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5.1 Introduction and historical comment

Ultracentrifugation — whether it be preparative or analytical - is hardly a
new technique. It was in the early 1920s that T. Svedberg, on sabbatical
leave from the University of Uppsala, working with J.B. Nichols at
Madison, Wisconsin, produced the first ultracentrifuge, known as the
optical centrifuge. Svedberg then designed and produced the oil-turbine
ultracentrifuge (the basis of his Nobel lecture in 1926) capable of speeds
of 40 000 rev./min (producing gravitational fields close to 100 000 that of
gravity). At these speeds it was possible to sediment biopolymers and two
classes of experiment rapidly developed: preparative ultracentrifugation
for the separation and purification of biopolymers (including density
gradient methods), and analytical ultracentrifugation, where, by replacing
the plastic rotor tubes with precision cells with windows at top and
bottom, and constructing an optical system around these, the distribution
of solute in these cells could be assayed, and from this information on the
sizes, shapes and interaction properties of biopolymers could be obtained.
Details of all this earlier history can be found in Svedberg’s early papers
such as Svedberg and Nichols (1923), Svedberg and Rinde (1923), and
Svedberg and Fahraeus (1926) — describing the first use of sedimentation
equilibrium analytical ultracentrifugation to measure the molecular
weight of a protein — and his Nobel Prize lecture (Svedberg, 1927).
Insofar as food biopolymers are concerned, Svedberg himself published
several papers on using both sedimentation velocity and sedimentation
equilibrium. This includes studies on egg albumin (Sjérgen and Svedberg,
1930; Svedberg and Erikkson, 1934), and gelatin solutions (Krishnamurti
and Svedberg, 1930). Although the bulk of Svedberg’s polysaccharide
work was on cellulose and its derivatives (Jullander, 1985), work was
published on polyuronides (i.e. polysaccharides with carboxyl groups) such
as pectins, alginates and gum arabic. In these papers the necessity of
working in salt solutions to suppress electric charge effects (polyelectrolyte
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behaviour) was clearly demonstrated. In another important contribution
to our understanding of the behaviour of food biopolymers, Siholta and
Svedberg (1948) gave a new ultracentrifuge method for determining the
solvation (an important functional property) of food macromolecules. It
would be, of course, wrong to assume that it was only Svedberg and his
co-workers who provided all the early input into our knowledge of the
solution properties of food macromolecules, although it is true to say that,
without his contribution, the field now would be still rather primitive.

The great boom period of the ultracentrifuge was 1950-1970, with
almost every Biochemistry Department and most Chemistry Depart-
ments in the UK possessing and running the famous Beckman Model E
analytical ultracentrifuge or its MSE (Crawley, UK) equivalent. Al-
though the vast bulk of the work during this period was on macromol-
ecules (in particular proteins) other than from food, this period was not
devoid of food activity. It was during this period, for example, that
Johnson and co-workers, using sedimentation velocity, developed our
understanding of the structure of gelatin gels (Johnson, 1964; Johnson
and Metcalfe, 1967) and that the self-assembly properties of milk pro-
teins became largely understood (McKenzie, 1970).

So why is a chapter on the ultracentrifuge present in a volume on new
physico-chemical techniques? The reason is that there has been, over the
last five years, a rebirth of interest in analytical ultracentrifugation,
coupled with significant advances in instrumentation and analysis, all of
which can, and indeed is, being applied to food polymer research.
Preparative ultracentrifugation has always remained an important separ-
ation tool, but interest in analytical ultracentrifugation, after the boom
period 1950-1970, had dramatically declined so that, up to 1987, only a
handful of workers were active in this field worldwide. Protein biochem-
ists had largely switched to gel filtration and gel electrophoresis for their
purity and molecular weight work (together with sequence analysis and
mass spectrometry for the latter) and to NMR and X-ray crystallography
for their conformation work. Polysaccharide chemists and the synthetic
polymer community also switched to gel filtration, and also to light
scattering methods for absolute molecular weight and size determina-
tions. Towards the end of the 1980s, however, scientists began to realize
the limitations of these other procedures; and this coincided with a
growing demand for physico-chemical types of measurement, not only
from food scientists, but also from molecular biologists desperate for
relatively inexpensive ways (in terms of quantities of material required)
of characterizing their gene products.

The result of this rebirth has been twofold: the emergence of national
centres (in the UK and USA) for this type of measurement, and the
launch of the first commercially available analytical ultracentrifuge (with
full on-line data capture and analysis facilities) for almost two decades.
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The aim of this chapter is to show just why modern analytical
ultracentrifugation is worthy of consideration by food scientists and
technologists interested in characterizing and understanding the bchg-
viour of the macromolecular components of food products. The main
focus of attention will be on food proteins and food polysaccharides (the
latter proving quite a challenge for most physical methods be.cause of
their heterogeneity and high non-ideality in solution), in both dilute and
concentrated solution form, and how the modern analytical ultracen-
trifuge can provide information on food biopolymers about in terms of:

(i) the size (in terms of either the molecular weight or dimensions);
(ii) the size distribution (for a polydisperse solution of macromolecules);
(iii) the solution conformation (in terms of the overall or gross

conformation, and flexibility);
(iv) the purity of a macromolecular preparation (in terms of a
sedimentation velocity diagram or density spectrum);
(v) the interactions between macromolecules (including self-association
behaviour, complex formation);

(vi) the behaviour of gels; and

(vii) interfacial diffusion phenomena, and diffusion through gels and
matrices.

The four analytical ultracentrifuge techniques used to provide this
information are: sedimentation velocity analysis; sedimentation equili-
brium analysis; density gradient equilibrium analysis; and diffusion
analysis. It should be borne in mind, however, at the outset that
ultracentrifugation is at its most powerful when used with complexqen-
tary techniques such as (for conformation analysis) X-ray scattering,
viscometry, rotational diffusional techniques and electron microscopy, or
(for protein subunit composition work) gel electrophoresis, or .(for
molecular weight distribution studies) gel filtration and light scattering.

