simple mean of the results with and
without volume equalization, thefinal result would bevery
close to the theoretical one.
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Table2 Covolume of ellipsoids: Monte Carlo results from SOLPRO and comparison with theoretical results

p=alb Model not equalized Model equalized
Ntrials = 107 Ntrials Varlable Ntrials = 107 Ntrials Val’lab|e
Uvc ) - Uvc ) ]
Ntrials Umc Ratio Ntrials Umc Ratio
1 335 6x10% 33.8£0.4 0.999 335 6x10* 33.8£0.4 0.999
2 59.6 4x10* 59.1+0.5 0.784 77.3 4x10* 76.4+0.7 1.017
3 114.9 4x10* 114.3+0.7 0.838 158.7 4x10* 157.7+1.5 1.158
5 280.5 5x10% 280+3 0.887 361.1 5x10% 360+2 1.141
10 999.9 1.2x10° 1007+9 0.905 1258.1 1.2x10° 1266+11 1.138
20 3796.3 3.7x10° 3810+30 0.913 4707.7 3.5x10° 4720+40 1.133
30 8442.3 3.5x10° 8 450+ 60 0.920 10 409.6 3x10° 10 490+90 1.134
50 23233.8 8x10° 23 300+200 0.924 28 444.4 4x10° 28 600+ 200 1.132
100 92 149.1 1x10° 92 100+900 0.925 112 479.5 2x10°8 111 700+500 1.139

Covolume-based shape-dependent quantities

Dimensionless quantities that combine covolume and
other solution properties can be formulated in such away
that they behave as shape-functions, depending on the
shape of the particle but not onitsactual size. A very sim-
ple combinationistheratio of covolume, u, to the volume,
V of the particle; it is the so-called reduced molecular
volume:
Ured =/ (64)
For the sphere, u,.q = 8, while for avery long rod, U,eq =
2L/d.

The determination of the effective volume for a parti-
clein solutionis not atrivial problem, owing to hydrody-
namic effects (as seen above for bead models of ellipsoids
and rods) or hydration (videinfra). Therefore, it issafer to
combine covolumewith hydrodynamic properties, and two
compound gquantities have been formulated: the ¢yfunction
of Jeffrey et al. (1977), combining u,.q With atranslational
property, andtheHarding’s 7 function (Harding 1981) that
combines u,q With the intrinsic viscosity. These functions
are formulated as:

Ured

V=t 2" (65)
= “rTed (66)

In Eq. (65), P = f/fy isthe Perrin function, wheref isthe
translational friction coefficient of the particleandf,isthat
of a sphere of the same volume. In Eq. (66), v is the so-
called viscosity increment (Einstein function), such that
the intrinsic viscosity []] = v U, where U is the particle’s
partial specific volume.

The present version of SOLPRO combines the val ue of
the covolume of the bead model with the volume calcu-
lated for it, V = (4/3) ¥ 0;, to obtain u,ey. The covolume
is also combined with the hydrodynamic properties, ob-
tained in HYDRO or elsewhere and passed to SOLPRO,
to evaluate the  and 7 functions.

Example of HYDRO/SOLPRO calculation

As an example of the use of SOLPRO, we present the re-
sults of acalculation on atypical bead model, correspond-
ing to the human immunoglobulin antibody molecule
1gG3, proposed by Gregory et al. (1987), which was al-
ready employed as an example in previous descriptions of
HYDRO (Garcia de la Torre et al. 1994) and SOLPRO
(GarciadelaTorre et a. 1997). Thismodel is depicted in
Fig. 1. InFig. 2 wereproduce some parts of the output pro-
duced from SOL PRO when the printing option isactivated
(IPRIN=1). We only reproduce those parts related to the
new features of SOLPRO.

We first notice that SOLPRO calculates the radius of
gyration and volume of the model in the same way as
HYDRO. The reasons for repeating here the calculations
are that SOLPRO may be used without a previous call to
HYDRO (for instance, if one wishes to obtain only scat-
tering quantities), or because the model submitted to
SOLPRO may be different from that used in HYDRO if
oneisconsidering particular effects such as hydration (see
below).

For the calculation of propertiesrelated to NMR relax-
ation, the dipole was arbitrarily taken along the axis of the
Fab subunits. The ranges of time and frequency, for P,(t)
and J (w), respectively, are taken as 4 1; and 4 173, using
an “automatic” setting of the program, where 1; isthelong-
est of the five relaxation times. These two functions are
plotted in Fig. 3.

