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Introduction

The technique of analytical ultracentrifugation is widely accepted in the areas of
protein biochemistry and molecular biology as a powerful characterization tool for
the investigation of protein conformation and ligand interaction phenomena in
aqueous solution (see, for example, Harding andWinzor,2001; Winzor.and Harding,
2001). This review focuses on its application - and potential application _ in the study
of protein transpol't across interfaces between incompatible two-phase sysrems.

Since the classical work ofAlbertsson (1958), there has been interest in the way in
which proteins and other macromolecules partition between incompatible aqueous or
non-aqueous phases (Brooks, 1985; Abbott et al., l99O; Waltet et al.,1991t Walter
and Brook, 1995; Munk and Aminabhavi, 2002: the reader is refened to an excellent
web site http://ua1vm.ua.edu./-rdrogers/aq2phase/, which gives an extensive biblio_
graphy, courtesy ofand maintained by Professor H. Walter). parallel to this has been
an increased interest in the way in which proteins diffuse through matrices and, more
recently, the way in which they transport across the interface between incompatible
phases. Laboratory studies on these phenomena enable us to model systems of
biological and biotechnological imporlance, such as the cell membrane, ald the
enzymatic modification of lipids - which obviously involves intedacial events and
even the mobilization ofseed protein bodies (Tombs eral., 1974;Tombs and Harding,
1988). One technique in particular lends itself to the study of phase partition
phenomena and non-ideal diffusion through matrices and interfaces. This is the
analytical ultacenftifuge, which itselfhas undergone something ofa renaissance over
the past decade following the launch of two new commercial analytical ulnacentrifuges
in 1991 and 1997. Renaissance and methodological developmenr of the analytical
ultracentrifuge in the areas ofprotein conformation (Garcia delaTorre et a\.,199j:
Hatdtng et al. , 1991 tPa\lov et al., 199'7) and interactions (pin tat et al., 1996;Holtham
et al., 1999; Lafitte et a1.,1999; Harding and Winzor, 2001; Winzor and Harding,
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]991).,h. generic engineering of rnacromolecules (Harding, 1993; pasqno et al.,1996: Dean et at.. rssji Sitkowski et at., 1997; w;r;;"-;;";.:;u;o) ana solutionstudies on polysaccharides (Hardin-g..1995; toga^g ", ot., ig;;"seems to havelagged in its application to the area ofphase and phase_interface transport phenomela.one exception has been in the area 
,of 

g.r .*.rr. _J'gj"jiiri.ion, ."".n,ryreviewed by cdlfen (1999). It is hoped thai this present short'revi", ot ,orrt" or tn"underpinning theory behind interface transport ph"no_"nu, anO the 
-apptication 

ofthis technique largely in the 1980s and earty teOfis, win rase mi.r.riin u, ur" ,n tt.phase technology area, and interfaces in general.
Application-of the ultracentrifuge. jn rhe investigarion of inrerface transport phe_nomena has focused on one model system, n-amely th" i;;;;;" separatingincompatible aqueous solutions of polyeihylene gry".i erlio""^-"'* two_phasesystems. We look at how the centrifuge has been- used to ,tuOftfri rvuy in *f,tf,proterns move through solutions of macromolecules to the wateriwater interface andpenehate it in terms of: l) overall diffusion kinetics (Tombs anJ Harorng, 19gg;Harding andTombs, 1989; Simpkin, 199+); Z) instatilities ai,f," ini"iu"" 1r-uur"n, ",at., 1979, 1983; prestot e t qt.. 1980; Harding and T;mbr, i;;;"d; and preston,

1992); and 3) interfacial accumulauon phenomena (Albensson, l95g; Harding andTombs, 1989). This review on quaternary two_phase systems complements a reviewby comper and preston (1992) ;ho desc"u"a oin*t# pr"*rri, ,"rr i"il* ,rr,"rnr,and the interested reader is referred to this.