5.2 Types of analytical ultracentrifuge measurement

What sort of information can we get from sedimentation analysis in the
analytical ultracentrifuge? It depends on the type of ultracentrifuge
technique we apply — all are possible with the same instrumentation.
Sedimentation velocity can provide us with information on the sample
heterogeneity, shape information — in some cases to surprising detail -
and also interaction information by, for example, assaying for what we
call co-sedimentation phenomena (i.e. species sedimenting at the same
rate). At lower rotor speeds, sedimentation equilibrium can provide
absolute size and size distribution information (in terms of molecular
weight averages and molecular weight distributions). There are two other
important types of analytical ultracentrifuge measurement — namely
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isopycnic (= constant density) density gradient analysis, important for
assaying the composition (and hence purity) of a macromolecular prep-
aration, and finally diffusion analysis. Although dynamic light scattering
is now the method of choice for the measurement of translational
diffusion coefficients, the optical system on the analytical ultracentrifuge
is proving very useful for investigating the diffusion of molecules through
matrices, as well as towards and through interfaces in two-phase systems.

5.3 Instrumentation/optical systems

An analytical ultracentrifuge is simply a high-speed ultracentrifuge (up to
60 000 rev./min) with an appropriate optical system for observing and
recording solute distributions during and at the end of the sedimentation
process. There are three types of analytical ultracentrifuge now in common
use. Firstly there are increasing numbers of the new Beckman Optima XLA
(Schachman, 1989; Giebeler, 1992) analytical ultracentrifuge (Fig. 5.1(a))
being installed, the initial model with just scanning absorption optics, and
also a more recent version with scanning Rayleigh interference optics.
Although the Beckman Model E ultracentrifuge (with refractive index optics
and absorption optics, although the latter is very noisy) has not been
commercially available now for almost 20 years, there are still many in use
(many adapted and modified, Fig. 5.1(b)) - a testimony to the reliability of
this instrument. In East European countries, analytical ultracentrifuges
made by the MOM optical works at Budapest (with refractive index and
absorption optics) are also still in use (Gornitz and Linow, 1992).

Concentration distributions of a macromolecular solution (whether the
macromolecule be a food protein, food polysaccharide or whatever)
during ultracentrifugation can be recorded using refractive index optics.
There are two types: Interference and Schlieren.

Interference: This gives a record of solute concentration as a function of
radial distance, and is popular for sedimentation equilibrium measure-
ments. Extraction of molecular weight parameters is quite laborious, but
1t gives the most accurate results for weight-average molecular weight
data. Although in the past the fringe patterns were unwieldy to analyse,
computers have now made this a realistic possibility, particularly for the
analysis of distributions of sedimentation coefficient and molecular
weight (Stafford, 1992).

Schlieren: This is another name for ‘refractive index gradient’ optics. It
gives a direct record of the concentration gradient as a function of radial
position, and 1s ideal for sedimentation velocity (where a sedimenting
boundary appears as a peak) or isopycnic density gradient equilibrium
(where a band appears as a positive peak followed by a negative peak).
It can also be applied to solute distributions at sedimentation equili-
brium, where 1t gives the z-average molecular weight directly.
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Fig. 5.1 (a) Beckman Optima XLA analytical ultracentrifuge. (b) Beckman Model E
analytical ultracentrifuge (with modifications).
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Interference optics requires a minimum solute concentration of
~0.2 mg/ml, whereas Schlieren optics normally requires at least ~ 0.8 mg/ml,
although with modern data capture procedures lower concentrations are
possible (Rowe et al., 1992). Both types of refractive index optics can be
applied to food polysaccharides, food proteins or any food macromol-
ecules, since all have a refractive index considerably different from that
of water or any aqueous solvent.

There are also two other types of optical system, both depending on
whether or not a suitable chromophore is present on the macromolecule
(either naturally occurring or synthetically attached).

Absorption optics: Insofar as food macromolecules are concerned, until
recently this technique was limited to food proteins using UV absorption
at 278 nm, or for coloured proteins like haemoglobin and myoglobin,
absorption in the visible region. With the new Beckman Optima XLA
ultracentrifuge and its stable light source down to 220 nm, some polysac-
charides can also be detected. For proteins, concentrations down to
~0.2mg/ml can be detected and fluorescein labelled macromolecules
(Amax ~ 480 nm) can be detected to lower concentrations. Details can be
found in Lewis (1992).

Fluorescence optics: This is a variant of the above, in which a fluorescing
wavelength of fluorescein or another suitable chromophore is used. It
needs a specially adapted instrument (Schmidt and Riesner, 1992) al-
though work is currently underway in producing a commercially avail-
able variant of the XLA ultracentrifuge with this facility (T. Laue,
private communication)

A preparative ultracentrifuge can also be used as an analytical tool for
sedimentation equilibrium measurements, if the macromolecule is labelled
with an appropriate chromophore (absorption, fluorescent or radio-label)
and the final equilibrium distribution is pooled and assayed immediately
at the end of the ultracentrifuge run (Howlett, 1992), although this is only
a substitute for proper analytical ultracentrifugation.

5.4 Sedimentation velocity: shape analysis and homogeneity

A typical analytical ultracentrifuge cell contains two sector-shape chan-
nels (one for the solution, one for the reference solvent) which can take
between 0.1 and 0.8 ml. With an analytical ultracentrifuge, using the
appropriate optical system one can record the position and rate of
movement of the sedimenting boundary within the solution channel. (For
a simple description of the method and what it can do, see Harding
(1994a).) Figure 5.2 compares patterns for a monodisperse food protein
(B-lactoglobulin) recorded using absorption optics at 278 nm, a food
polysaccharide (a heat degraded alginate) recorded using Schlieren op-
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(a)

(b)

(c)

