Die Nahrung 39 (1995) 5/6, 375—395

Some recent developments in the analytical ultracentrifugation
of food proteins

(A review)

S. E. HARDING

University of Nottingham, Department of Applied Biochemistry and Food Science, Sutton Bonington,
UK

Summary

In the past, the ultracentrifuge has provided much information on the sizes, shapes and interaction
of food proteins. The availability of new on-line instrumentation has now extended the possibilities
for analysis even further. In this short review we examine the state of the art of the technique and its
past, present and potential future contributions to the field of food protein research. After a
consideration of the developments in instrumentation and their implications, we focus on the
contribution to the following areas: 1. gross conformation analysis (ellipsoid, bead and general
conformation representations). 2. Molar mass and subunit composition analysis. 3. Self-association
4. Protein-polysaccharide and protein-ligand interactions 5. Gels and matrix diffusion phenomena.

Zusammenfassung

Einige neuere Entwicklungen der analytischen Ultrazentrifugation von Nahrungsproteinen (Ubersichts-
bericht)

Die Ultrazentrifuge hat in der Vergangenheit viele Informationen iiber GroBe, Form und Wechselwir-
kungen von Nahrungsproteinen geliefert. Neue verfiigbare Modelle mit on-line-Instrumentierung haben
die analytischen Mdglichkeiten deutlich erweitert. In diesem kurzen Uberblick werden der Stand der
Technik sowie seine bisherigen, gegenwartigen und moglichen zukiinftigen Beitrdge fiir das Gebiet der
Nahrungsprotein-Forschung tiberpriift. Nach Darlegung der Entwicklung der Instrumentierung wird
der Schwerpunkt des Beitrages auf folgende Gebiete gelegt: 1. Gesamt-Konformationsanalyse
(ellipsoide, kugelférmige und allgemeine Konformationsdarstellungen). 2. Molare Masse und Analyse
der Zusammensetzung von Untereinheiten. 3. Selbst-Assoziation. 4. Protein-Polysaccharid- und
Protein-Ligand-Wechselwirkungen. 5. Gel- und Matrix-Diffusionsphédnomene.

Introduction

The analytical ultracentrifuge has been available for almost three quarters of a century
as a tool for the investigation of the solution behaviour of macromolecules. Although it
would certainly be untrue to claim that one of the major focusses of attention has been
on food macromolecules, it is fair to say that our understanding of how food macromolecules
behave in solution — in terms of their sizes, shapes and interactions — and even in gel
form, has been considerably enhanced because of work emanating from this now “classical”
— some would say dated — technique. In terms of research on food proteins, T. SVEDBERG
— widely recognised as the founder of the ultracentrifuge — himself co-authored papers
in this area, using both sedimentation velocity and sedimentation equilibrium ultracen-
trifugation. This included papers on egg albumin [1] and gelatin solutions [2]. This work
preceded the large expansion of interest in the technique which occurred in the period
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1940 —1970, when most of the remaining methodology concerning the various ultracen-
trifuge approaches (sedimentation velocity, sedimentation equilibrium, isopycnic density
gradient methods, diffusion coefficient analysis and gel analysis) was established. It was
during this period for example that the self-assembly properties of milk proteins became
largely understood [3], progress was made with our understanding of the solution structure
of myosin [4, 5] and P. JounsoN and coworkers [6, 7] developed our understanding of the
structure of gelatin gels.

The purpose of this article is to examine the state of the art of analytical ultracentrifugation
and its past, present and potential future contribution to the field of food protein research.
After a consideration of developments in instrumentation and its implications we will focus
on the contribution to (I) gross conformation analysis in terms of ellipsoid, bead and general
conformation representations; (II) molar mass (“molecular weight”) and subunit com-
position analysis; (III) the analysis of self-association of food proteins in solution; (IV)
protein-polysaccharide and protein-ligand interactions; (V) the analysis of protein gels as
a complementary approach to conventional rheological methods, and finally (VI) protein
diffusion through matrices.

Apart from a consideration of protein-polysaccharide interactions we will not consider
the contribution that analytical ultracentrifugation is making towards our knowledge of
the nature of other types of food biopolymers such as food polysaccharides. These present
different problems and this subject has been dealt with elsewhere [8, 9].

Developments in instrumentation: The XL-A ultracentrifuge

There are five types of analytical ultracentrifuge in use. Four of these are “old generation”
types, varying in vintage from 10 to 35 years old. These are: the BECkmMAN (Palo Alto,
USA) Model E (equipped with “photographic” Schlieren and Rayleigh interference optics,
and either photographic or “scanning” absorption optics), the MOM (Magyar Optical
Works, Budapest) Model 4170 (equipped with photographic Schlieren, Interference and
absorption), the MSE (Crawley, UK) Analytical Mark II (photographic Schlieren and
Interference) and the MSE Centriscan (scanning Schlieren and absorption). The select band
of workers who have kept these instruments in active use over the years have between them
constructed several modifications, such as laser light sources [10], LED [11] light sources
and on-line (i.e. where the output is transferred directly into a PC) data capture for the
Model E absorption [12] and interference [13] systems, off-line data capture for the Model
E, MSE Mk. Il and MOM interference [14, 15] and Schlieren [15] systems, and a fluorescence
optical system for the Model E [16].

The Optima XL-A

The most significant recent development has been the development and launch of a
completely new analytical ultracentrifuge, the “Optima XL-A” from Beckman instruments
[17, 18] with full on-line computer data capture and analysis facilities. The initial model
— of which we were fortunate to have one of the prototype or test instruments — was
equipped with scanning absorption optics, a 4-hole rotor taking double sector cells
(1 counterpoise cell, 3 for solution cells) of maximum optical path length 12 mm. For
sedimentation equilibrium which requires only short solution columns it is possible to use



HARDING: Food protein ultracentrifugation 377

1.5
1.0
8
&
Kol
™
3
8 0.5
<
0.0 "
-d 1 T T 1 T T T
6.0 6.2 6.4 6.6 6.8 7.0 7.2
Radius (cm)
Fig. 1

Sedimentation velocity analysis on the XL-A ultracentrifuge. Sedimentation velocity scans on
bovine serum albumin at a loading concentration of 2 mg/ml, rotor speed = 50000 rev/min, tem-
perature = 20 °C. Standard 12 mm double sector cell, with ~0.4 ml in solvent channel, 0.35 ml in
solution channel. The direction of movement is from left to right. Top traces: conventional UV
absorption profiles recorded at a wavelength of 276 nm. Lower traces: ‘accidental’ knife-edge Schlieren
profiles recorded at a wavelength of 400 nm. Time between each scan at a given wavelength = 20 min.
Time between an absorption and Schlieren scan = 2 min. From [20]

multi-channel cells each consisting of 3 solvent/solution pairs thereby allowing a capacity
of 9 solutions to be run in a single experiment. The scanning absorption optical system,
with signal to noise comparable to that of the MSE Centriscan and a considerable
improvement on the scanning system on the Model E, permits (I) a wavelength scan at
any radial position (II) radial scans at 3 different selected wavelengths for a given cell
during a run and (III) multiple data capture and averaging. Examples of the quality of
the data to be obtained are presented in Fig. 1 for sedimentation velocity and Fig. 2 for
sedimentation equilibrium. So long as the solvent is reasonably transparent and the
appropriate cell windows are employed, the “far” part of the ultraviolet spectrum can be
used, down to 2200 nm. This means for food proteins not only can we use conventional
absorption detection at ~278 nm, but also make use of the strong UV absorption of the
peptide bond (210—230 nm).

Another feature which distinguishes it from all previous analytical ultracentrifuges is
that the monochromator arm for the optical system resides in the rotor chamber (Fig. 3).
The rationale behind this is apparently increased optical transmission properties. This
comes at a price: it has to be removed at the end of each run and replaced at the start
of the next run. A more serious restriction, deriving from the specific design of the
monochromator is that because the gap between the top of the rotor and the monochromator
is less than 1 cm it is impossible to use a rotor which would accommodate longer path
length cells, e.g. of the type (30 mm) available for the Model E, thus limiting the lower
concentration limit. For higher concentrations it is possible to purchase shorter path length
cells (6 mm). (We have in-house machined cell centrepieces of 3 mm path length: any further
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Sedimentation equilibrium analysis on the XL-A ultracentrifuge. Sedimentation equilibrium profiles
for beta-lactoglobulin B. Absorption optics, wavelength = 280 nm, Rotor speed = 15000 rev/min,
temperature = 20.0 °C. Because of the shorter solution columns for sedimentation equilibrium work,
a (12mm path length) multi-channel cell could be used (3 solvent/solution pairs) with ~0.12 ml in
solvent channels. ~0.10 ml in solution channels. Inner profile: loading concentration, ¢ = 0.1 mg/ml;
middle: 0.2 mg/ml; outer = 0.3 mg/ml. Because of restriction of the Lambert-Beer law, with the outer
channel only absorbances < 1.5 could be used

shortening runs the risk of pattern distortions through the proportionally greater surface
tension effects from the windows).