Theoretical considerations

DIFFUSION IN CONCENTRATED SYSTLMS

In both phases, the protein must diffuse_-thoxgh solutions of other polymers. Byanalogy with ditute solution behaviour (Hardirig ano Jorrns* iSi;{bl, ""*._affect the flux or (translational) appgenj diffusion coefficient O,''in ,*o rvuy.
Q-anr?nt:t al:1983): i) a hydrodynamic effect, which t"nO, to Jec."ar. O targety a,a result ofan increase in viscous drag, related to the translationut t i"rl*ut prop.ny;and ii) a thermodynamic effect related to exclusion "ri"_"-ir. 1""i"f"*",1 

_apolyelectrolyte effects, which tends to increase D. Depending on tfr" ."tutiu" "ff."t,of i) or ii), diffusion can be retarded or enhanced. I"'al;ssi?;i; ilfii;n (see, forexample, Van Holde, 1985).

d(Q/C")'/dt = D(A'/n) (2 . r )
where Q is the quantity of material crossing the boundary in dme l with initialconcentration C. A is the cross_sectional *.u. In.on""nt.ui"a te.iaryot,rtions,Albertsson (1986) showed rhat this relation is replaceJif

d(e/C")/dt = k e.2\
where ris a transport rate. For intermediate concentrations, diffusion can commenceaccording to (Equation 2. r) and change to (Eqwtion 2.2) as concentrations shiil.

TWO-PHASE SYSTEMS

Two-phase systems, together with added protein, are quatemary systems but, as
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pointed out by, for example, Harding and Tombs (1989), the same considerations

apply as with temary systems (one phase with added protein). In the polyethylene

glycol-dextran systems thathavebeen studiedbyusing the analytical ultracentrifuge,

the polymer concenhations were high enough for linear kinetics (Equation 2.2) to

apply for describing the polymer diffusion behaviour' However, Ogston had clearly

established earlier (Ogston, 1970) that, for some representative globular proteins, the

ratio D/D., where D" is the 'ideal' or 'infinite dilution" value for D falls steadily up

to concentrations of)07o for the matrix polymer, and it is doubtful if polymer protein

interactions would ever cause an enhanced diffusion rate for this class of proteins.

APPROACH TO EQUILIBRIUM

The flux equations (including cases where diffusion must occur up the concentration

gradient to achieve equilibrium) have been presented as (Harding and Tombs, 1989)

Flux A + B: ./o" = D". d (C' + A*pDEx C'eCDEx+ " )ldx (2 3)

F lux  B +  A:  1"o=D. .d (C"o+A*ppEc.C ' ;CPEG+. .  ) /d {  (2 '4 )

where C ", C'" are the protein concentrations (g/ml) in phases A (dexhan-rich) and B

(PEG-rich), respectively, and Cou", Coro the concentrations of dextran (in the dexhan-

rich phase) and polyethylene glycol (in the PEG-rich phase). The ability to diffuse up

a concenhation gradient was stated by these workers to depend on the magnitude of

the cross-interaction terms, A*" or*, A*" "uo. Harding and Tombs (1989) also empha-

sized the point that, within the two phases, diffusion was mainly dependent on the

local viscosity - and was slow. It was also pointed out that there will be a large

viscosity gradient at and in - the interface between the two phases, which might be

the major factor in determining the concentration profile and will be markedly

asymmetric depending on the direction of diffusion. This was subsequently demon-

strated experimentally (Harding and Tombs, 1989; Simpkin, 1994) and wiU be

considered further below.

TRANSIENT WATER FLUXES: .DENSITY INVERSIONS' AND .FINGERING,

Wells (1986) had earlier proposed a theory to describe disequilibria due to diffusion

in moderately concentrated polymer solutions. Although this was originally intended

for layered solutions, as shown in Figure 2.1a, where A is described as the matdx

solute andPthe co-solute (in ourcase, protein), itcan alsobe applied to the quatemary

two-phase systems showtt in Figure 2 Ib and Figure 2.1c.The question that needed

addressing is what hapPens to the transient water flows, because it is a matter of

experimental observation that these systems behave initially as if there were a semi-

permeable membrane between the layers. This would, of course, restrict the movement

to that of solvent only, an effect no doubt due to the much greater mobility ofthe water'

