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Abstract

Macromolecular sedimentation in inhomogeneous media is of great practical importance. Dynamic density gradients
have a long tradition in analytical ultracentrifugation, and are frequently used in preparative ultracentrifugation. In
this paper, a new theoretical model for sedimentation in inhomogeneous media is presented, based on finite element
solutions of the Lamm equation with spatial and temporal variation of the local solvent density and viscosity. It is
applied to macromolecular sedimentation in the presence of a dynamic density gradient formed by the sedimentation
of a co-solute at high concentration. It is implemented in the softveamriT for the analysis of experimental
macromolecular concentration distributions. The model agrees well with the measured sedimentation profiles of a
protein in a dynamic cesium chloride gradient, and may provide a measure for the effects of hydration or preferential
solvation parameters. General features of protein sedimentation in dynamic density gradients are described.
© 2003 Published by Elsevier B.V.
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1. Introduction to the characterization of protein—detergent and
protein—lipid complexed48,9]. Smaller self-form-
The sedimentation of macromolecules through ing density gradients generated by the centrifugal
inhomogeneous media is a process frequently field are the basis of analytical zone centrifugation
encountered in the practice of centrifugation. Den- [10,11], and gradients in solvent density and vis-
sity gradient techniques in preparative ultracentri- cosity may also be generated inadvertently at high
fuges have a great importance as general centrifugal fields when using high concentrations
biochemical tools. In analytical ultracentrifugation, of 5 sedimenting co-solute, such as sucrose. In the
density gradient sedimentation has a long history fie|g of synthetic polymer chemistry, isopycnic
for the study of nucleic acid$1-3, the molar  jongity gradient ultracentrifugation is an important
mass and buoyant density of prote{s, and it is assay for the characterization of macromolecules

stil ?‘pp"ed In a variety .O.f studies with topics and particles, for example in industrial processes
ranging from the composition of genomgs—7]

[12].
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significantly more complex than the standard sed- non-ideal sedimentation of a co-solute. It can also
imentation in homogeneous solvents for thermo- be applied to the sedimentation in compressible
dynamic and computational reasons. A variety of solvents, which is described in the second paper

models were proposed in earlier studies. Severalof this series[33]. The model is implemented in
authors addressed the migration of a sedimentingthe softwaresepriT and can be used for the

band in a hypothetical pre-existing density dod
viscosity gradient{13—14. As part of their pio-
neering theoretical work on the characterization
and analysis of macromolecular sedimentation pro-
files in the ultracentrifuge, Yphantis and co-work-
ers have first considered the evolution of the
solvent density distribution with tim¢l7]. They
used an empirical formula for the relaxation kinet-
ics of the distribution of a co-solute acting as
densifier, and solved the macromolecular redistri-
bution in the dynamic gradient with the flow
equation for macromolecular sedimentation and
diffusion in the centrifugal field, the Lamm equa-
tion [18]. In this work, the simplifying assumption
of a rectangular geometry was maie]. Sartory

et al. have used a finite-difference solution of the
Lamm equation to describe the sedimentation of
the small co-solute, and developed approximate
analytical expressions for the sedimentation and
diffusion of a thin band of macromolecules in the
dynamic density gradient, using an equilibrium
perturbation techniqugl9]. Minton has developed

a finite-difference method for predicting the non-
ideal sedimentation of CsCl, and described a finite-
difference algorithm to approximate the

prediction of macromolecular sedimentation, as
well as for the analysis of experimentally measured
macromolecular concentration profiles from the
analytical ultracentrifuge. The model is tested with
experimental data from the sedimentation of a
protein in CsCl solution, and several features of
macromolecular sedimentation in inhomogeneous
media are described.

2. Theory

2.1. Finite element solution of the Lamm equation
in inhomogeneous solvents

The Lamm equation describes the sedimentation
and diffusion of a macrosolute in the sector-shaped
volume of the analytical ultracentrifuge:

ac

%=li{rD (1)

ot

with ¢(r, t) denoting the concentration at a distance
r from the center of rotation and at timew the
angular velocity,D the diffusion coefficient and

sedimentation of a macromolecular species in the the sedimentation coefficient. Although it is strictly

density gradient20].