A new version of the XL-A is being launched in 1996 with on-line Rayleigh interference
optics and for sedimentation velocity work advantage can be made of highly sensitive data
capture procedures permitting the analysis of macromolecular concentrations down to
~ 100 pg/ml. Although an eight-hole rotor is planned the restriction on maximum cell path
length remains (12mm), so the lower limit for Rayleigh interference detection of
sedimentation equilibrium records will be 0.5—0.8 mg/ml.

One of the greatest benefits of the new model, with simultaneous absorption/interference
capabilities (for both velocity and equilibrium ultracentrifugation) for food protein research

Fig. 3 .
Installation of the monochromator prior to a run on
the XL-ultracentrifuge
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will be for the investigation of food protein-polysaccharide interactions, with interference
detecting solute distributions of both components together but the absorption optics giving
selective detection of the protein within these distributions.

Gross conformation analysis using sedimentation velocity

With the new ultracentrifuge, the sedimentation coefficient of a food protein can be
relatively easily obtained from the optical absorption records as in Fig. 1 or from inter-
ference optical records [19]. In principle the “second moment” of the sedimenting boundaries
should be used; in practice the “first moment” (i.e. the point of inflection) is perfectly
adequate. It is possible, in certain circumstances even to obtain Schlieren images on the
XL-A ultracentrifuge [20] (Fig. 1). After correction to standard conditions of temperature,
solvent density and viscosity (water at 20 °C) to give s,,,,, and from a linear fit of s,, ,,
versus concentration (¢, g/ml) data to s,,. ,, = $30.,, (1 + k,c) the infinite dilution sedimenta-
tion coefficient 59, ,, (s or SVEDBERGS, S) and the concentration regression parameter ,
[ml/g] can both bee obtained: both parameters are important for gross conformation
analysis, and Table 1 gives values for a range of food proteins.

For shape analysis of food proteins there are three basic approaches. One approach —
which applies to relatively rigid structures (which could, for many food protein systems,
be reasonably claimed) — is to apply “whole body” ellipsoid (prolate, oblate or even
triaxial) models to represent the overall structure of these molecules in solution (see, e.g.
[34]): that is to say, the axial dimensions of a macromolecule and/or how its subunits are

Table 1

590.w and k, values for some food proteins

Food protein M 530, k, Reference

N [ml/g]

Ovalbumin 45000 3.42° 6.2 [22, 23, 24]

Bovine serum albumin 67000 4.31 5.4 [25, 26]

p-Lactoglobulin (B) (dimer) 36000 2.83 4.6° [27, 28]

Myosin 490000 5.6 94 [29]

Collagen 374000 3.02 265 [30]

Collagen sonicates: 336000 2.95 250 [30]
297000 2.87 227 [30]
250000 2.79 202 [30]
217000 2.68 182 [30]
192000 2.64 166 [30]
170000 2.59 154 [30]
149000 2.54 142 [30]

Lipase (Chromobacter viscosum) 35000 3.17 18.7 [31]

Lipase (Pseudomonas spp.) 38000 2.99 7.0 [31]

Lipase (A4spergillus spp.) 3.01 9.5 [31]

590, values for proteins normally correct to ~ + 1% or better. k, values normally correct to ~ +2%.
Some k, values have been corrected for “radial dilution” and to “solution density” [32]. Most
determinations done in (aqueous) solvents of ionic strength 0.1 M buffered to pH between 6 and 7.
a: after correction from 25 °C to 20 °C. b: because this system is a reversible association, k, value
obtained using a procedure described in [33]
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arrayed. This type of modelling can usually be done without making serious assumptions
concerning the extent of molecular hydration or solvation of the protein. A more refined
approach is to model the conformation as an array of beads [35]. In this way more
complicated representations can be made but assumptions usually have to be made involving
hydration. Itis possible also to represent flexibility of the “hinge” type with this methodology
[36] and this approach has been applied to myosin [36, 37]. The final approach is to perform
more general modelling on a homologous polymer series, such as for the series of collagen
sonicates cited in Table 1. The idea of this latter approach is to first identify the conformation
type (random coil, rigid rod or compact sphere or something in between these extremes)
and once established to make further deductions about the conformation. For example, if
the conformation is that between a random coil and rigid rod, one can deduce information
about the flexibility of the molecule (in terms of parameters like the persistence length
(“a”) and the contour length (“L”)). If the conformation is between that of rigid rod and
compact sphere then, and only then, can ellipsoid or bead modelling be applied. It has to
be borne in mind that whatever approach is followed, sedimentation data is best used in
conjunction with other hydrodynamic data in order to minimize the problems of
non-uniqueness of a particular model.

Ellipsoid approach to food protein shape

This can be done via calculation of the so-called “frictional ratio”, or ratio of the friction
coefficient, f, of the macromolecule to the frictional coefficient of a spherical particle, f;,
with the same mass and anfiydrous volume. f'/ f, is related to the sedimentation coefficient by

J1fo =M1 = 5e)/N 4 - (611055,,,)] - [4nN ,/35 M]'3. (1)

M is the molar mass [g/mol], ¢ the partial specific volume [ml/g] (typically ~0.73 ml/g for
proteins, and calculable to a reasonable approximation from the amino acid sequence [38]),
¢ is the density [g/ml] of the solution (which after the correction to standard conditions
and extrapolation referred to above is the density of water at 20.0 °C [39)), n, (poise) is the
solvent viscosity (in this case, also after the correction referred to above, that of water at
20.0 °C) and N , is AVOGADRO’s number [mol ™ ']. f/f; in turn, is a function of the hydration
of the macromolecule, w (mass H,O bound/mass of macromolecule) and the conformation
via a particle shape factor known as the “PERRIN shape function”, P (also known as “the
frictional ratio due to shape”), in recognition of F. PERRIN [40] who developed the theory
for the frictional coefficients of ellipsoids:

P = [/fo-lw/oe) + 11717 (2)

The factor [(w/Dg,) + 1] is sometimes referred to as the “swelling of a macromolecule due
to hydration” = vy/0 with v, the swollen specific volume [ml/g] i.e. the volume occupied in
solution by the swollen protein per unit anhydrous mass. For a food protein v,/ is typically
~14.

If the macromolecule is fairly rigid, P can be related directly to the axial dimensions of
the macromolecule using ellipsoid of revolution models (i.e. ellipsoids with 2 equal semiaxes).
A prolate ellipsoid of revolution has semi-axes 4, b, b and an oblate ellipsoid of revolution
a, a,bwith a > bin both cases. Table 2 gives the dimensions of some food protein molecules
from their x-ray crystal structures, and it can be seen that some of these can be reasonably
approximated by two equal axes (especially two equal minor axes, viz. the prolate case).
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Table 2

Axial dimensions of food proteins from x-ray crystallography

Protein Dimensions Reference
[A]

Lipase (Humicola lanuginosa) 43 x43 x40 [41]

Ovalbumin 70 x 45 x 50 [42]

p-Lactoglobulin 81 x 47 x40 [43]

Myoglobin 43 x35%23 [44]

Hemoglobin 64 x 55 x50 [45]

Rather complicated formulae exist relating P to the axial ratio (a/b), but extensive tabulations
are also available (see, e.g. [8]). Arguably of more practical use, simple inversion formulae
enabling the calculation of a/b from a given value of P are now available [46]. These are
of the form of a polynomial expansion:

alb = ag + ayx + a;x? + asx® + agx* + asx® + agx® (3)

where in this case x = P and the coefficients a, — aq for the three axial ratio ranges (1 —2,
2—10 and 10—100) for both prolate and oblate ellipsoids are given [46].