The distribution of distances, p(r), calculated from
SOLPRO isplotted in Fig. 4. For the sake comparison, we
have included also in Fig. 4 the distribution of distances
for aspherical particle having the same radius of gyration
as 1gG3. Thusthe effect of elongated shape on p(r) can be
appreciated. This effect is noticed in the value of the com-
pound activity, H = 2.887, which deviates from the value
for a sphere, H = 2.582.

In Fig. 5 we present graphs of the scattering form fac-
tor, P(h). We have repeated that calculation asin our pre-
Vvious paper just to correct an error arising from a bug de-
tected in that part of the computer code.
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Fig. 1 Model for the human
immunoglobulin 1gG3,
according to Gregory et al.
(1987)

Regarding the resultsfor covolume, one should keep in
mind that the open (non-compact) and elongated shape of
1gG3 requires a large number of Ny, to reach areason-
ably low statistical error. With Ny, ;=600 000 (whichonly
took about 1 min on a Pentium 200 PC), we obtained u =
6690+30 A3, with an error of about 0.5%.

Other aspects

There are some aspects of the calculation of primitive or
compound solution properties that are implicit in hydro-

dynamic theory and in bead modeling strategies. We men-
tion here two of such aspects, giving some guidelines or
warnings to the SOLPRO user.

Bead overlapping

Hydrodynamic theory and computer algorithms for bead
modeling (HY DRO) have been devised for assemblies of
non-overlapping spheres. Such must be the casefor quan-
tities such as the bead friction coefficient and the modi-
fied hydrodynamic interaction tensor to by physically
correct. HYDRO contained a patch to avoid a program



IMMUNOGLOBULIN IGG3

Number of beads 15
Translational diffusion coefficient 3.821E-07 cm2/s
Radius of gyration(from HYDRO) 7.492E-07 cm
Volume (from HYDRO) 2.256E-19 cm3
Relaxation time (1) 4.321E-07 s
Relaxation time (2) 3.445E-07 s
Relaxation time (3) 3.287E-07 s
Relaxation time (4) 2.024E-07 s
Relaxation time (5) 2.023E-07 s
Harmonic relaxation time 2.756E-07 s
Intrinsic viscosity 9.823E+00 cm3/g
Sedimentation coefficient 5.826E+00 svedberg

Volume (from SOLPRO)=
Radius of gyration(uncorrected,
from SOLPRO)=
Radius of gyration(corrected,
from SOLPRO)= 7.492E-07 cm
(The corrected Rg includes the correction from bead size)
Longest chord = 2.163E-06 cm

dokkok ok kok ok ok ok ok ok kKK

¥}

.256E-19 cm3

7.328E-07 cm

Initial relaxation time ratio (nmr) 7.616E+00
Mean relaxation time ratio (nmr) 7.674E+00
KhkKkkkkkkkkkkkkk
Ktaur initial function (nmr) 2.461E+24
Ktaur mean function (nmr) 2.480E+24
kkkkkkhhhkkkhkk
Psi initial function (nmr) 7.684E-01
Psi mean function (nmr) 7.665E-01
Nk Kk KKk kR Kk
Lambda initial function (nmr) 1.500E+00
Lambda mean function (nmr) 1.488E+00

R

EIGEN-ANALYSIS OF ROTATIONAL DIFFUSION

EIGENVALUE EIGENVECTOR

1.663E-03 6.093E-08 7.480E-01 -6.637E-01
1.876E-03 1.848E-08 6.637E-01 7.480E-01
4.777E-03 1.000E+00 -5.784E-08 2.662E-08

CALCULATION OF P2 CORRELATION FOR DIPOLAR NMR

COUPLING DIPOLE VECTOR (unitary)
In user’s axes
5.000E-01 -8.660E-01 0.000E+00
In rotational diffusion axes
1.447E-08 -2.008E-01 -9.796E-01

RELAXATION
K AMPLITUDE TIME
1 8.799E-01 4.321E-07
2 1.161E-01 3.445E-07
3 6.026E-16 3.287E-07
4 2.531E-17 2.024E-07
5 4.093E-03 2.023E-07

abortion or severe numerical errorsthat may occur if two
beads would occasionally overlap due to minor modeling
errors or physical assumptions (as in the simulation of
random-flight flexible chains). However, some authors
have employed bead models with systematic (sometimes
intensive) overlap. It would be convenient to have hydro-
dynamically adequate ways to cope with bead overlap-
ping but the problem is still under consideration
(Carrasco 1998).