In the last decade, the analysis of transport
processes in analytical ultracentrifugation under-
went significant development. The application of
improved mathematical and computational tools
now permits the efficient and precise solution of
the Lamm equation, which can be used to char-
acterize macromolecular sedimentation coeffi-
cients, molar masses, size-distributions and
molecular interactions[21-33. However, this
development was constrained to sedimentation in
homogeneous solvents.

In the present paper, a general model is proposed

for macromolecular sedimentation in inhomoge-

not valid for three-component systef®], it may
be used as a first approximation for macromolec-
ular sedimentation for cases where interactions
between the macrosolute and co-solute can be
neglected or approximated as a constant change in
the apparent partial-specific volume of the macro-
solute. In this approximation, gradients in density
and viscosity due to the redistribution of co-solute
will be treated as a background on which macro-
molecular sedimentation and diffusion according
to Eq. (1) takes place. Limitations of this approx-
imation will be discussed below.

If we consider the effect of locally varying
solvent viscosityn and densityp on the macro-

neous media. It is based on finite-element solutions molecular sedimentation, it is useful to relate the
of the Lamm equation with a dynamic description local macromolecular transport parameters to those
of the local density and viscosity, derived from the under standard conditions:
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Dexp(ry t) = n?i?’v;)DZO,WZ:a(rY t)D 20,w (Za)
__MN2ow 1_¢’P(’"v )

Solr, )= n(r, l‘)[ 1-vprow )S 2o
=:alr, DB(r, szow (2b)

with the partial-specific volume of the macromol-
eculev, with the standard conditions denoted with
the index 20,w(for water at 20°C), with the
apparent partial-specific volumed’ (which
includes hydration and preferential solvatipand
with the abbreviationa denoting the inverse of
the relative viscosity, and wittg denoting the
relative buoyancy. It should be noted that if the
density of the macromolecule/v is close to the
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Py(r, )

(r—=rn_1)/(rn—ry—1) for ry_1<r<ry

0 else
(4b)

and fork=2,..., N:

(r=re—1)/(ri—ri—q) for ri_,<r<r;

P(r, )= (res1—1)/(resa—ry) for re<r<riiq

0 else
(40)

solvent density, changes in the relative buoyancy As introduced first by Claveri¢37], the elements
can be very large even at small changes in solvent P« can be constant and equidistant triangular hat

density. The thermodynamically correct form of
the buoyancy factor is the density incremédp /
dc), [35]. It is expressed here in an equivalent
form with an apparent partial-specific volurie—
&'p(r, 1)), from which preferential interaction
coefficients of water and co-solute may be calcu-
lated [36] (Section 3.

Although the Lamm equatiofEqg. (1)) does
not have an analytical solution, it can be solved
very efficiently by finite element techniques
[24,25,31. Following the method outlined in Ref.
[24], we can approximate the concentration distri-
bution c¢(r, 1) as a superposition of elements

cr, D= e OP(r, D 3

which are based on a grid of radial points that
divide the sample from meniscus to bottomba:

(ra—r)/(ro—rq) for ri<r<r,
Pl(l”, t)=

0 else

(4a)

functions (r,,,=r.+Ar). A more efficient and
numerically more stable choice of elements, in
particular for smallD, is a moving frame of
reference, in which the radial grid points are
logarithmically spaced and time-depend&]. If

the r,(r) evolve exponentially according t(r) =

reo €Xplsgw?(t—tg)) (with s denoting a sedimen-
tation coefficieny, they mimic the sedimentation
of non-diffusing particles and can provide a frame
of reference that is translated and stretched so that
the sedimentation term in Eq1l) disappears and
Eq. (1) reduces to the description of diffusion
alone. Details on efficient spatial and temporal
discretization schemes can be found in R&f].
The following discussion will proceed in a general
way with non-equidistant and time-dependent ele-
ments P,, in which the equations for a Claverie
grid are contained as a special case with/dr=

0.