A problem with this treatment is that f/f; (and hence P and the sedimentation coefficient)
is a relatively insensitive function of shape. A more serious problem is than an assumption
has to be made concerning the hydration w (in some texts “6”) or equivalently v,/i. A value
of w = 0.35 has in the past been popularly taken for proteins although a survey of 21
proteins by SQUIRE et al. [47] suggests w values in the range (0.53 + 0.26) (see also [48, 49]).
An alternative is to use the hydration independent shape function referred to as the
“WALES/VAN HOLDE ratio” k,/[n] [50], which is often referred to by the symbol “R” [32, 51].
This combination of the concentration dependence parameter k, with the intrinsic viscosity
[n] gives, after certain assumptions and approximations a shape function which does not
depend on knowledge of w or v, and is a more sensitive function of axial ratio a/b. The
full functional dependence of R on a/b, together with extensive tabulations can be found
in [32] and [8]. Again, like P, of more practical use are the simple polynomial inversion
formulae of eq. (3) with x = R this time and the corresponding coefficients a,—aq given
in [46]. Its application to various food proteins is illustrated in Table 3.

Another shape function not requiring knowledge of the hydration level is the IT function
[56]. This comes from measurements of the thermodynamic second virial coefficient B, [#],
and the molar mass, M:

11 = 2BM|[n] — f(Z, D)/[n] M )

where f(Z, I)is a function of the net charge on the macromolecule and the charge-suppressing
effect of the ionic strength, I, of the solvent. f(Z, I) = 0 at the isoelectric point for proteins
and tends to zero at higher ionic strengths. If it is still significant, it can be measured by
for example titration (see e.g., JEFFREY et al. [S7] who have done this for ovalbumin). The
second thermodynamic virial coefficient B (4, in some texts) can be measured by
sedimentation equilibrium (see below) or from osmotic pressure or light scattering
measurements. Again, as with P and R, complicated formulae and extensive tabulations
are available [8, 56] as are the more practically useful coefficients a,—aq given in [46] for
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Table 3
Axial ratios of food proteins from k, and intrinsic viscosity [#] measurements
Protein kg 1 R Axial ratio  Reference
[ml/g] [ml/g] (= k) (a/b)*

Ovalbumin 5.45 3.49 1.56 1.5 [22, 23, 24]
Bovine serum albumin 5.4 3.9 1.38 2.3 [26, 53]
p-Lactoglobin (B) (dimer) 4.6 2.86 1.61 1.0 [28, 54]
Collagen (374 kDa) 265 1250 0.212 > 100 [30, 55]
Sonicates: 336 kDa 250 1075 0.232 100 [30]

297 kDa 227 865 0.262 70 [30]

250 kDa 202 625 0.323 43 [30]

217 kDa 182 495 0.368 33 [30]

192 kDa 166 400 0.415 25 [30]

170 kDa 154 325 0.474 18 [30]

149 kDa 142 245 0.580 14 [30]

* Of the equivalent prolate ellipsoid. k, values are normally corrected for “radial dilution” and to
“solution density” (see [32, 52]).

the inversion formulae of eq. (3). Table 4 illustrates the application of IT to three well-known
food proteins. It is in particular interesting to note that the overall shape of the ovalbumin
molecule from both the [T and R functions in 1981 [23] is almost exactly as found some
10 years later by x-ray crystallography [42].

Table 4

Axial ratios of food proteins from the IT function

Protein 1 Axial ratio Ref.
(a/b)*

Hemoglobin 3.20 1.0 [56]

Ovalbumin 3.18 1.0-2.0 [24]

Myosin 0.47 80 [59]

* Of the equivalent prolate ellipsoid
11 = (2BM/[nl} — {/(Z, D/In] M}

Another “combined function™ involving s3, ,, and [i] (referred to as the SCHERAGA
and MANDELKERN [58] f-function) was the first published hydration independent shape
parameter but it is extremely insensitive to a/b especially at low axial ratios, and is really
only of use as a quasi-constant parameter for evaluating the molar mass from s9, ,, and
[#] measurements. Although of limited use, the coefficients for evaluating a/b from the
polynomial expansion of eq. (3) are nonetheless also given in [46].

Tiri-axial ellipsoids

In many cases a crude ellipsoid of revolution, with two axes necessarily equal, gives a
poor approximation to the true overall or “gross” conformation of proteins in solution.
Further, a decision has to be made with some shape functions a priori as to which ellipsoid
of revolution model to apply: oblate or prolate? (usually it is the latter which gives the
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better representation). For cases like these the much more general tri-axial ellipsoid, with
three unequal semi-axes (a > b > ¢) and hence 2 characteristic axial ratios (a/b, b/c) is
much more appropriate. Although this model is considerably more complicated to apply
(it involves the use of two hydration independent shape functions and computer-graphical
intersection procedures) the necessary theory and computational procedures have been
developed. As an example, by using a combination of IT with a radius of gyration function
(from light scattering) the overall rod conformation and axial ratio of myosin has been
successfully predicted as (a/b, b/c) = (80, 1) without assuming a priori a prolate ellipsoid
[59]. Although this is rather a crude, simplistic picture of the myosin molecule and fails to
take into account the hinge-type of flexibility, the overall conformation is still faithfully
reproduced.

Hydrodynamic bead modelling

This provides a complimentary approach to classical “whole-body” or ellipsoidal
modelling. Instead of considering directly the hydrodynamic behaviour of the whole par-
ticle, approximated as an ellipsoid, by approximating instead the structure as an array of
spherical beads of not necessarily equal size and effectively summing the contributions the
hydrodynamic properties of the particle as a whole can be predicted or modelled. This
approach takes advantage of the fact that the hydrodynamics of spheres is much simpler
than those of ellipsoids — even ellipsoids of revolution — and the hydrodynamics of
interactions between spheres has also been well established (see, e.g., [35]). For food protein
research, this approach would appear to be of particular value for modelling the assembly
of multi-subunit proteins, such as seed globulins, if each subunit is approximated by a
sphere, and in modelling macromolecules which have limited segmental flexibility, such as
myosin. The basic idea is that the frictional ratio f/f, (and hence P and s3, ,,) can be
calculated (using formulae considerably more complicated than eq. (3) — see [35, 36] for
a given array of spherical beads which do not have to be equal in size). This is done for an
array of possible models for a given macromolecule, and the one which gives the predicted
flfo (or P or s, ,,) in closest agreement with the experimentally measured value is chosen
as the best model. Because of uniqueness problems (i.e. the possibility of other, equally
complex but quite different models giving similar agreement) (I) other hydrodynamic or
scattering data (such as [r], rotational diffusion coefficients or the radius of gyration, with
the latter from neutron or x-ray scattering measurements, or, in the case of large
macromolecular assemblies, from light scattering) and (II) a close starting estimate (from
electron microscopy, x-ray crystallography etc.) to the true conformation are usually
required.

Examples of its applications to a range of macromolecular systems can be found in [35].
Surprisingly, as far as the author is aware, it has not been applied to the study of seed or
milk proteins, where it would appear to have potential application in terms of e.g. modelling
the arrays of subunits, although similar approaches using light or low-angle x-ray scattering
have been applied (see, e.g. PLIETZ et al. [61]). It has however been applied to myosin. Initial
work of GARCIA DE LA TORRE and BLOOMFIELD [37], where the rod-shape portions (the
LMM and S2 regions) of the myosin molecule were modelled as a linear tube of 20 A beads
and the S1 heads as an array of 4 unequal larger spheres of radii 14—34 A confirmed
flexibility at the 2 hinge points of the molecule (between the S1 and S2 regions and between
the S2 and LMM regions). In further work, GARCIA DE LA TORRE et al. [62, 63, 36] cha-
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racterized the partial flexibility between the S2 and LMM domains in terms of a flexibility
parameter, Q (related to the bending potential) and the bend angle o. The latest developments
are summarized in [36].