The local density, p, (for a given phase) in the quatemary two-phase system is given

by

p = p" (1 + cCo + Pc") Q.5)

where p. is the density of pure solvent and a, p are the density increments of A

and P (whose partial specific volumes are Vo and vp) respectively:
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b

Flux I

Figure 2.1. 'a' reprcsents layercd solutions containing a matrix polymer A together with prot€in p. .b,
and 'c' represent the fwo possibjlities where rwo polymers A and B are r:sed to irotluce phase separation,
followed by the addition ofprotein to one or other ofthem (arthough both phases contain ioth A anrr B, the
dominan-tcomponenr only is Indicared I Also given arerhe water fluxes anrl likely transient density changes
ror crruauon\ b and c.  Adapred l rom Wel l .  I  I98b,  and Harding at ld Tombs ( l9go).

0 = (1/p") _vA;B = (1/p") _vp (.2.6)

The following argument based on the Wells' (1986) theory was proposed by Harding
and Tombs (1989): suppose a larnina of solvent is transfered, of volume AV as a
result of osmotic flux effects. Ifp'and p" are the local densities in the lower and upper
phases respectively, the condition for instability or ,fingering' of protein passing
though the interface (Laurent et al., 1983) is that Ap = (p, _ p,') must become
negative. Wells ( 1986) demonstrated rhar for rhe case 

'lhtstrated 
in Fi gure 2.1a and,

after making the rather unrealistic assumption of themodynamic ideality, this
condition for instability leads to

Flux I

g/B > M"M^ (2.7 )
(where M" and Mo are the molecular weights of co-solute p and matrix solute A
respectively), although the same concepts apply to quatemary systems (Figures 2.lb
and, 2.1c).

It is clear rhat, since the density increment for the two phases is different, shifting
a solvent lamina will have different effects in b and c. However, the protein rs the
source of the osmotic flux and, adapting rhose arguments. Harding and iombs (19g9)
put forward the following two relations as instability criteda for the cases shown in
Figures 2.1b atd 2.1c respectively:

cbJ%Ea > M/MD"ri (["*lIDu* > M/M"* (2.8)
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Taking the molecular weight for PEG as M - 6000 g/mol, by thi s test case, Figure 2. I c
fails to give turbulences or 'fingers', whereas for dextran (M - 500 000 g/mol) the
situatior' Figure 2.lb could. Thus, by this test we might expect density inversion and
fingering for protein initially in the denser, dextan-rich phase ('B') but not in the
PEG-rich phase ('A'), based on the expected osmotic fluxes involved.

By using more general arguments, in F'i gure 2.1c with protein in the upper phase,
addition ofprotein will reduce the initial density difference: in addition, there will be
water flux, which reduces the density downwards faster than it will increase the
density of the lower phase. Thus, the interface will be stabilized since the density
difference between the phases will tend to increase. By contrast, in Figure 2.lb
addition of protein will cause an increase of the density of the upper phase more
rapidly than the lower phase loses density, so the density difference could reach zero.

The nearer to the critical point composition, the more nearly alike the composition
of the phases, and the more nearly alike the rate of change of density, but also the
lower the initial density difference. There will be an optimum composition for density
inversion, if it occurs.

INTERFACIAL ACCUMULATION

Some possible profiles can be predicted from theoretical considerations, and Albertsson
(1986) has analysed the possibilities in terms of surface energies. By considering the
energy associated with a spherical particle at various positions in and near an
interface, Albensson was able to predict accumulations depending on the relative
values of the interfacial energies 1, y, and T1, between the particle and the two phases,
where 1, y, and 1, are the interfacial energies between phase 1 and the particle, phase
2 and the particle and between the two phases respectively. From this, Harding and
Tombs (1989) considered in some detail the two possibilities that could arise:
Condition '1' (y, - y, < yr2): energy minimum criteria are satisfied when pa icle
totally contained within one of the phases; Condition '2' (y, - y, > yrr): energy
minimum when the padicle is either totally in one of the phases or in the interface. The
intedacial tension between PEG and dextran was found by these workers to be low,
(< 0.02 dyne/cm), but they pointed out that the difference y| y, was also likely to be
very low (cf. partition coefficients near one) so that the latter condition allowing a
build-up at the interface would be by no means unlikely. The possible profiles are
given it Figure 2.2. Since, in general terms, the partition coefficient