Fig. 5.2 Optical records of sedimentation velocity of food biopolymers in the apalytical
ultracentrifuge. The direction of sedimentation in each case is from left to right. .(a)
Sedimenting boundary for a monodisperse B-lactoglobulin B preparation recorded using
scanning absorption optics in Optima XLA ultracentrifuge. Monochromator wavelength
=279 nm; scan interval = 20 min; rotor speed = 50 000 rev./min; temperature = 25.0°C;
loading concentration, ¢® ~ 1.0 mg/ml; s, = (2.97 £ .03) S (from Harding apd Adva'ni, 1995).
(b) Sedimenting boundary for a food polysaccharide (heat-treated sodium alginate) re-
corded using scanning Schlieren optics on an MSE Centriscan ultracentrifuge. Mon_o-
chromator wavelength = 546 nm; scan interval = 30 min; rotor speed‘=49 000 re\_'./mm;
temperature = 20.0°C, ¢°® ~ 5.0 mg/ml; s,, = (1.22 £ 0.05) S. (c) Sedimenting boundam?s for
Chromobacter viscosum lipase using scanning Schlieren optics on the MSE Centriscan.
Monochromator wavelength = 546 nm; scan interval = 10 min; rotor speed = 49 000
rev./min; temperature = 20.0°C; two clear sedimenting boundaries are s, =(3.1£0.1) S
(faster peak) and s,, ~ 1.0 S (slower peak) (from Simpkin et al., 1991).

tics, and another food protein (lipase), containing some contaminating
material, again recorded using Schlieren optics. The rate of movement of
a sedimenting boundary from these patterns per unit centrifugal field
gives the sedimentation coefficient s. By adjusting this (using simple formulae)
to standard conditions (water as solvent at 20°C), and extrapolating it
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Fig. 5.3 (a) Plot of the reciprocal of the sedimentation coefficient S50, w VEIsUs concentration

¢ for sodium carboxymethyl cellulose in phosphate-chloride buffer (pH 6.8, I=0.10).

Spow=(2.710.2) S; k, = (521 + 34)ml/g (from Anderson, 1991). N.B. For food polysac-

charides the reciprocal plot usually gives the best linear fit; for food proteins, a plot of

Sx,w against ¢ is usually better (Rowe, 1977). (b) Ellipsoids of revolution models (from
' Tanford, 1961). The shape is given by the axial ratio a/b in both cases.
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(or the reciprocal thereof) to zero concentration, we can get from the
intercept the corrected sedimentation coefficient, s, ,, (unit = seconds
or Svedbergs, S, where 1S =10""5), and from the slope we can get
the sedimentation concentration regression coefficient, k, (unit = ml/g).
Then from both parameters, shape information can be extracted (Fig.
5.3a). Table 5.1 gives some s and k; values for a range of food
biopolymers. )

Besides providing shape information, for each scan or sedimentation
diagram, the form and number of the sedimenting boundaries can
provide a rapid indication of the.heterogeneity of a sample, with
impurities, etc., showing up as separate boundaries. Figure 5.2(c) shows
such a case for a preparation of lipase (the pattern scanned seven times
at 10-min intervals) containing a slower moving impurity.

For shape analysis there are two general stategies. One strategy, which
is applied to relatively rigid structures (for example, many food protein
systems), is to use ellipsoid or bead models to represent the overall
structure of these molecules in solution. The sort of information that can
reasonably be sought with this approach is the overall or gross confor-
mation of the food protein in solution: its axial dimensions, how its

Table 5.1 Sedimentation velocity parameters for some food macromolecules

Macromolecule M? S w ks Reference
(S)  (ml/g)
Ovalbumin 45000 3.42° 6.2 Miller and Golder (1952); Holt
(1970); Harding (1981b)

Bovine serum albumin 67000 4.31 5.4  Shulman (1953); Baldwin (1957)
p-Lactoglobulin (B) (Dimer) 36000 2.83 4.6 Cecil and Ogston (1949);

Advani and Harding (1995)
Myosin 490000 5.6 94 Emes and Rowe (1978)
Collagen o-1 chain 3.16 56.9 Nishihara and Doty (1958)

Lipase (Chromobacter viscosun) 35000 3.17 18.7 Simpkin et al. (1991);
Simpkin (1994)

Lipase (Pseudomonas spp.) 38000 2.99 7.0 Simpkin er al. (1991); Simpkin
(1994)

Lipase (Aspergillus spp.) 3.01 9.5 Simpkin et al. (1991); Simpkin
(1994).

Alginate 130000 2.4 449 Anderson (1991)

Carboxymethylcellulose 2.7 522 Anderson (1991)

Xylan 177000 2.4 270 Elizabeth et al. (1995)

Xylinan 275000 9.4 273 Berth et al. (1995)

x-Carrageenan 284000 4.2 591 Day et al. (1995)

Pectin (citrus) 90000 1.9 128 Harding et al. (1991b)

Pectin (lime) 130000 2.3 196 Harding et al. (1995)

s% w values for proteins normally correct to 1% or better; for polysaccharides to + 5%.
ks values normally correct to +2% for proteins, +20% for polysaccharides. Some kg
values have been corrected for ‘radial dilution’ and to ‘solution density’ (Rowe, 1977).
Most determinations done in (aqueous) solvents of ionic strength 0.1 M for proteins,
0.1-0.3 M for polysaccharides, and proteins and most polysaccharides buffered to pH
between 6 and 7.

‘Weight-average values for polydisperse polysaccharide samples.

"After correction from 25°C to 20°C.
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subunits are arranged etc. The second strategy is for those molecules like
food polysaccharides where it is unreasonable to assume, at least a priori,
a rigid conformation; here it is necessary to perform more general
modelling. The approach here is firstly to identify the conformation type
(random coil, rigid rod or compact sphere, or something in between these
extremes), and once this is established then to make further deductions
about the conformation. For example, if the conformation is that
between a random coil and rigid rod, we ask what is 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 strategy is actually
followed, sedimentation data are best used in conjunction with other
hydrodynamic data.