General modelling and general flexibility analysis

For polydisperse and not-so-rigid macromolecules we have to use shape analysis by
sedimentation velocity in a general sort of way, first of all to indicate what conformation
type the macromolecule is (random coil, rigid rod or compact sphere or whatever between
these three extremes): these extremes are often represented by the so-called “HAUG triangle”
(see [65]). For this purpose relations, known as the “MARK-HOUWINK-KUHN-SAKURADA”
(MHKS) relations, and their corresponding (exponential) coefficients have proved vital.
One of these is the “b” coefficient which comes from the relation between 590, and the
molar mass, M:

5%, = const. M® (3)

(similar coefficients exist for the intrinsic viscosity, the diffusion coefficient, and radius of
gyration with M [64, 65, 60]). The MHKS b coefficient is usually obtained by preparing a
“hormologous” series (i.e. the same polymer but different molecular weights) of the polymer
(by e.g. chromatographic separation or heat degradation) and then taking the slope of a
double logarithmic plot of log 59, ,, versus log M. The characteristic values of b for spheres,
random coils and rods are respectively 0.667, 0.4—0.5 and 0.15 [65, 60]. The WALES VAN
HOLDE parameter ky/[n] (= R) is also useful in this context, having values of ~1.6 for
spheres and random coils, and <1 for rods. Flexibility can also then be analysed in terms
of worm-like coil type of approaches [66—70]. Although the main class of food ma-
cromolecule to benefit from these general approach are the polysaccharides, largely because
of their inherent polydispersity [9], our understanding of linear protein molecules would
also appear to benefit, such as titin, collagen and myosin filaments.
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MaRK-HOUWINK (-KUHN-SAKURADA) analysis

So-named because of the contributions from four different independent workers [71—75].
To illustrate the application of equation (5) consider the data for collagen and its sonicates
of Table 3. In their original paper, NisHIHARA et al. [30] evaluated b from the slope of a
plot of log s3,.,, versus log M and obtained a value of 0.20, consistent only with a fairly
rigid rod model. This was confirmed from a similar plot of log [4] versus log M, where [1]
is the intrinsic viscosity (ml/g): the slope obtained (i.e. the MHKS “a” coefficient) of 1.80
is again consistent with a rigid rod. Since we can therefore reasonably assume a rigid rod,
advantage can then be taken of the availability of the R function to demonstrate the change
in the axial ratio of the collagen rod as a function of molar mass (Table 3 and Fig. 4).

Flexibility : Worm-like coils

Worm-like coil modelling [67 — 70] permits the representation of flexibility between that of
a rigid rod and a random coil. A variety of parameters have been used to represent this
type of modelling, such as the ratio L/a of the contour length L to its persistence length,
a. In the limits L/a - 0 and L/a — oo the conformation is rod-like and random-coil
respectively. Other popularly used criteria of flexibility include for example the characteristic
ratio, C, the mass per unit length M, and the “KUHN statistical length” with a variety of
notations such as I, ¢~ ! (where Lo = 0 for a rod) or 42~ 1. For example, FUIME et al. [76]
used a combination of dynamic light scattering diffusion measurements with sedimentation
velocity to show, that, when the ionic strength of a myosin filaments is lowered (from
74 mM to 44 mM) there is an increase of the product Lo from ~0 to 0.1, corresponding
to an increase in flexibility of the filaments. This observation was thought to have a
connection with earlier observations from electron microscopy which showed the fraying
of intact myosin filaments into three subfilaments [77].

Sedimentation velocity as a probe for heterogeneity

From the form of the sedimenting boundary it is possible to assess the heterogeneity of
a sample — Fig. 5 shows the Schlieren images for a heterogeneous lipase preparation [31].
This type of analysis has been used to great effect for observing the heterogeneity of seed
globulin preparations (see, e.g., [99, 107]). Sedimentation velocity can also be used to assay
for interaction in a mixed solute system. In a recent study for example, the principle of

Fig. 5

Sedimenting boundaries for Chromobacter vis-
cosum lipase using scanning Schlieren optics
on the MSE Centriscan ultracentrifuge. Mono-
chromator wavelength = 546 nm, scan inter-
val = 10 min, rotor speed = 49000 rev/min;
temperature = 20.0 °C. Two clear sedimenting
boundaries are seen, at s,, = (3.1 £ 0.1) S
(faster, major peak) and s,, ~ 1.0 S (slower,
minor peak). From [31]
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co-sedimentation was used to demonstrate an interaction between bovine serum albumin
and an alginate [78]. Advantage can also be taken if the species in a mixture have
chromophores absorbing in different regions of the UV or visible spectrum, whereby the
absorption optical system can be used to optimal effect [79].

Sedimentation equilibrium: Molar mass, subunit composition and interaction constants

In the lower speeds used for sedimentation equilibrium, since the final steady state patterns
are at equilibrium and involve no net movement of the molecules, frictional effects — 0 and
hence the solute distribute will be an absolute function of the molecular weight or “molar
mass” M (g/mol) of a food protein and related parameters (such as association constants
if the protein is self-associating). Its’ absolute nature distinguishes it of course from relative
methods such as gel filtration and sodium dodecyl sulphate polyacrylamide gel electrophore-
sis (SDS-PAGE) which require calibration standards. Gel filtration, unless coupled to an
absolute molar mass detector (usually light scattering [80]) requires assumptions concerning
the conformation of the calibration standards whereas SDS-PAGE gives only the poly-
peptide molar mass, unless complicated procedures involving cross-linking agents are
employed. Although of course sequence and mass spectroscopy provide the most accurate
determinations of M, these only apply to proteins which have no non-covalently linked
subunits — if not, only subunit molar masses are obtained. Mass spectrometry is also
unable to help with the intact molar masses of the very large food proteins such as myosin
(490000 g/mol) or the other muscle proteins such as the titins (Table 5) (M > 1 x 10° g/mol,

Table 5
Molar mass (weight averages) of food proteins from sedimentation equilibrium
analysis. These values are normally precise to +5—15%

Protein M, References
p-Lactoglobulin 38000 [103]
36000 [28]

Ovalbumin 44000 [96]
Bovine serum albumin 68000 [104]
Lipase (Chromobacter viscosum) 35000 [31]
Lipase (Pseudomonas spp.) 38000 [31]
Titin (sheep muscle) 1400000 [105]
Titin (pig muscle) 1500000 [106]
Titin (trout muscle) 1900000 [106]
Titin (tilapia muscle) 3000000 [106]
Carmin (from Safflower seed) 260000 [107] and refs. therein
a-Globulin (from Sesame seed) 270000 [107] and refs. therein
Arachin (from peanut) 330000* [107] and refs. therein
Brassin (from rapeseed) 300000 [108]

300000* [99]

290000** [99]
Helianthin (from sunflower seed) 300000* [107] and refs. therein

* From combining the sedimentation coefficient with the diffusion coefficient
** From combining the sedimentation coefficient with Stokes radius from gel
filtration
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depending on the source). Although a sedimentation equilibrium experiment is longer to
perform compared to a light scattering measurement (it can take up to 3 days), it is usually
less prone to problems (such as sample clarification etc.), and with the ability to run samples
multiply (up to 9 at a time in the BECKMAN Optima XL-A), coupled with full on-line
computer data capture and analysis [18] it may become the method of choice once again,
especially for the analysis of interacting systems [17].

The most accurate way of recording these final steady state concentration distributions
is using Rayleigh interference optics [81, 82] and the new ultracentrifuge from Beckman
instruments will have this facility. For proteins however we can take advantage of absorption
of the amino acids or the peptide bond to use the much more convenient (although less
precise) absorption optical system and Fig. 2 illustrates the use of a multi-channel cell
permitting the analysis of 3 solutions at a scanning wavelength of 280 nm. The signal for
the inner channel of Fig. 2 is clearly only small for the loading concentration used
(0.1 mg/ml): this can be considerably enhanced if a wavelength picking up the peptide
bond absorption (210—230 nm) is used [8]. As noted above, absorption, interference or
Schlieren data for sedimentation equilibrium analysis can be captured using a variety of
on-line [12, 13, 18] or off-line [14, 15] automatic or semiautomatic procedures.

Molar mass analysis

Table 5 lists molar masses of some food proteins determined by the sedimentation
equilibrium method. To obtain this sort of information from for example the XL-A the
interfaced computer converts the digitised information from either absorption or interference
optical records into an accurate record of concentration, ¢ (expressed in terms of absorbance
units, 4 or fringe displacement units, J) versus radial distance, r from the axis of rotation.
Despite the greater precision of the optical records (helped by the opportunities for FOURIER
types of averaging over all the fringe profiles [14, 15]) a drawback of the interference method
is that the optical record is one of concentration of macromolecular solute relative to that
at the meniscus versus radial displacement, r. Thus, either a procedure for obtaining the
meniscus concentration has to be found, or a speed is chosen so that the concentration at
the meniscus is effectively zero (this runs the risk of losing material from optical registration
at the cell base, especially if the system is self-associating or contains a mixture of components
— see [94]). The latter procedure known as the “meniscus depletion” method [93] is indeed
more convenient — if achievable — but procedures are available for evaluating the meniscus
concentration [86, 21] where this is not possible. With the absorption optical system the
meniscus depletion method is not necessary, although adequate baselines need to be taken
(to allow for the presence of non-macromolecular species contributing to the net absorbance):
these can normally be obtained by overspeeding or depleting the meniscus from ma-
cromolecular solute at the end of a run.