K = (Crlq)) = exp [-AE/kT] = exp [-4nR3 (1 - yr)/kT] (2.9)

(where AE is the energy difference between the phases), Harding and Tombs (1989)
were able to write for condition ' 1' and, perhaps more interestingly, for the partition
between the intedacial region and the phase, with condition '2'

q/cr = exp LrR'�(y] - y.- yrrr'�l yrr[Tl (2.10)

where q is the concentxation (g/ml) in the interface and Cr, the concenhation in phase
1 . It was then necess ary for a value for (yL - T2) to be chosen. This was found to be small
and, for example, 0.001 yielded a value for the ratio C/C, of only - 1.009. In those
cases where (y1 - %) is negligible compared with yr' then they found that to a good
approximation:
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Figure 2.2, Predicted concentration profiles across the interface for various combinations ofinterfacial
tension between particles and phases. Adapred from Harding and Tombs (1989).

C,/C, = exP ;6.3t,1 (2.11)

Wells ( 1986) quoted values for the interfacial energy in the PEG-Dextran as variable
between 0.00046 and 0.06600 dyne/cm (or erg/cmr) and depended on the precise
composition: the further from the critical point, the higher the value. Such findings
suggested to Harding and Tombs (1989) that excess concentrations of the order of
60% ofthe bulk concentration are not impossible. In the dynamic system approaching
equilibrium, it was pointed out that there were other factors which may tend to make
this build-up greater: for example, a sharp change in viscosity or density in onephase
may slow down migrating molecules. Such effects should be revealed by comparing
migration in opposite directions, and this was then shown to be experimentally the
case for a number of different proteins.

Application of the analytical ultracentrifug€

The analytical ultracentrifuge is not a new technique. T. Svedberg received the Nobel
Prize for its invention in 1 926 (see Rinby, 1 987) and its principal feature of being able
to record concentration distributions during a sedimentation velocity experiment (fo1
size, shape and heterogeneity analysis: Harding and Winzor, 2001 ) or during a sediment-
ation equilibrium experiment (for molecular weight, oligomeric composition, strength
and stoichiomeay of interaction measurements: Winzor and Harding, 2001) has found
wide application. A modified approach using either sucrose density gadients for enhan-
cing velocity separations, andcaesium salt gradients forisopycnic equilibrium density
gradient analyses has also found wide application (see, for example, Harding, 1992).

Harding and Tombs (1989) proposed its use in a somewhat different and novel
context. They proposed its use as a tool for monitoring the diffusion of proteins
through matrices and interfaces between phases, and used the specific example of
quatemary incompatible aqueous two-phase polyethylene glycol (pEG) and dextran
systems ofthe type described above. The expedment is not a true 'sedimentation one'
- with only a low cennifugal field so as to minimize significant sedimentation of
either the protein, the PEG or the dextran during the time course of the measurement,
but sufficient to stabilize the system against convective phenomena.

In this way, Harding and Tombs (1989) were able to examine the concenrrauon
profiles by using the scanning absorption optical system of an MSE (Crawley, UK)

distance
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F'igure2.3. The Beckman XL-A/XL-I analytical ultracentrifuge (cou(esy of Beckman Ins[umenls, Palo
Alto. USA).

Centriscan analytical ultracentrifuge equipped with a monochromator. Although the
Cantriscan instrument is no longer commercially available, other improved instru-
ments are, namely the Optima XL-A and XL-I analytical ultracentrifuges manufactured
by Beckman Instruments (Palo Alto, USA) (Figure 2.j).