5.4.1 Ellipsoid and bead modelling

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

(f1/6) = {M(1 = 0p)J/[N, x (61,355, W)H(@RN,/30M))',  (5.1)

where M is the molar mass (g/mol), & the partial specific volume (ml/g)
(typically ~0.73 ml/g for proteins, 0.45-0.65 ml/g for polysaccharides),
p is the density (g/ml) of the solution (which can be approximated as
the density of the solvent (Harding and Johnson, 1985)), n, (poise) is the
solvent viscosity (in this case, after the correction referred to above,
the density of water at 20.0°C) and N, is Avogadro’s number (mol- . The
quantity 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 factor’ P (also known as
the frictional ratio due to shape), in recognition of Perrin (1936) who
developed the theory for the frictional coefficients of ellipsoids:

P = (flf)l(w/op) + 1177, (5.2)

The factor [(w/0p) + 1] is sometimes referred to as the swelling of the
macromolecule due to hydration, i.e. v,/o” with v, the swollen specific
volume (ml/g). For a food protein the value of v/v is typically ~1.4. For
a food polysaccharide it can be as high as ~ 100.

If the macromolecule is fairly rigid, P can be related directly to the
axial dimensions of the macromolecule using ellipsoid of revolution
models. Ellipsoids of revolution are so-called because they are the

ULTRACENTRIFUGATION 119

Table 5.2 Axial dimensions of some proteins from X-ray crystallography

Protein Dimensions Reference

@A)
Myoglobin 43 x 35%x23 Kendrew et al. (1958)
Haemoglobin 64 x 55 x 50 Perutz ez al. (1960)
Lysosyme 45 x 30 x 30 Blake et al. (1965)
Cytochrome ¢ 35x25x 25 Dickerson and Geiss (1969)
Ribonuclease 38 x 28 x 22 Kartha et al. (1967)
Carboxypeptidase 50 x 42 x 38 Lipscomb et al. (1971)
Pre-albumin 70 x 55 x 50 Blake et al. (1978)

structures formed by rotating an“ellipse, of semi-axes a and b (a > b),
about either its major or a-axis (to give a three-dimensional ellipsoid of
semi-axes a, b and b, known as a prolate ellipsoid) or rotated about its
minor axis b (to give a three-dimensional ellipsoid of semi axes a, a and
b (Fig. 5.3(b)). Table 5.2 gives the dimensions of some 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, namely the prolate case). The axial ratio (a/b) characterizing
such ellipsoids is related to P by

1 - b2/a2)l/2
P= (
(b/a)2/3 In 1+ (1 - b2/a2)1/2 (53a)
bla
(prolate ellipsoid), or for an oblate ellipsoid from
= (@*/b* = ' .
(a/b)*” tan™!(a?/b* - 1)172 (5.3b)

Table 5.3 gives a/b as a function of P in the range 1 < (a/b) < 100. A
simple analytical inversion of these formulae giving a/b directly in terms
of P is not possible. However, simple polynomial expansions are possible
(Laue et al., 1992) giving a/b values correct to better than ~0.1%:

(a/b) =1 +2.346X""? + 8.297X + 8.4X? — 0.4589X> + 0.0314X* (5.4a)
for the prolate case, and

(a/b) =1+ 2.975X""? + 8.48X + 13.295X2 — 3.219X? + 0.0996X* (5.4b)

for the oblate case, and for both cases X = P — 1.

A problem with this treatment is that flfo (and hence P and the
sedimentation coefficient) is a relatively insensitive function of shape. A
more serious problem is that an assumption has to be made concerning
the hydration w (or equivalently v,/7"). A value of 0.35 has in the past
been popularly taken for proteins (Tanford, 1961) although a survey of
21 proteins by Squire and Himmel (1979) has suggested w values in the
range (0.53 1+ 0.26) (see also Pessen and Kumosinski (1985) and Laue
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Table 5.3 Values of the ellipsoid of revolution shape parameters P, R, I1
as a function of axial ratio for prolate and oblate ellipsoids of revolution

Axial ratio P R n P R n
(alb) (prolate) (prolate) (prolate) (oblate) (oblate) (oblate)
1 1.000 1.600 3.200 1.000 1.600 3.200
2 1.044 1.471 3.122 1.042 1.494 3.180
3 1.113 1.291 2.960 1.105 1.369 3.179
4 1.183 1.138 2.778 1.166 1.274 3.192
5 1.250 1.017 2.601 1.224 1.203 3.208
6 1.314 0.921 2.438 1.277 1.148 3.225
7 1.375 0.844 2.291 1.327 1.105 3.241
8 1.434 0.782 2.159 1.373 1.071 3.255
9 , 1.490 0.730 2.041 1.417 1.043 3.268
10 1.543 0.686 1.935 1.458 1.019 3.280
20 1.996 0.465 1.288 1.783 0.901 3.352
30 2.359 0.379 0.980 2.020 0.856 3.384
40 2.671 0.332 0.799 2.212 0.833 3.403
50 2.950 0.302 0.679 2.375 0.819 3.415
60 3.205 0.280 0.593 2.519 0.810 3.423
70 3.442 0.264 0.527 2.648 0.803 3.429
80 3.664 0.251 0.476 2.765 0.798 3.434
90 3.874 0.240 0.435 2.873 0.793 3.437
100 4.074 0.231 0.400 2.974 0.790 3.441

To measure P, the sedimentation coefficient and an assumed value for the
hydration of the molecule are required. To measure R, the sedimentation
concentration dependence parameter and the intrinsic viscosity [n] are
required. To measure I, the second virial coefficient B (from sedimentation
equilibrium measurements) and [n] are required.

et al. (1992) for further discussions on this). For polysaccharides, hydra-
tion levels are usually much higher and it is almost impossible to give a
reasonable estimate for them (although it should be borne in mind that most
polysaccharides cannot be represented by these rigid models in any case).