For fairly ideal monodisperse systems (e.g. dilute solutions of some small proteins) a plot
of In ¢(r) versus r* will be linear, and from the slope the molar mass can be obtained. For
heterogeneous (i.e. mixed or interacting) systems these plots will be curved upwards, or for
proteins at higher concentration (> 1 mg/ml) thermodynamic non-ideality effects can become
significant resulting in downward curvature: these effects can superimpose and in some
cases almost cancel out, giving the false impression of a pseudo-ideal monodisperse system
[83, 84]; if heterogeneity is suspected, these misleading effects can be avoided by recording
equilibrium distributions at more than one initial loading concentration [83, 84, 85]. In case
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of heterogeneity, the average slope of In ¢(r) versus r? plots, linear or otherwise, gives what
we call the “whole distribution weight molar mass”, or “whole cell weight average molar
mass”, M,, ., For the extraction of M, ,,, an alternative procedure to simple slope
evaluation using the properties of a function known as M* [86] usually gives a more reliable
estimate, particularly where the effects of heterogeneity or non-ideality are significant.
Mainframe FORTRAN [88] or PC BASIC [89] programmes of a routine known as MSTAR
— which uses the M* function — are available for the extraction of M Another highly
useful molar mass routine available on PC is “XL-Aase” [87].

With most simple food protein systems run in solvents of sufficient ionic strength (normally
~0.1) to suppress polyelectrolyte effects deriving from the charged groups on the protein,
thermodynamic non-ideality effects are negligible for loading concentrations <1 mg/ml,
and it is usually no problem (either at ~278 or 210—230 nm so long as the buffers are
transparent) satisfying this criterion, so that the approximation

w,app*

Mw x Mw,app (6)

can be reasonably made. This is a definite advantage of a sensitive optical detection system.
Caution needs to be expressed for a system containing more than one subunit (dissociation
can take place at lower concentration). Some further caution also needs to be expressed if
the interference optics on the new BECKMAN ultracentrifuge are used where, because of the
cell path length concentration restriction, the approximation of eq. (6) may not be
appropriate.

In cases where non-ideality effects are significant (arising from excluded volume or
unsuppressed charge effects) the classical method of measuring M, ,,, at several concentra-
tions and fitting to the relation

1M, 0y = (1/M,)- (1 + 2BM,c) (7)

w,app

can be employed [90] where B (4, in some texts) [ml - mol - g~ 2] is the so-called “thermo-
dynamic” or “osmotic pressure” second virial coefficient.

Local slopes along plots of In ¢(r) versus r? can also be taken (using sliding strip types
of analysis [84]) to give local or “point” average molecular weights [M,, ,,,(r)] at a given
radial positions in the ultracentrifuge, cell, and routines such as MSTAR [88, 89] and XL-Ase
[87] also incorporate this type of analysis. Although the data can be rather noisy (especially
when captured from absorption optical records) — which can be compensated for up
to a limit by increasing the width of the sliding strip moving along the In ¢ versus r? curve
— these point average representations can be particularly useful especially when given
as a function of the local concentration, ¢(r) in the cell. For example eq. 7 can be applied
directly to data from a single sedimentation equilibrium experiment, in terms of a plot of

1/M,, 4py(r) versus c(r). Further, from estimates of the point average M, ,,,(r)'s at the
meniscus in the cell (r = a) and at the cell base (r = b) the z-average M. ,,, can also be
escimated:

M. opp = M, 0pp(b) c(b) — M, 4pp(a) - c(a)] /[c(b) — c(a)] . t)]

As with M, the approximation M, ~ M_ ,,, can usually be made for loading concentra-
tions <1 mg/ml, or an equivalent relation to eq. (7) (using the square root of M, ,,, [92])
can be used. In some cases the number average molar mass can also be obtained from
Rayleigh optical records — absorption optical records are generally not precise enough,
except in cases where the meniscus depletion method can be employed [93, 94]. For older
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ultracentrifuges (not the XL-A) equipped with phase-plate Schlieren optics, M, ,,,’s can
also be obtained directly from the LaAMM equation (see, e.g. [21]). Although more useful for
food polysaccharides rather than food protein systems [9] the ratio of the z-average to
the weight average molecular weight can be used as a gauge of the heterogeneity of a pre-
paration [95].

Sedimentation-diffusion, sedimentation-gel filtration, sedimentation-viscosity
and sedimentation-k, methods

In the past molar masses have also been determined by combining the sedimentation
coefficient with the diffusion coefficient via the SVEDBERG equation [96]. This like sedimenta-
tion equilibrium is also absolute, i.e. not requiring assumptions about conformation.
Diffusion coefficients can be obtained from boundary spreading measurements in the
ultracentrifuge [26] or more popularly these days by dynamic light scattering measurements
(see, e.g. [97]). This will tend to yield the weight average molar mass, even if the z-average
diffusion coefficient (from dynamic light scattering) is employed [98]. This method has been
applied to for example seed globulins by SCHWENKE et al. [99, 102, 110]. Recent examples
of applications of this method have been to mixed systems involving bovine serum albumin
with alginate [78] and xylose [100]. An equivalent procedure to the sedimentation-diffusion
method is the sedimentation-STOKES radius (from gel filtration) method [101], and this has
also been applied to molar mass measurements on seed globulins [102]. Table 5 shows the
good agreement between sedimentation equilibrium, sedimentation-diffusion and sedimen-
tation-gel filtration for the 11 S rapeseed protein (“Brassin”). The molar mass can also be
estimated by combining the sedimentation coefficient with the intrinsic viscosity. This takes
advantage of the insensitivity of the SCHERAGA-MANDELKERN pf-function, and either a
globular conformation is assumed (f & 2.112) or if the molecule is rod-like like collagen
an adjustment is made based on the axial ratio: the molar mass values for the collagen
sonicates of Tables 1 and 3 were evaluated in this way [30]. It is possible to estimate molar
masses also by combining the sedimentation coefficient with the concentration dependence
regression coefficient kg, and this has been shown to give reliable estimates for moderately
solvated systems [32, 52]. Finally it is worth mentioning that the simplest method would
be to estimate the molar mass from the sedimentation coefficient directly, and this can
indeed be done but only if a conformation is assumed (cf. eqn. (5)).

Subunit composition analysis

A comparison of sedimentation equilibrium and sedimentation velocity analyses on
proteins performed in non-dissociative compared with potentially dissociative solvents (8 M
urea, 6 M GuHCI, SDS etc.) can give information on the subunit composition and nature
of the interaction between subunits (hydrophobic, electrostatic etc.), and this procedure has
been used extensively on seed proteins by for example SCHWENKE, PRAKASH and coworkers
(see, e.g. [99, 102, 107, 109]). A significant recent development has been the advance of
mass spectrometry based methods of analysis, which when combined with sedimentation
equilibrium should be of considerable value for the analysis of food protein heterodimers
(o) and other proteins of the a,f,, type.
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Self-associating systems

Sedimentation equilibrium is arguably the method of choice for the characterisation of
self-associating systems, and was no doubt the driving force behind the so-called renaissance
of ultracentrifugation in the late 1980’s [17]. There has been a wealth of literature published
on the methodology in the past, and key references are for example reviews by TELLER [84]
and Kim et al. [111], a book EISENBERG [112] and an article by ROARK and YPHANTIS [85].
There are three approaches:

1. Comparison of M, with the monomer molar mass, M, from which a stoichiometry
and/or association constant can be deduced from the normal equations of mass action.