In the experiments described in their 1989 paper, Harding and Tombs loaded 0.22 ml
oflowerphase, followedby the same volume oftop phase into 10 mm path lengthcells.
At the position of the interface, thecross-sectional areawas 25.9 mm2. Therotorwasrun
at 4000 rpm and temperatures of either 20.0"C or 25.0"C were chosen. Appropriate
blanks were included, mainly the twophases with no addedprotein. Most experiments
were done in the two phases produced by rnixing 5 g of PES 6000 (BDH Biochemical
grade, with low 280 nm absorbance), 5.3 g ofDextran T-500 (Pharmacia) with 100 ml
of 50 mM sodium phosphate, pH 7.0. After equilibration, phases were separated and
protein added to the appropriate phase. Four protein systems were analysed: FITC-
labelled bovine serum albumin, FCTClabelled ovalbumin, chromobacter lipase and
cytochrome c. Protein concantrations of - I mg/ml (- 15 pM) were added to either
phase. The experiments were supplemented by interfacial surface tension measurements
by the spinning drop method, which gave a value of (0.09 t 0.03) mN mi.ml.g'. The
density &op across the interface was - 0.03 g/ml so that the interfacial energy was
0.0027 {.0036 erg.cm '�. Using the analytical ultacentdfuge in this way, Harding and
Tombs (1989) were able to demonstrate two clear regimes.

INITIAT DISTURBANCES

Considerable initial turbulence was found, caused by the disequilibrium effects of
adding protein to either phase. Much hansient water flux would be expected and, as
shownrn Figure 2-4, complex steps in the concentration gradients formed. The initial
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ftansient fluxes were found to be asymmetric, and were greater wher prorern was
initially in the lower phase than when it was in the upfer phase. A pre_dialysis
procedure was found to almost completely eliminate ttrese. ifre procedure was as
follows: both phases containing protein were outside the dialysis tuOing. After
dialysis to equilibrium, the protein_containing phases from inside the tubrng were
placed in contact with the conesponding phase from outside. What were probably
osmotic effects due to the initial disequilibrium proved to be quite easily detectable.
Since buffer ions were present, some of these effects were probably due to Donnan
equilibria. Pre-dialysis elirninated the effects, although ii did not, in f.act, pre_
equilibrate the samples since the osmotic pressure would have red to a sma 
hydrostatic pressure difference. It might, neveitheless, have removed the reasons fbr
the transient osmotic flux effects.

The Donnan equilibria would already be in existence and the activity of the water
in the two phases comnences by being equal. and only slowly moves to a new
equilibrium as a result of diffusion of the protein. Thus, the initiar evenLs were
different in pre-dialysed and non-pre_dialyied samples. Interestingly, the semi_
quantitative theory proposedby Wells (19g6), considered above, appeirs to correc y
predict the asyrnmetry ofthese effects, and that they would be greater wrth protein in
the lower phase when adapted to these two_phase systems.

THE OVERAIL DIFFUSION PROCESS

From the concentration profiles, it is possible to estimate the quantities of material
transported, Q @f. Equation 2.1) as a function of time. In this way, Harding and
Tombs (1989) were able to show that the classical dependence of e on the square roor
of time, t, appeared to be followed (Figure 2.5.1: the overall proiess, regardless of
initial turbulence, is one of simple diffusion. The profiles in F4g ure 2.6 were chosen
to illustate the case where diffusion must have occuned agaiirst the concentration
gradient. Even in cases where diffusion must have occufled against the concentration
gradient, 'classical' 

diffusion behaviour can accounr for rhe final equilibrium.
For most of the proteins examined, the partition coefficient K (= co0c. 11 ,rr.,