Analogous to the macromolecular concentration,
we can also use the elemen®s to express the
local viscosity terma and the relative buoyancy
B as

alr, 0= Y ay(OP(r, 1

B, =Y B, 1) ®)
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Multiplication of both sides of Eq(1) with an methods similar to those described earlier for the

elementP, and volume integration from meniscus case of a moving frame of Ref24] and for the

to bottom (using integration by parts and taking Claverie schemg25]. For time-dependent density

advantage of the vanishing total flux at meniscus and viscosity gradients, the propagation matrices

and bottom leads to have to be updated after each time-increment. The
finite element solution was incorporated in the

b dc dre S P, 2 software seprFIT, which can be downloaded from
N o irdr = s20,u mO‘BC ar www.analyticalultracentrifugation.com.
b dc aP; . . . .
—Dyow OL; yrdr (6) 2.2. Dynamic density gradients formed by sedi-

menting co-solutes

Inserting Eqs(3) and(5) leads to the set of linear

. Gradients in density and viscosity can be estab-
equations

lished during the centrifugation experiment by
de. (b b op. sedimentation_of a co-solut_e _in high concentration.
Y =2 | PPudr+ ZCJ‘J’ —Lp rdr The mutual diffusion coefficient of such a com-
~ dt ) ~ ) ot ponent is given by

b P,
=s20,V\p')ZZCjZaan PanRja_rl\rzdr
i Ln m

b 9P, OP, f

=kTU(]+Wd|nyJ 9)
—Doow ; P——nrd 7
20, ;C,Xl:al . Uor ar" r @)

dw

where k is the Boltzmann constant]” is the

absolute temperature,is the dissociation number,
f the frictional coefficient,y the thermodynamic
activity coefficient andv the weight concentration

which can be written in matrix form

y [%BijrchGAg)J = ch(Szo,MDZZa/BnAﬁ} of the co-solutg38]. Following the approximation
j j Ln that the frictional coefficient for sedimentation and
—Dyo wZazAﬁf)] diffusion is approximately identical for the solutes
e - under consideration, such as CsCl, the sedimenta-
(8) tion coefficient can be written as
In Eqg. (8), the matricesB,; and scA{Y are as M(1—0po)D

described in Ref[24], and analytical expressions (10

for the new matricesA® (=Y «,Af;> and

A () =Y, aB,AfZ) are given in Appendix A.  (with M denoting the molar mass of the species

In comparison with the case of homogeneous @ndpo the solvent density[20]. Minton has given
solvent, the matrice®(s) and A2"(r) appear  POlynomial approximations for the sedimentation
in place of the usual propagation matrice® and and mutual diffusion coefficient of CsCl solutions,
A® [24]. In fact, it can be shown that the sum @and applied them to the simulation of self-forming
over the tensor elements equals those previousCSCl density gradients using a finite difference
propagation matricesl |eZ]A;:ll:)=A§(}) and solution Of. the Lamm eqUE}thfﬁZO]. A -Slmllar
2 _ AP Thi ' ' approach is implemented iseDFIT, using the
Y, Alg=Al. This can be expected because the qynomial approximations for the concentration
constant homogeneous solvent conditions should dependence oD(c) and s(¢) combined with a
emerge as a special case from H®) when finite element solution of the Lamm equation
constant buoyancy and relative viscosity coeffi- [25,39. For the simulation of sedimentation of a
cients are used. Eq(8) can be solved with dilute macromolecular component in the self-form-

T URT(1+wd Iny/dw)



P. Schuck / Biophysical Chemistry 108 (2004) 187-200

ing density gradient, the evolution of the co-solute
is coupled to the solution of the Lamm equation
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the moving frame of reference was advantageous
when solving the Lamm equation for large mac-

for the macromolecular components, and from the romolecules that sediment rapidly. As a second

local concentration of the co-solute, the local
density and viscosity experienced by the macro-
molecular component are calculated.