2. Model fitting plots of point average molar mass M,, ,,,(r) versus local concentration
c(r), using M, as a constraint. This has been the most widely applied method in the past
[84, 85, 111, 112] and is very useful for assessing the stoichiometry of an association, so
long as non-ideality effects are not severe: particularly at higher loading concentrations an
extra term needs to be taken into consideration in the evaluation of association constants.
One of the classic examples of the application of point average procedures has been a study
of the effect of temperature on the association/dissociation equilibria of beta lactoglobulin
B at low pH [91]. This latter work also took advantage of the demonstration by ROARK
and YPHANTIS [85] that if an associating system is genuinely reversible then plots of M, ,,.(r)
versus ¢(r) should superimpose for different initial cell loading concentrations c: this re-
quirement was satisfied for the ff-lactoglobulin system. Further studies [113] have examined
the octamerisation of f-lactoglobulin under certain conditions. The sedimentation properties
of milk proteins as a whole has been extensively covered in a book by McKENZIE [3].
RoARrk and YPHANTIS [85] also developed, “ideal” point averages M, (r) and M, (r) respec-
tively, formed by combining M,, ,,,(r) with respectively point number, M, ,,,(r) and point
z-average M, ,,,(r) molar masses in a “simultancous equation” fashion thereby eliminating
first order non-ideality effects (i.e. the second virial coefficient, B). The extraction of M n,app(F)
and M_ ,,,(r) normally requires data of the highest possible precision (that is to say, normally
beyond the capabilities of absorption optics), and even with interference optics, to extract
the M, ,,,(r) realistically, the meniscus depletion method needs to be followed [93, 94].
Nonetheless, these “compound” point averages have been applied to study the monomer-
dimer equilibria of myosin [5, 112]. Further “compound” combinations of M,, ,,,,(r), M, opp()
and M_ ,,,(r) as diagnostic tests for self-association have also been given [84, 85, 111, 112].

3. Direct modelling of the concentration distribution (c(r) versus r) at sedimentation
equilibrium [111]. The commercial software available with the new ultracentrifuge is largely
based around this methodology. This in effect is equivalent to “2” but in principle avoids
an extra differentiation of the data required to obtain the M, ,,,(r). A popular approach
of this types, favoured by specialists from the Southern Seas is the omega function approach
[114 —116] where the concentration distribution is modelled with respect to the concentration
at a given fixed reference position r in the equilibrium solute distribution. By extrapolating
the omega function to zero concentration c¢(r) = 0 the thermodynamic activity of the
monomer, a,(r) (or lowest molar mass species in a mixture) can be obtained as a function
of r. This can be model fitted to assess the stoichiometry and association constants. As with
M., .,,(r) versus c(r) data sets, superposition of the a,(r) versus c(r) data-sets can be used
as a criterion for the reversibility of a self-association. The method can also be used as an
alternative procedure to eq. (7) to obtain the second virial coefficient B (or equivalently
the activity coefficient, y) of a system, useful amongst other things for assessing the
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conformation of a food protein via the hydration independent II function [56]. The B value
obtained from omega analysis [57] has been used for example to show that egg albumin
(ovalbumin) is essentially egg-shaped in solution [24].

Sedimentation equilibrium of mixtures and heterologous associations

Much of the theory behind the sedimentation of non-interacting mixtures was established
almost at the birth of the ultracentrifuge, and derives from the work of SVEDBERG and
RINDE [117, 118] and later developed by WALES [119]. Extension of this work to incorporate
thermodynamic non-ideality has been difficult (see, e.g., [120, 94, 121, 122]). Although
sedimentation velocity can give a relatively rapid qualitative and even semiquantitative
picture of an interaction between different molecular species, sedimentation equilibrium,
without the complications of conformation or JOHNSTON-OGSTON types of effects (see, e.g.
[90]) can be used to assess the strength of an interaction. Again the omega function approach
is of value here, and as an example, has been employed to examine the interaction of
lysozyme with chitosan (used a food product in e.g. Japan) at low levels of acetylation.
Very little free protein was found in solution (a,,..;, & 0) where the components were
initially mixed ona =~ 1:1 basis by weight, thus confirming an almost stoichiometric reaction
[123].

Food protein gels and matrix diffusion

In the pioneering work of JOHNSON et al. [124, 125], followed by the work of BORCHARD
et al. [126—129] the utility of both sedimentation velocity and sedimentation equilibrium
for examining the structure of gelatin and other gels was established, providing com-
plimentary information to conventional rheological approaches. The Schlieren optical
system appears to give the clearest records [126 —129] and, because the network concen-
tration/concentration gradient will vary in the gel as a function of radial position it is
possible to monitor the swelling pressure and other thermodynamic properties of the gel
as a function of concentration. Although not yet applied, it should be possible to use also
the absorption optical system and, after selection of an appropriate wavelength (ie. in
which the gel matrix is invisible), to follow the diffusion of small molecules — including
small proteins — through the gel, as a probe into gel structure. A similar approach has
been applied to the study of the diffusion of lipases and other proteins through incompatible
two-phase systems [130—132]. A low rotor speed is chosen simply to minimise convection
effects. In this way the absorption optical system was used to examine the diffusion of
various lipases (being increasingly considered in oil and fat processing [133]), and other
proteins towards and through the interface separating incompatible aqueous polyethylene
glycol/dextran two phase systems (transparent at 280 nm).

Concluding remarks

In conclusion, it is hoped this article has given some idea as to the breadth of application
of modern ultracentrifuge procedures to problems in food protein research. Although it is
by no means comprehensive, the examples quoted should give an idea of the types of
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problem that can be solved using this type of methodology more often than not used in
conjunction with other techniques. There is certainly every chance that the appearance of
the new generation ultracentrifuges will provide a major impetus into our knowledge of
the nature of food protein systems and how they interact with other macromolecules to
govern some of the basic functional properties of foods.

Acknowledgements

The author is grateful to Drs. S. BROWNLOW and L. SAWYER (University of Edinburgh) for release
of the axial dimensions from crystallography of beta-lactoglobulin dimers prior to submission for
publication and to Professor G. DopsoN (University of York) for the axial dimensions from
crystallography of the lipase.

References

[1] S1OGREN, B., and T. SVEDBERG, J. Am. Chem. Soc. 52 (1930) 5187.

[2] KrisuNAMURTI, K., and T. SVEDBERG, J. Am. Chem. Soc. 52 (1930) 2897.

[3] McKenzig, H. A., (ed.), Milk Proteins, Chemistry and Molecular Biology, Vol. 1. Academic
Press. New York 1970.

[4] JonnsoNn, P., and A. J. Rowg, Biochem. J. 74 (1960) 432.

[5] Goprrey, J. E., and W. F. HARRINGTON, Biochemistry 9 (1970) 894.

[6] JonnsoN, P., Proc. Roy. Soc. A278 (1964) 527.

[7] Jonnson, P., and J. C. METCALFE, Eur. Polym. J. 3 (1967) 423.

[8] HARDING, S. E., in: New Physico-chemical Techniques for the Characterization of Complex
Food Systems, Chap. 5. Edited by E. DICKINSON. Blackie Academic & Professional, London 1995.

[9] HARDING, S. E., Carbohydr. Polym. (1995) (in press).

[10] WiLLiams, R. C., Meth. Enzymol. 48 (1978) 185.

[11] Corren, H., P. HusBaNDS, and S. E. HARDING, Prog. Coll. Int. Sci. 99 (1995) 194.

[12] Lewis, M. S., in: Analytical Ultracentrifugation in Biochemistry and Polymer Science, Chap. 8.
Edited by S. E. HARDING, A. J. RowE and J. C. HORDON. Royal Society of Chemistry, Cambridge
1992.

[13] LAUE, T. M., in: Analytical Ultracentrifugation in Biochemistry and Polymer Science, Chap. 6.
Edited by S. E. HARDING, A. J. RowE and J. C. HORTON. Royal Society of Chemistry, Cambridge
1992.

[14] HARDING. S. E.. and A. J. RowE, Optics and Lasers in Engineering & (1989) 83.

[15] Rowk, A.J., S. WYNNE-JONES, D. G. THOoMAS and S. E. HARDING, in: Analytical Ultracentrifuga-
tion in Biochemistry and Polymer Science, Chap. 5. Edited by S. E. HARDING, A. J. RowE and
J. C. HorTON. Royal Society of Chemistry, Cambridge 1992.

[16] ScumipT, B., and D. RIESNER, in: Analytical Ultracentrifugation in Biochemistry and Polymer
Science, Chap. 11. Edited by S. E. HARDING, A. J. Rowk and J. C. HorTON. Royal Society of
Chemistry, Cambridge 1992.

[17] ScnacuMaN, H. K., Nature, 941 (1989) 259.

[18] GIEBLER, R., in: Analytical Ultracentrifugation in biochemistry and Polymer Science, Chap. 2.
Edited by S. E. HARDING, A. J. RowE and J. C. HORTON. Royal Society of Chemistry, Cambridge
1992.