phase/conc. in lower phase) is less than r. For arbumin and ovalbumin, values of- 0.5
have been reported (Arbertsson, r9g6), and this is consistent with the ratios shown in,
for example, Figure 2.6 for times of the order of 2000 minutes. Startrng wrth the
protein in the less dense phase seens to take longer to reach the equilibriurn posrtron
by pure diffusion. However, as Figure 2.6 illustrates, equilibrium can be reached even
if, d.uring the process ofgetting there, protein must diffuse up its own concen'anon
gradient (Albertsson, 1986). This was interpreted to mean that the term d(C, +
4""or.,. C"C,r* + -.._r/dr in Equarion 2.J must sri l l  be positive. even though lhe
p,rotern gradient dC o/dx was negadve, an effect considered to be due to the large value
Ior ArpDEy and CDEX. Because this term changes very rapidly in the interface, the
conc€ntration gradient is very sharp at equilibrium. It was found unnecessary ro
involve effects caused by agitation to achieve this result. Diffusion arone was fbund
to be sufficient to account for it, providing the effect ofinteractions is properly taken
rnto account. Shanbag's observation in the 1970s (Shanbag, 1923) tiat the rate of
diffusion between phases was dependent on K for proteins if comparable frictional
coefficient is also a reflection of the same underlying phenomenon'.
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Figure 2.6. hofiles for FITC bovhe serum albumin, cornmencing in the upper phase and diffusing to
equilibrium, with partition coefficients giving a higher concentration in the lower phase. The initial and
final profiles have been shifted for clarity. As the intermediate traces show, diffusion occu'ed up the
concentration gradient,

INTERFACIAL ACCUMULATION

Accumulation in the interface region was consistently observed with all samples.
Some of the initial transient effects could produce spikes at the interface but, after
relatively long periods at or approaching equilibrium, there was always excess
concentrations in that region. Blantruns with no added protein also showed apparent
peaks at the interface. These were comparatively small ald probably due to the
accumulation ofdust. They were more prominent when scanning at 2g0 nm than 492
nm, as would be expected for scattering. Application of Equation 2.1I and estimates
of interfacial tension leads to predictions of an excess of the order of 2_37o. Values
found for cytochrome c and Chromobacter viscosumlipase were found by Harding
and Tombs (1989), and later by Simpkin (1994), to be far larger than this prediction
(Figure 2.4), vaqing up to 5070 excess concentrations FlTc-ovalbumin, at - 5Zo and
albumin at - 107o were nearer predicted levels.

LIPASES

The result for the lipase was considered particularly interesting. All proteins have on
their surface a mosaic of hydrophilic and hydrophobic regions ald, if these are
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distributed so that one side ofthe molecule has relatively more than the other, then this
could produce large excess concentrations, as could the presence of a large heme
group. Although lipases are relatively water-soluble hydrophilic molecules and many
of them are glycoproteins, they are also, because of theil activity, likely to have
hydrophobic areas and might well be expected to have considerable asymrnetry in the
hydrophobic-hydrophilic balance. It is distinctly possible that, at the interface, the
proteln concentration rises to a degree which makes it necessary to regard the protein
at the interface as a '3rd phase'. A study using fluorescence-labelled fungal lipases
showed that, at saturation of the lipid-water interface, the average distance between
the lipase molecules was approximately one molecular diameter (Tombs and Roberts,
1987). More recent detailed X-ray crystallographic structures suggest that there is a
substantial conformational change on entering the lipid,water interface, which
exposes a hydrophobic active centre. There is no evidence of self_association via
hydrophobic patches in free solution on the basis of conventional analytical ultacen_
trifuge analysis (Simpkin et al.,lgglf,, and, the situation at rhe water-water interface
may be quite different from that at a water-lipid interface.

Concluding remarks

In conclusion, this re-visitation ofwork undertaken principally in the 19g0s before the
launch of the new generation of instruments with onJine data captute and analysis
facilities would appear to suggest that the analytical ultracentrifuge is worthy of
serious consideration as a tool for monitoring both transport of proteins through
interfaces between aqueous (or non-aqueous) phases and the resulting equilibrium
partition concentrations. The new generation of instruments should make the record_
ing and analysis extremely convenient and effective. The protein needs to be visible
(by recording at 278 ]!lm, or in cases where the matrix also absorbs here, by
incorporation of a suitable cbromophore). So long as appreciable sedimentation is
avoided and diffusion is the only ftansport phenomena involved, even interfacial
build-up of material can be monitored.

Perhaps the most interesting application of this approach is the way in which the
water-water interface, possibly with inserted monolayers of suitable lipids, could be
used to model the cellular membrane. We should also not forget that it could be
applied to systems with three or more phases.
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