An alternative approach is to use the alternative shape function known
as the Wales—van Holde ratio k,/[n] (Wales and van Holde, 1954), which
is often referred to by the symbol R (Harding and Rowe, 1982). This
combination of the concentration dependence parameter k, with the
intrinsic viscosity [n] gives, after certain assumptions and approxima-
tions, a shape function which is not dependent on any knowledge of w
or u, and is a more sensitive function of axial ratio a/b (Table 5.3). The
full functional dependence of R on a/b can be found in Rowe (1977).
Table 5.4 gives estimates for the shapes of some food proteins determined
in this way. Another shape function not requiring knowledge of the
hydration level is the IT function (Harding, 1981a). This comes from
measurements of the thermodynamic second virial coefficient B, [n], and
the molar mass M:

1= {2BM/In]} - {/(Z2)/[In}M }. (.3

Here f{Z) is a function of the net charge Z on the macromolecule. This
function is zero at the isoelectric point of proteins and tends to zero at
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Table 5.4 Axial ratios of food proteins from kg and intrinsic viscosity [] measurements
Protein ks ] R axialﬂratio Reference
(mlig) (mllg) (=ks/[n]) (ard)
Ovalbumin 5.45 3.49 1.56 1.5 Miller and Golder (1952);
Holt (1970); Harding
(1981b)
Bovine serum 5.4 3.9 1.38 2.3 Baldwin (1957); Tanford
albumin and Buzzell (1956)
B-Lactoglobulin 4.6 2.86 1.61 1.0 Advani and Harding
(B) (dimer) (1995); Townend (1960)
Collagen (seven 250-142 1075-245 0.23-0.58 100-15 Nishihara and Doty
fractions sonically (1958); see also Creeth
degraded to L and Knight (1965)

varying extents)

*Value for the equivalent prolate ellipsoid. The k, values have been corrected for radial
dilution and to solution density (Rowe, 1977).

Table 5.5 Axial ratios of food proteins from the IT function

Protein n Axial ratio (a/b)" Reference
Haemoglobin 3.20 1.0 Harding (1981a)
Ovalbumin 3.18 1.0-2.0 Harding (1981b)
Myosin® 0.47 80 Harding (1987)

*Value of the equivalent prolate ellipsoid.
®An ellipsoid is a poor approximation here because of the flexibility
of the molecule; only a very approximate estimate of a/b is possible.

high ionic strengths. If not negligible, it can be measured by, for example,
titration (see Jeffrey et al. (1977) 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. Table 5.3 also includes IT as a
function of a/b and Table 5.5 gives an example of its application to three
well-known food proteins.

Another combined function involving s and [n] (referred to as the
Scheraga and Mandelkern (1953) B-function), the first published hydra-
tion independent shape parameter, is also independent of w or v but is
extremely insensitive to a/b, and it is really only of use as a quasi-constant
parameter for evaluating the molar mass from s3; ,, and [n] measurements.

In many cases a crude ellipsoid of revolution, with two axes necessarily
equal, gives a poor approximation to the true overall (or gross) confor-
mation of proteins in solution. Furthermore, a decision has to be made
a priori as to which ellipsoid of revolution model to apply: oblate or
prolate? (Usually it is the latter which gives the better representation.)
For cases like these the much more general tri-axial ellipsoid, with three
unequal semi-axes (@ = b = ¢) and hence two characteristic axial ratios
(a/b, blc), is much more appropriate. Although this model is considerably
more complicated to apply (it involves the use of two hydration independ-
ent shape functions and computer-graphical intersection procedures), the
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necessary theory and computational procedures have been developed. By
using a combination of IT with a radius of gyration function (from light
scattering), the overall rod conformation and axial ratio of myosin is
successfully predicted (a/b, b/c) = (80, 1) without assuming a priori a
prolate ellipsoid (Harding, 1987).

Even with the extra degree of freedom the general tri-axial ellipsoid
gives, there are many structures which cannot be reasonably represented
by a symmetric ellipsoidal structure. The classic example from the
non-food protein world is the antibody molecule. The basic idea is that
the frictional ratio f/f, (and hence P and s% ) can be calculated for a
given array of spherical beads which do not have to be equal in size. This
is done for various possible models for a given macromolecule, and the
one which gives the predicted f/f,, (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), it is necessary to rely on
(1) other hydrodynamic or scattering data (such as [n], rotational diffusion
coefficients or the radius of gyration) and (ii) a close starting estimate
(from electron microscopy, X-ray crystallography, etc.) to the true
conformation. This method has had extensive application to several
protein systems (Garcia de la Torre, 1989), especially immunological ones
like immunoglobulins (Byron, 1992) and complement (Perkins, 1989),
and has successfully been applied to model the segmental flexibility of
myosin (Iniesta et al., 1988; Garcia de la Torre, 1989). Surprisingly, so 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
modelling the arrays of subunits, although similar approaches using light
or low-angle X-ray scattering have been applied (Plietz et al., 1983).

5.4.2 General modelling

For polydisperse and not-so-rigid macromolecules, like many polysac-
charides, we have to use shape analysis by sedimentation velocity in a
general way, first of all to indicate what is the conformation type of
the macromolecule (random coil, rigid rod or compact sphere, or what-
ever). 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 s5, ,, and the molecular weight M:

S?O,W oc Mb. (5‘6)

(Similar coefficients exist for the relationships of the intrinsic viscosity,
the diffusion coefficient, and radius of gyration with M (Yamakawa,
1971; Smidsred and Andresen, 1979). The MHKS-b coefficient is usually
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optained by preparing a homologous series (i.e. the same polymer but
d.lfferent molecular weights) of the polymer (by chromatographic separa-
tion, ultrasonication or heat degradation) and then taking the slope of
a double logarithmic plot of log s% ., versus log M (Fig. 5.4). The
qharacteristic values of b for spheres, random coils and rods are. réspec-
tively 0.667, 0.4-0.5 and 0.15 (Smidsred and Andresen, 1979). The
Wa!es—van Holde parameter ks/In] (=R) is also useful in this context
1S1av1ng a valllxes otf ~ 1.16 for spheres and random coils, and <<1 for rods,

ome examples of applications o :
chasides ant pen u}:gr oo f both these parameters to food polysac-

The MHKS-b coefficient can also be used to model the flexibility of a
polymer in terms of wormlike-coil models (Hearst and Stockmayer, 1962:
Yamakawa, 1971) from the ratio of the contour length L to the p’ersist-’
ence length a (see Harding et al., 1991a).