[19] StaFForD, W. F., in: Analytical Ultracentrifugation in Biochemistry and Polymer Science, Chap.
20. Edited by S. E. HARDING, A. I. Rowg and J. C. HORTON. Royal Society of Chemistry,
Cambridge 1992.

[20] CorreN, H., and S. E. HARDING, Prog. Coll. Int. Sci. 99 (1995) 168.

[21] CreetH, J. M., R. H. PAIN, Prog. Biophys. Mol. Biol. 17 (1967) 217.

[22] MILLER, G. L., and R. H. GOLDER, Arch. Biochem. Biophys. 36 (1952) 249.

[23] HoLrt, J. C., PhD Dissertation, University of London, 1970.

[24] HARDING, S. E., Int. J. Biol. Macromol. 3 (1981) 398.

[25] SnuLMAN, S., Arch. Biochem. Biophys. 44 (1953) 230.

[26] BALDWIN, R. L., Biochem. J. 65 (1957) 503.

[27] CeciL, R., and A. G. OGSTON, Biochem. J. 44 (1949) 33.



HARDING: Food protein ultracentrifugation 393

[28] ADVANI, M., S. E. HARDING, and A. J. ROWE, mss submitted (1995).

[29] EMmEs, C. H., and A. J. ROwE, Biochem. Biophys. Acta 527 (1978) 110.

[30] NisHiHARA, T., and P. Doty, Proc. Natl. Acad. Sci. USA 44 (1958) 411.

[31] SimpkiIN, N. J., S. E. HARDING, and M. P. Tomss, Biochem. J. 273 (1991) 611.

[32] Rowg, A. J., Biopolymers 16 (1977) 2595.

[33] HARDING, S. E., and A. J. Rowg, Int. J. Biol. Macromol. 4 (1982) 357.

[34] HARDING, S. E., in: Dynamic Properties of Biomolecular Assemblies, Chap. 2. Edited by S. E.
HARDING and A. J. ROWE. Royal Society Chemistry, Special Publication No. 74, Cambridge 1989.

[35] Garcia DE LA TORRE, J., in: Dynamic Properties of Biomolecular Assemblies, Chap. 1. Edited
by S. E. HARDING and A. J. ROwWE. Royal Society of Chemistry, Special Publication No. 74,
Cambridge 1989.

[36] GArcia DE LA TORRE, J., Eur. J. Biophys. 23 (1994) 307.

[37] GArciA DE LA TORRE, J., and V. A. BLOOMFIELD, Biochemistry 19 (1980) 5118.

[38] PERKINS, S. J., Eur. J. Biochem. 157 (1986) 169.

[39] HARDING, S. E., and P. JOHNSON, Biochem. J. 231 (1985) 543.

[40] PerRIN, F., J. Phys. Radium 7 (1936) 1.

[41] BraDY, L., A. M. BRz0ZOWSKI, Z. S. DEREWENDA, E. DopsON, G. G. Dopson, S. TOLLEy, J.
P. TURKENBURG, L. CHRISTIANSEN, B. HUGE-JENSEN, L. Norskov, L. THIM and U. MENGE,
Nature 343 (1990) 767; G. G. DoDSON, personal communication (1995).

[42] StEIN, P. E., A. G. W. LesLIE, J. T. FincH and R. W. CARREL, J. Mol. Biol. 221 (1991) 941.

[43] BROWNLOW, S., and L. SAWYER, personal communication (1995).

[44] KenDREW, J. C., G. Bopo, H. M. Dintzis, H. M. ParrisH, H. Wycorr and D. C. PHILLIPS,
Nature 181 (1958) 662.

[45] PeruTZ, M. F., M. G. RossmMaANN, A. F. CuLris, H. MUIRHEAD, G. WILL and A. C. T. NORTH,
Nature 185 (1960) 416.

[46] HARDING, S. E., and H. COLFEN, Analytical Biochem. 228 (1995) 131.

[47] SQUIRE, P. G., and M. HIMMEL, Arch. Biochem. Biophys. Acta 196 (1979) 165.

[48] PEsseN, H., and T. F. Kumosinskl, Meth. Enzymol. 117 (1985) 219.

49] LAug, T.M., B. D.SHAH, T. M. RIDGEWAY and S. L. PELLETIER, in: Analytical Ultracentrifugation
in Biochemistry and Polymer Science, Chap. 7. Edited by S. E. HARDING, A. J. ROWE and J.
C. HorToN. Royal Society of Chemistry, Cambridge 1992.

[50] WaLES, M., and K. E. vaN HOLDE, J. Polym. Sci. 14 (1954) 81.

[51] HARDING, S. E., and A. J. ROWE, Int. J. Biol. Macromol. 4 (1982) 160.

[52] Rowe, A. J., in: Analytical Ultracentrifugation in Biochemistry and Polymer Science. Chap. 21.
Edited S. E. HARDING, A. J. ROWE and J. C. HorTON. Royal Society of Chemistry, Cambridge
1992.

[53] TANFORD, C., and J. C. BuzzgLL, J. Phys. Chem. 60 (1956) 225.

[54] TowNEND, R., L. WEINBERGER and S. N. TIMASHEFF, J. Am. Chem. Soc. 82 (1960) 3175.
[55] CrEeETH, J. M., and C. G. KNIGHT, Biochim. Biophys. Acta 102 (1965) 549.

[56] HARDING, S. E., Int. J. Biol. Macromol. 3 (1981) 340.

[57] Jerrrey, P. D., L. NicHOL, D. R. TURNER and D. J. WINZOR, J. Phys. Chem. 81 (1977) 776.
[58] ScHERAGA, H. A., and L. MANDLEKERN, J. Am. Chem. Soc. 75 (1953) 179.

[59] HARDING, S. E., Biophys. J. 51 (1987) 673.

[60] HARDING, S. E., Biophys. Chem. 55 (1995) 69.

[61] PLIETZ, P., G. DAMASCHUN, J. J. MULLER and K. D. SCHWENKE, Eur. J. Biochem. 130 (1983) 315.
[62] INIESTA, A., F. G. D1aZ and J. GARCIA DE LA TORRE, Biophys. J. 54 (1989) 269.

[63] SoLvEz, A., A. INIESTA and J. GARCIA DE LA TORRE, Int. J. Biol. Macromol. 9 (1988) 39.
[64] YaMakAaWwA, H., Modern Theory of Polymer Solutions, Harper and Row, New York 1971.
[65] SMmiDSR@D, O., and I. L. ANDRESEN, Biopolymerkjemi, Tapir, Trondheim, Norway, 1979.
[66] FREIRE, J. J., and J. GARCIA DE LA TORRE, in: Analytical Ultracentrifugation in Biochemistry

and Polymer Science, Chap. 19. Edited by S. E. HARDING, A. J. Rowe and J. C. HORTON. Royal
Society of Chemistry, Cambridge 1992.

[67] HEARsT, J. E., and W. H. STOCKMAYER, J. Chem. Phys. 37 (1962) 1425.

[68] YaMakAWA, H., and M. Fui, Macromolecules 6 (1973) 407.

[69] YAaMAakAWA, H., and M. Fuin, Macromolecules 7 (1974) 128.

[70] CaNTOR, C. R., and P. R. ScHIMMEL, Biophysical Chemistry, Freeman, New York 1979.

[71] Mark, H., Der feste Korper, p. 103. Hirzel, Leipzig 1938.



394 Die Nahrung 39 (1995) 5/6

[72] HOUWINK, R., J. Prakt. Chem. 157 (1941) 15.

[73] KunN, W., and H. Kunn, Helvet. Chim. Acta 26 (1943) 1394.

[74] SAKURADA, 1., Kasan Koenshu 5 (1940) 33.

[75] SAKURADA, 1., Kasen Koenshu 6 (1941) 177.

[76] FusMe, S., MOCHIZUKI-ODA, in: Laser Light Scattering in Biochemistry, Chap. 17. Edited by
S. E. HARDING, D. B. SATTELLE and V. A. BLOOMFIELD. Royal Soc. Chem., Cambridge 1992.

[771 Maw, M., and A. J. Rowg, Nature 286 (1980) 412.

[78] HarDING, S. E., K. JuMmEL, R. KELLY, E. Gupo, J. C. HorTON, J. R. MITCHELL, in: Food
Proteins, Structure and Functionality, p. 216. Edited by K. D. SCHWENKE and R. MoTHEs. VCH
Verlagsgesellschaft, Weinheim 1993.