As an alternative approaclksgpriT allows one
to empirically model experimental data from the
redistribution of a co-solute, assign a molar loading

concentration of this species, and use its redistri-

bution as a basis for calculating(r, 1) and n(r,
1). This approach is simpler, as it does not require

the measurement of the full concentration depend-

enceD(c) and s(c). ApparentD and s-values at

the loading concentration may be modeled, for
example, to interference optical data of the co-
solute alone with water as an optical reference,
run separately in the same rotor. Although this

test of the algorithm, it was verified that mass
conservation is fulfilled, and that it solved the
Lamm equation correctly for the special cases of
constant viscosity and density, which is identical
to the sedimentation in homogeneous solvents after
correction ofs andD to standard conditions. Third,
the sedimentation of a macromolecule in a large
linear density gradient was simulated, and it was
verified that the calculated distribution after long
times converged to the thermodynamically pre-
dicted equilibrium distribution of a Gaussian band
with the correct molar mass and dendiBg. 5.260

of Ref. [4Q]). Finally, the Lamm equation solution
was found to be consistent with an approximate
analytical solution for the special case of diffusion-

approach may appear less rigorous, it is sufficient free sedimentation in a density gradient from

to calculate the local density and viscosity effects
if the co-solute redistribution can be described
well.

3. Results
Because the Lamm equation is notoriously dif-

ficult to solve and no analytical solution exists, it
is crucial to verify the precision and the limitations

compressible solvents3].

The model for inhomogeneous media was incor-
porated in several sedimentation modelsebriT
for the prediction and modeling of macromolecular
sedimentation through a dynamically formed den-
sity and viscosity gradient. Two different experi-
mental configurations were explored. Fig.(tbp
pane) shows the changes in density across the
solution column from the sedimentation of 2.5 M

of the algorithm. The present method was tested CsCl after conventional uniform loading. As the

according to several different criteria. First, the
sedimentation of a 200-kDa protein in a linear
density and viscosity gradient was simulated, suf-
ficient to generate a band with neutral buoyancy
at approximately 7.1 cm. Both the static and the
moving frame of reference algorithms indepen-
dently converged to the same solution. While static
frame of reference algorithm converged rapidly
with finer spatial grid (maximal relative error

dmax<107° at grid sizen>500), the moving

frame of reference required a significantly finer
spatial grid to converge to the same solution
(3 max<3X10™* atn=20000,d ,,,=5%X10"3 at

n=1000. This indicates that the moving frame of
reference does not lend itself to sedimentation
under conditions that include regions of neutral
buoyancy. However, this effect was significantly

co-solute concentration increases close to the bot-
tom, conditions for neutral buoyancy and flotation
for a protein are generatedop panel, bold ling

The calculated sedimentation profiles of a hypo-
thetical 500-kDa protein is shown in the middle
and lower panel. The initial sedimentation resem-
bles the ordinary formation of a boundary in the
meniscus region and the accumulation of material
with a steep gradient close to the bottom of the
cell. After a short time, however, the increasing
density of the co-solute at the bottom causes the
macromolecule to float back from the bottom of
the cell towards the evolving point of neutral
buoyancy. Combined with the continuing sedimen-
tation from the sedimentation boundary in the
meniscus region, this process concentrates the
protein in a peak that approaches the Gaussian

reduced in shallower density gradients that do not shape well known for isopycnic sedimentation

lead to band formation. Under these conditions,

(Fig. 1, middle panel Clearly, the calculated
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macromolecular sedimentation profiles contain
information about its molar mass, sedimentation
coefficient, as well as partial-specific volume.
Even if the co-solute concentration is far below
the threshold required to establish neutral buoy-
ancy of the macromolecule, its redistribution can
cause significant effects on the macromolecular

7 .
6856
’ 6.462
radius (cm) “ 6

concentration

6.4 6.6
radius (cm)

radius (cm)

1.5 2 2.5 3
time (10% sec)