The calculation in SOLPRO of other, non-hydrody-
namic solution properties is based, again, on the assump-
tion of non-overlapping beads. Thus, our theoretical de-
velopment of distance distribution is only valid in such a
case. The radius of gyration and, mostly, the particle
(model) volume itself are also calculated in such an as-
sumption. Therefore, it isrecommended that HY DRO and
SOLPRO will be used for bead models without overlap-
ping. Werecall that in a pair of touching but non-overlap-
ping spheres, the fluid between them, around the point of
tangency, ishydrodynamically trapped, so that the tangent
pair has indeed aregion of hydrodynamic overlap.
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INITIAL RELAXATION TIME FOR P2 - NMR:
MEAN RELAXATION TIME FOR P2 - NMR:

4.178E-07
4.210E-07

TIME VALUE OF P2
0.000E+00 1.000E+00
1.728E-08 9.595E-01
3.457E-08 9.206E-01
1.694E-06 1.831E-02
1.711E-06 1.758E-02
1.728E-06 1.688E-02

CALCULATION OF VALUES OF SPECTRAL DENSITY FUNCTION

FRECUENCY SPEC.DENS.
0.000E+00 4.210E-07
9.257E+04 4.203E-07

1.851E+05 4.184E-07

9.072E+06 2.713E-08
9.164E+06 2.662E-08
9.257E+06 2.613E-08

DISTRIBUTION OF DISTANCES

INTERVALS BETWEEN RMIN AND RMAX, CENTERED AT R;
VALUES OF p(R)

RMIN (cm) RMAX (cm) R(cm) p(R) (cm™ (-1))
0.000E+00 7.211E-08 3.605E-08 6.240E+04
7.211E-08 1.442E-07 1.082E-07 3.980E+05
1.442E-07 2.163E-07 1.803E-07 7.262E+05
1.947E-06 2.019E-06 1.983E-06 8.623E+04
2.019E-06 2.091E-06 2.055E-06 2.417E+04
2.091E-06 2.163E-06 2.127E-06 1.129E+03

Check for normalization:

(RMAX-RMIN) *SUM(p(R) )= 9.996E-01 SHOULD BE= 1

MONTE CARLO SIMULATION OF COVOLUME OF BEAD MODELS
NUMBER OF TRIALS= 10000 DIVIDED INTO 10 SUBSETS

FINAL RESULT: COVOLUME= 6.737E-18 +- 1.982E-19 cm3

Fig. 2 Parts of the output from SOLPRO, from the new calculati-
onsin the latest version. Parts from the calculations in the previous
version (marked with asterisks) have been removed

Hydration

Macromolecular hydration has not been explicitely con-
sidered either in HYDRO or in SOLPRO. Of course, the
bead model employed for calculation of hydrodynamic
properties in HY DRO should include the user’s view of
hydration. However, some of the properties calculated in
SOLPRO may not be affected by hydration. Such is the
case of the scattering-dependent properties, if one assumes
that scattering does not distinguish hydration water from
bulk water.

The difficulty regarding hydration is that its influence
onthe particle shape dependson the shapeitself. Basically,
we differentiate two schemes to treat hydration, as de-
scribed below.

The uniform expansion

In the uniform expansion scheme, we assumethat the shape
of the hydrated particle is the same as that of the dry parti-
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P,(t)
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Fig. 3A, B NMR relaxations functions calculated for IgG3 with a
dipole along the Fab subunit: A P,(t); B J(w)
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Fig. 4 Distribution of distances, p(r), for the |gG3 model. TheE(r)
function for a sphere (dashed line) having the same R,=74.92 A as
19G3 (continuous line) is represented. R, and L for IgG3 and the
sphere are marked

cle, with the only difference of a uniform change in size.
Thisassumption is acceptable when the particle is compact
(without large cavities that would act as “water pockets’),
and not too anisometric, so that the relative size increases
of any linear dimension duetothehydration layer isroughly
the same in any direction, and can be expressed as

D‘L/3
h=gr 20

where dis the hydration degree. This scheme is the same
as the classical procedure for describing macromolecular
properties in terms of hydrated ellipsoids (Tanford 1961)
and it is has been devised with globular proteins in mind.
In the case of ellipsoids, it is assumed that the anhydrous
and the hydrated particle have the same axial ratio.

(67)

Scattering function, P(h)
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Fig. 5A, B Scattering function calculated for the bead model of
1gG3: A Low-angle scattering; B wide angle-scattering

In ageneral casg, if pnyq and p,n, are the values of any
solution property, corresponding respectively to the hy-
drated and anhydrous particle, in the present hypothesis of
uniform expansion they are related by:

Phyd = """ Pann (68)

where the exponent n reflects the dependence of the prop-
erty on linear size. For the compound quantities (shape
function), nwill be acombination of thosefor theinvolved
properties. When those properties are all hydrodynamic
(including covolume), the shape functions are defined,
from the early studies of ellipsoids, in such away that they
are independent of the degree of hydration. Otherwise, a
correction for hydration must be applied.