[79] MarsH, E. N., and S. E. HARDING, Biochem. J. 290 (1993) 551.

[80] WyATT. P. J., in: Laser Light Scattering in Biochemistry, Chap. 3. Edited by S. E. HARDING, D.
B. SATTELLE and V. A. BLOOMFIELD. Royal Soc. Chem., Cambridge 1992.

[81] ScHacHMAN, H. K., Ultracentrifugation in Biochemistry. Academic Press, New York 1959.

[82] Lroyp, P. H., Optical Methods in Ultracentrifugation, Electrophoresis and Diffusion,. Oxford
University Press, Oxford 1974.

[83] TELLER, D. C., PhD Dissertation, University of California, Berkeley, 1965.

[84] TELLER, D. C., Meth. Enzymol. 27 (1973) 346.

[85] RoARK, D. A., and D. YPHANTIS, Ann. N.Y. Acad. Sci. 164 (1969) 245.

[86] CrEETH, J. M., and S. E. HARDING, J. Biochem. Biophys. Meth. 7 (1982) 25.

[87] LECHNER, D., personal communication (1995).

[88] HARDING, S. E., J. C. HORTON, P. J. MORGAN, in: Analytical Ultracentrifugation in Biochemistry
and Polymer Science, Chap. 15. Edited by S. E. HARDING, A. J. RowE and J. C. HORTON. Royal
Society of Chemistry, Cambridge 1992.

[89] COLFEN, H., and S. E. HARDING, mss submitted (1995).

[90] TANFORD, C., Physical Chemistry of Macromolecules. John Wiley & Sons, New York 1961.

[91] VIsSER, J., R. C. DEONIER, E. T. ADAMS, JR., and J. W. WILLIAMS, Biochemistry 11 (1972) 2634.

[92] MARLER, E., C. A. NELsoN and C. TANFORD, Biochemistry 3 (1964) 279.

[93] YpHaNTIS, D., Biochemistry 3 (1964) 297.

[94] Funta, H., Foundations of Ultracentrifuge Analysis. John Wiley & Sons, New York 1975.

[95] HErDAN, G., Nature, 163 (1949) 139.

[96] SVEDBERG, T., and K. O. PEDERSEN, The Ultracentrifuge. Oxford University Press, Oxford 1940.

[97] HARDING, S. E., D. B. SATTELLE and V. A. BLoomrIELD (Editors), Laser Light Scattering in
Biochemistry. Royal Society of Cambridge, Cambridge 1992.

[98] Pusky, P. N, in: Photon Correlation and Light Beating Spectroscopy, p. 387. Edited by H. Z.
CumMmMINGS, and E. R. PIKE. Plenum, New York 1974.

[99] ScuweNkE, K. D., M. ScHuLTZ, K.-J. LINow, K. GAST and D. ZIRWER, Int. J. Peptide Prot.
Res. 16 (1980) 12.

[100] EasAa, A. M., H. J. ARMSTRONG, J. R. MITCHELL, S. E. HILL, S. E. HARDING and A. J. TAYLOR,
submitted (1995).

[101] SiEGEL, L. M., K. J. MoONTY, Biochim. Biophys. Acta 112 (1966) 346.

[102] ScHWENKE, K. D., W. PAnTZ, K.-J. LiINow, B. RAAB and M. ScHULTZ, Nahrung 23 (1979) 241.

[103] PepERsEN, K. O., Biochem. J. 30 (1936) 961.

[104] SIOGREN, B., and T. SVEDBERG, J. Am. Chem. Soc. 52 (1930) 5187.

[105] HARDING, S. E., R. BARDSLEY, Macromolecular Reprints, p. 146. (Macro Group UK, Royal
Society of Chemistry/Society of Chemistry in Industry), 1986.

[106] ZHANG, J., R. BARDSLEY and S. E. HARDING, mss. in preparation.

[107] PraKASH, V., in: Analytical Ultracentrifugation in Biochemistry and Polymer Science, Chap.
24. Edited by S. E. HARDING, A. J. RowE and J. C. HorTON. Royal Society of Chemistry,
Cambridge 1992.

[108] KYLEs, P., S. E. HARDING, G. WEST and G. NORTON, Biochem. Soc. Trans. 15 (1987) 684.

[109] PrAKASH, V., in: Interactions in Protein Systems, p. 221. Edited by K. D. SCHWENKE and
B. RaaB. Abhandlungen der Akademie der Wissenschaften der DDR, Akademie-Verlag, Berlin
1989.

[110] ScHWENKE, K. D., in: Interactions in Protein Systems, p. 213. Edited by K. D. SCHWENKE, and
B. RaAB. Abhandlungen der Akademie der Wissenschaften der DDR, Akademie-Verlag, Berlin
1989.



HARDING: Food protein ultracentrifugation 395

[111] KM, H., R. C. DeONIER and J. W. WiLLiams, Chem. Rev. 77 (1977) 659.

[112] EseNBERG. H., Biological Macromolecules and Polyelectrolytes in Solution. Oxford University
Press, Oxford 1976.

[113] Apawms, Jr., E. T., and M. S. LEwis, Biochemistry 7 (1968) 1044.

[114] MILTHORPE, B. K., P. D. JEFFrREY and L. W. NicHoL, Biophys. Chem. 3 (1976) 169.

[115] RaLsTON, G. B., and M. B. Mornis, in: Analytical Ultracentrifugation in Biochemistry and
Polymer Science, Chap. 14. Edited by S. E. HARDING, A. J. ROowE and J. C. HOrTON. Royal
Society of Chemistry, Cambridge 1992.

[116] WiLLs, P. R., L. W. NicHoL and R. J. SIEZEN, Biophys. Chem. 11 (1980) 71.

[117] SVEDBERG, T., and H. RINDE, J. Am. Chem. Soc. 45 (1923) 943.

[118] RiNDE, H., PhD Dissertation, University of Uppsala, Sweden, 1928.

[119] WaLES, M., J. Phys. Coll. Chem. 52 (1948) 235.

[120] Funta, H., Mathematical Theory of Sedimentation Analysis, Academic Press, New York 1962.

[121] HARDING, S. E., Biophys. J. 47 (1985) 247.

[122] LECHNER, M. D., Analytical Ultracentrifugation in Biochemistry and Polymer Science, Chap.
16. Edited by S. E. HARDING, A. J. Rowe and J. C. HorTON. Royal Society of Chemistry,
Cambridge 1992.

- [123] CoLreN, H., S. E. HARDING, K. M. VARUM and D. J. WINZOR, mss submitted (1995).

[124] JounsoN, P., Proc. Roy. Soc. London Ser. A 278 (1964) 527.

[125] JounsoN, P., and J. C. METCALEFE, Eur. Polym. J. 3 (1967) 423.

[126] BorcHARD, W., Prog. Colloid & Polym. Sci. 86 (1991) 84.

[127] CoLFEN, H., Bestimmung thermodynamischer und elastischer Eigenschaften von Gelen mit Hilfe
von Sedimentstionsgleichgewichten in einer Analytischen Ultrazentrifuge am Beispiel des Systems
Gelatine/Wasser. PhD Dissertation, Verlag Koster, Berlin 1994.

[128] CoLFEN, H., and W. BORCHARD, Prog. Colloid & Polym. Sci. 86 (1991) 102.

[129] Hortus, G., H. COLFEN and W. BorRCHARD, Colloid & Polym. Sci. 86 (1991) 92.

[130] HARDING, S. E., and M. P. Towmss, in: Interactions in Protein Systems, p. 65. Edited by K. D.
ScHWENKE, and B. RAaAB. Abhandlungen der Akademie der Wissenschaften der DDR, p. 65,
Akademie-Verlag, Berlin 1989.

[131] Tomss, M. P., and S. E. HARDING, in: Advances in Separations using aqueous phase systems
in Cell Biology and Biotechnology, p. 229. Edited by D. FisCHER and I. A. SUTHERLAND. Plenum,
New York 1988.

[132] SmmpkIN, N. J., PhD Dissertation, University of Nottingham, UK, 1994.

[133] MACRAE, A. R., and R. C. HAMMOND, Biotechnol. Genet. Eng. Rev. 3 (1985) 193.

Dr. S. E. HARDING, University of Nottingham, Department of Applied Biochemistry and Food Science,
Sutton Bonington LEI2 5SRD, UK

Received 17 August 1995