Table 5.6 Polysaccharide shapes from sedimentation velocity

Polysaccharides® ks/[n) b Conformation
Dextran fractions 0.44 Random coil
Il?ull’{‘;;i::trans 0.56 Semi-flexible coil
S 1.4 0.45 Random coil
B-Glucans ) 0.4 Extended
Am_ylopectm 1.45 Spheroidal
A!gmates . 0.6 Extended
Citrus pectins 0.2 0.17 Rigid rod

fron? Harding (1992) and references cited therein.
All in aqueous solvents apart from amylopectin (90% DMSO. 10% H.O)



124 NEW PHYSICO-CHEMICAL TECHNIQUES

Fig. 5.5 Sedimentation velocity diagram for a solution containing 1 mg/ml bovine serum

albumin and 1 mg/ml of an alginate (Pronova, Protan inc., Drammen, Norway) in a phosphate-

chloride buffer (pH 6.8, I = 0.10 M). Rotor speed = 34 790 rev./min; temperature = 25.0°C.

Peak (a) is unbound alginate (s,) = 1.5 S); peak (b) is BSA-alginate complex sedimenting at
~10.6 S. The BSA control sediments at ~3.9 S (from Harding et al., 1993).

Sedimentation velocity can also be used to assay for interaction in a
mixed solute system, by using the principle of co-sedimentation. Figure
5.5 shows such an example, showing interaction between bovine serum
albumin and alginate. If the species in a mixture have chromophores
absorbing in different regions of the UV or visible spectrum, the

absorption optical system can be used to optimal effect (Marsh and
Harding, 1993).

5.5 Sedimentation equilibrium: molecular weight distribution analysis

Whereas in a sedimentation velocity experiment at relatively high rotor
speeds — for a globular protein or linear polysaccharide, say, 40 000
50 000 rev./min — the sedimentation rate and hence the sedimentation
coefficient is a measure of the size and shape of the molecule, at much
lower speeds (say 10 000 rev./min or less) in a sedimentation equilibrium
experiment the forces of sedimentation and diffusion on the macromol-
ecule become comparable. Now, instead of getting a sedimenting bound-
ary, one gets, after a period of time (from a few hours to a few days
depending on the nature of the solute) a steady state equilibrium
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distribution of macromolecules with a low concentration at the meniscus
building up to a high concentration at the cell base. This final steady
state pattern is a function only of molecular weight and related param-
eters (virial coefficients and association constants where appropriate)
and not on molecular shape, since, at equilibrium; there is no further
movement of the macromolecules; thus frictional effects through shape
variation are not involved. (For a simple description of this method and
what it can do, see Harding (1994b).) So, like ‘static’ (as opposed to
‘dynamic’) light scattering, sedimentation equilibrium is an absolute way
of obtaining the molecular weight or ‘molar mass’ M (g/mol) of a food
biopolymer, and Table 5.7 gives examples for a range of polysaccharides
and seed proteins. 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
clarification, etc.) With the ability to run samples multiply (up to 9 at a
time in the Beckman Optima XLA), it may become the main method of
choice once again.

Table 5.7 Molecular weights of food polysaccharides and some 12S seed proteins
(weight averages from sedimentation equilibrium analysis)

Biopolymer My Reference
Pullulan P100 95000 Kawahawa et al. (1984)
Pullulan P800 76000 Kawahawa et al. (1984)
Pullulan P1200 124000 Kawahawa et al. (1984)
Dextran T500 500000 Edmond et al. (1968)
Guar 800000 Gaisford et al. 1986
Locust bean gum (cold water 340000 Gaisford et al. (1986)
soluble fraction)
Locust bean gum (hot water 330000 Gaisford et al. (1986)
soluble fraction)
Glucomannan 280000 Winwood (1986)
B-Glucan (barley) 160000 Woodward et al. 1983
B-Glucan (wheat) 230000 Harding et al. (1991a)
Chitosan (Protan Sea Cure) 162000 Errington et al. (1993)
Chitosan (Trondheim KN50-1) 64100 Errington et al. (1993)
Chitosan (Trondheim KN50-4) 4300 Errington et al. (1993)
Xanthan (Kelco RD) 5900000 Dhami et al. (1995)
Alginate (Kelco ‘Pro-nova’) 210000 Horton et al. (1991)
Pectin (Koch-Light, citrus) 90000 Harding et al. (1991b)
Pectin (green tomato) 160000 Seymour and Harding (1987)
Pectin (red tomato) 96000 Seymour and Harding (1987)
Pectin (red tomato, antisense 135000 Smith et al. (1990)
polygalacturonase)
Carmin (from safflower seed) 260000 Prakash (1992) and refs. therein
o-Globulin (from sesame seed) 270000 Prakash (1992) and refs. therein
Arachin (from peanut) 330000  Prakash (1992) and refs. therein
Brassin (from rapeseed) 300000 Harding et al. (1987)
Helianthin (from sunflower seed) 300000  Prakash (1992) and refs. therein

These values are normally precise to + 5-15%.