On the assumption that the scattering-related proper-
ties, Ry and L, and the volume entering in some compound
properties correspond to the dry particle, then the practi-
cal procedure that we propose for the uniform expansion
caseisasfollows:

1. Devise ahydrodynamic model whose size and shape
already includes hydration and call HY DRO to obtain the
hydrodynamic quantities.

2. Call SOLPRO, passing to it the same “ hydrated”
model along with the HY DRO result.

3. Correct (by hand after the computer calculation, or
making a change in the computer program) some of the
SOL PRO results, multiplying by thefollowing factors, R,,
h™; L, h™; Vv, h™. On the other hand, D, f, 7', and [1]] re-
main unchanged.

According to some authors (Kumosinski and Pessen
1985), certain types of scattering techniques “see” some-
how the particle’'s hydration, distinguishing between
bound water and water in the bulk. In the present, uniform
expansion assumption, an adequate way to treat such asit-



uation consists of applying a different expansion factor, t,
to the scattering related properties. Typically, 1<t<h, with
t = 0 if scattering were insensitive to hydration. In the
above-mentioned scheme for calculations, some correc-
tions would be different, particularly: R, t/h; L, t/h.

When hydration is present, the handling of the shape-
dependent functions P, v, B, G, etc. should be made with
care, accounting for the hydration effect in the obtention
of the experimental values of these functions; for details,
see Carrasco et al. (1998).

The non-uniform expansion

Theuniform expansion hypothesisisextremely inadequate
in certain circumstances, particularly for elongated struc-
turessuchasDNA pieces, fibrousproteins, etc. L et uscon-
sider the example of a rod-like fibrous protein with L =
1400 A and d = 20 A (anhydrous), with 0= 0.7 cm®/g and
a hydration de%ree 0= 0.3 g/g, so that the expansion fac-
tor would be h® = 1.43, h = 1.13. If expansion were uni-
form, the hydrated length of the protein would be 1630 A,
with an increase in length of over 200 A, which is abso-
lutely unreasonable. The proper approach in this example
is to assume a layer of water of afew A around the pro-
tein. The relative increase in length is negligible, but the
relative increase in diameter is appreciable. If the expan-
sion is attributed to the radial directions only, then the hy-
drated diameter would be 20 \/1.43 =24 A, which seems
guite reasonable.

It istherefore clear that, when expansion due to hydra-
tionisnot uniform, the dry and the hydrated shapes are not
the same, and therefore slightly different bead model s must
be used. In the above example, the dry protein would be a
string of 70 beads of diameter 20 A (inscribed model; see
section on Tests of the procedure, above), while the hy-
drated protein would be modeled with about 59 beads of
about 24 A. In the general case, the hydrated model would
be used for the HYDRO calculation. The results would
passed in the subsequent call SOLPRO, but with the coor-
dinates of the anhydrous model.

It should be pointed out that both of the above proce-
dures to account for hydration are approximate and not
strictly correct, particularly when applied to scattering cal -
culations. Both the uniform and the non-uniform proce-
dures do not account for the different and fluctuating scat-
tering density of water in the hydration layer [for arecent
study of hydration effects in scattering, see Svergun et al.
(1998)]. Thus the procedures should be applied with cau-
tion to model scattering-rel ated properties when hydration
isimportant in rel ativeterms; thismay bethe casefor some
globular proteins. In other instances, including large pro-
teins and macromolecular complexes, hydration may be
relatively less important, with the scattering being mainly
determined by the size and shape of the macromolecular
material. In regard to hydrodynamic properties, the pos-
sibilitiesof choosing one or the other procedure, along with
the choice of the h and t factors in the uniform expansion
method, seemingly cover well all the application. At any
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rate, these procedures are the only feasible waysto include
hydration in both hydrodynamics and scattering in the
common methodological framework of bead modeling.

Computer programs

Both HY DRO and SOL PRO are public domain programs,
with the form of FORTRAN subroutines which will be
linked to the user’smain program. The source codefor both
subroutinesis freely available, so that calculations can be
customi zed to deal with any specific effect (hydration, for
instance) or modeling needs. For users who wish to avoid
programming, or if aFORTRAN compiler isnot available,
we supply also executables for various computers. All the
program files and further information can be found on the
internet www page http://leonardo.fcu.um.es/macromol.
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