*From combining the sedimentation coefficient with the diffusion coefficient via the
Svedberg equation (Harding, 1994a).
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Fig. 5.6 Optical records of solute distributions of food biopolymers at sedimentation
equilibrium. The direction of the centrifugal field is from left to right. (a) Rayleigh
interference profiles for ovalbumin (M = (45 000 + 2000) g/mol). Phosphate-chloride buffer,
pH 6.8, I'=0.10M). Each fringe profile represents a plot of concentration of the protein
(relative to the solution/air meniscus ‘m’) against distance from the centre of the ultracen-
trifuge rotor; ‘b> represents the base of the cell. Rotor speed = 17 250 rev./min; tempera-
ture = 20.0°C. Loading concentration c¢®~0.5mg/ml. (b) Absorption optics profiles
(recorded at a wavelength A of 280 nm) for B-lactoglobulin B. A special multichannel cell
was used permitting three samples: inner (c® = 0.1 mg/ml); middle (c° = 0.2 mg/ml) outer:
(c® = 0.3 mg/ml). The same buffer as (a) was used. Rotor speed = 15 000 rev./min. Because
of restrictions of the Lambert—Beer law, with the outer channel only absorbances < 1.5 could
be used. (c) Rescan of the inner channel of (b) but using a wavelength of 230 nm to enhance
the signal; this picks up the peptide bond in the protein which usually gives a higher
absorbance than the aromatic amino acid absorbances at 280 nm.
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The most accurate way of recording these final steady state concentra-
tion distributions is using Rayleigh interference optics (Fig 5.6a). More
appropriately for proteins, we can take advantage of absorption of the
aromatic amino acids or the peptide, bond to use the much more
convenient absorption optics set for the ultraviolet (Fig. 5.6(b,c)): if
absorption optics are used patterns can be routinely captured auto-
matically on-line and analysed (Giebler, 1992; Lewis, 1992). With the
: Rayleigh interference system, it is much more complicated, and indeed
I expensive, to perform on-line data capture (Laue, 1992). Whatever the
k system, these patterns are usually now captured and read automatically,
either directly into a computer, or via photography or chart recorder
output first (Rowe et al., 1992).
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How do we get molecular weight (or molar mass) information? The
interfaced computer converts the digitized information of Fig. 5.6 into an
accurate record of log concentration (expressed in terms of absorbance
units, 4, or fringe displacement units, J) versus radial distance squared. For
fairly ideal monodisperse systems (e.g. dilute solutions of some small
proteins) such plots are linear, but for non-ideal or heterogeneous systems
they are not (Fig. 5.7). The average slope of these plots, linear or otherwise,
gives what we call the whole distribution weight average molar mass, or
whole cell weight average molar mass, M3, .pp. (We use a procedure known
as ‘MSTAR’ for this purpose (Harding et al., 1992).) These are apparent
values, hence the subscript ‘app’. This is because of the ‘thermodynamic
non-ideality of the system arising from excluded volume effects (related to
the effective volume, after hydration, of the macromolecular species) and
from charge effects if the macromolecule is highly charged. These effects are
usually represented by the virial term B (4, in some texts) in the relation

(L/M3, app) = (1/M3)(1 + 2BMYc). (5.7)

So the quantity (1 + 2BMZc) is the factor by which, at a given concen-
tration ¢, the measured molar mass, M3, app differs from the true or

g

1.5 : . T r
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0.0
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Ln concentration (fringe units)

Fig. 5.7 Plot of log concentration (expressed in Rayleigh fringe units J) versus the
normalized radial displacement squared parameter & for «x-carrageenan, where
E= (2= a®)/(b® - a®), r is the radial displacement at a given point in the distribution, and
a and b are the corresponding positions of the meniscus and cell base, respectively. Rotor
speed = 6419 rev./min; temperature = 21.0°C (pH 6.5, I = 0.10 M). The downward curvature
(negative d’In J/dE?) is caused by the large degree of non-ideality of this macromolecule at
the loading concentration emploged (~ 1.4 mg/ml). MS_ app = 17 000 g/mol at thzis concentra-
tion compared with the ideal M, of 284 000 g/mol. (B ~ 3.4 x 10~* ml mol g ") (from Day
et al., 1995).
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Fig. 5.8 Plot of 1/M,, app Versus loading concentration c for the fibre polysaccharide xylan.
My, = 177000 g/mol; B = 2.3 x 10> ml mol g2 (from Elizabeth et al., 1995).

‘ideal’ molar mass, MJ. The minimum concentration required for a
sedimentation equilibrium run is in the range ~0.1-0.3 mg/ml, if ‘long’
(i.e. 20-30 mm) path length cells are used. At these concentrations, for
food proteins and many food polysaccharides, this factor is relatively
small (5% or less) and so it is reasonable to approximate My, as MS _—
(Harding et al., 1991a). For other food polysaccharides - especially the
polyanions such as alginates and xanthan — where (1 + 2BMyc)is > 1.05, or
where working at low concentrations is not possible or may lead to loss
of structural integrity of the molecule (possible dissociation of a multi-
subunit protein), a range of loading concentrations must be used and an
extrapolation to zero concentration is necessary (Fig. 5.8). But a word of
warning is required: although the fitting of reciprocal M3 .pp as a
function of concentration gives reliable B values, depending on the form
of the extrapolation an extrapolation of 1/M3, .pp can give poor estimates
of My and often it is safer to extrapolate Mg, ., values directly (and
manually). This is specially true for highly concentration dependent
systems where other virial terms (C, D or A4,, 4,, etc.) may be necessary
(Horton et al., 1991).

Local slopes along the curves of Fig. 5.7 can also be taken to give point
or ‘local’ average molecular weights (M, qpp) at a given radial position
in the ultracentrifuge cell, and these can be particularly useful for
assaying interacting systems, especially when given as a function of the
local concentration in the cell. One of the classic examples of this, which
has been extensively studied (see Visser et al., 1972), is the effect of
temperature on the association/dissociation equilibrium of B-lactoglobulin
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Fig. 5.9 Association—dissociation plot of apparent weight average molecular weight as a
function of concentration (expressed in fringe numbers) for -lactoglobulin B at low pH (pH
2.64, I = 0.16 M). Upper curve, temperature = 15°C, lower curve, temperature = 25°C (from
Visser et al., 1972). The several kinds of points which provide the information for the two
interpolation curves (open and closed circles and triangles) represent different cell load-
ing concentrations. The fact that for a given temperature they overlap is diagnostic
of genuine self-association behaviour (Roark and Yphantis, 1969). The fits give values for
the association (dimerization) constant ‘k,’ of (3900 + 1010) ml/g at 15°C and (2310 £ 50)
ml/g at 25°C.

B at low pH (Fig. 5.9). Further, if MY ,,, is given as a function of the
square of the radial displacement, then the value of Mg ,;, can be
estimated from.

M3 app = { My, app(b) - c(B) = My, app(@)- c(@)}/{c(b) — c(@},  (5.8)

where a is the radial position of the cell meniscus and b the cell base. (In
some special cases the number average molecular weight can also be
obtained from Rayleigh optical records.) M, ,,, values can also be
obtained directly by using the Schlieren optical system mentioned earlier
in the context of sedimentation velocity (see Rowe et al., 1992). The ratio
of the z-average to the weight-average molecular weight is often used as
an ‘index of polydispersity’ of polymeric samples, as it can be related to
the breadth of the distribution. For example, for a preparation of the
polysaccharide xylan (which provides fibre in some food products), a
value of M3 ,pp/ My, app of ~1.2 has been obtained (Elizabeth et al., 1995)
using this procedure.

There are three other ways of using sedimentation equilibrium data to
get molecular weight distributions (Harding, 1994c). Perhaps the simplest
in principle and most useful in practice is to combine it with gel
filtration, giving the latter an ‘absolute’ basis (i.e. not subject to assump-
tions concerning the conformation of calibration standards). Gel filtra-
tion is a very simple but powerful way of separating macromolecules of
different sizes in a polydisperse solution. It can also give molecular
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Fig. 5.10 Distribution of molecular weight fiM) for a citrus pectin determined by gel
permeation chromatography with columns calibrated by absolute molecular weight measure-
ments on pectin fractions by low speed sedimentation equilibrium (open circles). The results
agree well with a similar calibration procedure using classical light scattering measurements
(small filled circles). Reproduced, with permission, from Harding et al. (1991).

weight distributions by comparing elution profiles with those of standard
molecules of known molecular weight and the same conformation as the
molecules being studied. Although the latter requirement is usually
satisfied if globular proteins are being studied and globular protein
standards are used, it fails for synthetic polymer and polysaccharide
systems where so-called ‘polystyrene’ or ‘pullulan’ standards are often
used. These problems can be avoided by taking fractions from the
column and separately determining their molecular weights by sedimen-
tation equilibrium (Fig. 5.10).

5.6 Analytical density gradient sedimentation equilibrium

5.6.1 Composition analysis

Density gradient sedimentation equilibrium procedures using preparative
ultracentrifuges are routinely used in biochemical science for purifying
macromolecular systems on the basis of their density; the method is
sometimes called isopycnic density gradient equilibrium. The analogous
situation in an analytical ultracentrifuge permits us to assay for purity.
(This was the classical method used by Meselson et al. (1957) to show
that the replication of DNA was semi-conservative.) The idea is to have
as a solvent a dense material which redistributes so that there is a



132 NEW PHYSICO-CHEMICAL TECHNIQUES

distribution or ‘gradient’ of density throughout the sedimentation cell.
Any dissolved macromolecule will move until at equilibrium it reaches its
isodensity point, i.e., the position in the cell where its own density
matches that of the solvent. In aqueous solvents caesium salts are often
used to produce the gradient (in the range 1.2-1.7 g/ml). Proteins,
polysaccharides and nucleic acids have their isodensity points at
~1.3 g/ml, ~1.6 g/ml and ~ 1.7 g/ml, respectively, and hence this method
is very useful for checking the purity of food polysaccharide or food
protein preparations (see Harding, 1992).

5.6.2 Gels

The technique of sedimentation equilibrium can also be applied to the
study of the structure of gels, especially if the Schlieren optical system is
used, and it can provide complementary information to conventional
rheological methods. For example, because the network concentration
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. These procedures are outside the
scope of this introductory text; for further details the interested reader
should consult Borchard (1991), Célfen and Borchard (1991) and Holtus
et al. (1991). Using the absorption optical system, and after selection of
an appropriate wavelength (i.e. in which the gel matrix is invisible), it is
possible in principle to follow the diffusion of small molecules — includ-
ing small proteins — through the gel, as a probe into gel structure.

5.6.3 Diffusion analysis

Historically, the ultracentrifuge was used as a tool for measuring the
diffusion coefficients of macromolecules in solution using a procedure
known as ‘boundary spreading’. That is, how fast a sedimenting bound-
ary broadened out was a function of the diffusion coefficient; then by
combining the diffusion coefficient with the sedimentation coefficient,
the molecular weight could be obtained via a relation known as the
‘Svedberg equation’. Nowadays, the more rapid technique of dynamic
light scattering is the method of choice for diffusion measurements, but
for certain systems the analytical ultracentrifuge has clear advantages.
One of these is for the analysis of the diffusion of small molecules or
macromolecules through concentrated media, including gels and two-
phase systems. With the latter, it is possible to model membrane
phenomena and the diffusion of small molecules through food gels/
matrices (a low rotor speed is chosen simply to minimize convection
effects). Applied in this way, the ultracentrifuge is not being used as a
sedimentation tool as such, but rather the optical system alone is being
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Fig. 5.11 Diffusion of lipase (Chromobacter viscosum) through an interface separating two
aqueous phases, monitored using the absorption optics (at 280 nm) on an analytical
ultraccn.trifuge. The phases are formed by mixing dextran and polyethylene glycol in the
appropriate ratio. The numbers (1,3,8) correspond to various scan times. (a) Lipase initially
in the top (i.e. less dense) phase in the ultracentrifuge cell. (b) Lipase initially in the ‘bottom’
phase. Note in both cases the massive accumulation of protein at the interface, and also
(in (b) only) the irregularities near the interface on the lower phase side (from Simpkin,
1994; see also Harding and Tombs, 1989).

used (Fig. 5.11). Nonetheless relatively detailed information can be
drawn concerning the diffusion through and towards interfaces between
two phase systems (Tombs and Harding, 1988; Harding and Tombs,
1989). This has proved highly valuable in the study of lipases which are
being increasingly considered for use in oil and fat processing (Macrae
and Hammond, 1985), and their structure and interfacial behaviour has
recently been studied in some depth by this technique (Simpkin, 1994).
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