0.5 1

Fig. 1.
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concentration profiles. This is illustrated in Fig. 2,
which shows the concentration distribution of a
200-kDa protein sedimentingnil M CsCI. While

the macromolecular sedimentation takes place, the
co-solute also redistributes and spans concentra-
tions from 0.76 M near the meniscus to 1.29 M
near the bottom(at the end of the time interval
shown in Fig. 2. This leads to a deceleration of
the sedimentation boundary as compared to the
sedimentation in a uniform solvekdotted line in
Fig. 2). More striking is a concentration increase
in the ‘plateau’ region towards the bottom of the
cell. This is not due to back-diffusion, but due to
the differentially decreasing sedimentation rate
with higher radii, a consequence of which is the
continuous accumulation of material in the region
that forms the plateau in homogeneous solvents.
A similar effect has been observed by Dishon et
al. in the approximate Lamm equation solutions in
the rectangular geometrjd 7]. However, a quali-
tatively new feature is a negative slope in the
‘plateau’ region close to the boundary. This is a
result of the dilution of the co-solute, which locally
increases the buoyant molar mass and sedimenta-
tion coefficient of the macromolecules. This
increase can produce sedimentation coefficients
higher than those at the hinge point of the co-

Fig. 1. Sedimentation in a self-forming density gradient in con-
ventional loading configuration. Top panel: calculated density
profiles generated by the sedimentation of 2.5 M CsCl at
60 000 rpm(in time-intervals of 600 s The initial density is
1.31 ¢/ml, which is below the density of neutral buoyancy for
a protein of partial-specific volume 0.73 fgl With time, the
increase in concentration close to the bottom generates densi-
ties that permit flotation of the protein. The evolution of the
point of critical density(1.37 ¢/ml) is shown as a bold solid
line, and its projection to the radius—time plane as a dotted
line. Middle panel: sedimentation profiles of a protein with a
molar mass of 500 kDa, a partial-specific volume of 0.73gnl
and a sedimentation coefficient of,,,=18 S. Shown are the
concentration distributions at 30dsolid line), 3000 s(dashed
line), 6000 s(dotted line, 9000 s(dash-dotted ling 12 000

s (solid line), 15000 s(dashed ling and 30 000 s(dotted
line). Lower panel: contour plot of the evolution of the mac-
romolecular concentration distributio€it should be noted that
the time-scale is in 0 s, which does not permit resolving the
very early stages that are included in the middle pariEe
bold dotted line indicates the radii with neutral buoyancy con-
ditions calculated from the sedimentation of the co-solute, as
shown in the Top panel.
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Fig. 2. Sedimentation in a self-forming density gradient in con-
ventional loading configuration with lower concentration of co-
solute. Top panel: concentration distributions calculated for a
200-kDa protein(v=0.73 mJg, sxw=10 9 sedimenting at

60 000 rpm in 1 M CsCl. Data are shown with time-intervals
of 600 s. For comparison, the sedimentation profiles calculated
for a constant homogeneous solvenpat1.126 gml andm=
0.952 mPa $the density and viscosity of 1 M CslChre shown

as dotted lines. Lower panel: detailed view of the plateau
region of the calculated concentration profiles for a protein of
150 kDa with a sedimentation coefficiest,,, of 5 S sedi-
menting at 60 000 rpmi1 M CsCl.

solute, and thus lead to an accumulation of material
at the leading edge of the boundary. This effect
was found to be more pronounced with a lower
ratio of the macromolecular to the co-solute sedi-
mentation coefficientFig. 2, lower panel

The model was implemented &eDFIT for the
non-linear regression of macromolecular sedimen-

tation parameters, given sets of experimental con-

centration distributions. When normally distributed
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noise (1% of the loading signalwas added to the
data in Figs. 1 and 2, they could be analyzed with
the independent species model similar to ordinary
sedimentation velocity data in homogeneous sol-
vents, but with the effective partial-specific volume
as an additiona(optiona) fitting parameter(data
not shown. All parameters converged to the val-
ues underlying the simulations, although slightly
slower than in the case of uniform solvents. Slower
convergence is attributed to some correlation
between the effective partial-specific volume and
the remaining parameters, in particular at the
smaller density gradients.

As an experimental test for the validity of the
presented model for the sedimentation in dynamic
density gradients, sedimentation velocity experi-
ments in cesium chloride solutions were per-
formed. Fig. 3 shows the absorbance profiles of a
83-kDa protein in 1.43 M cesium chloridénitial
density 1.183 gml). The sedimentation profiles
are substantially different from those obtained in
dilute solution(data not shown Qualitatively, the
data confirm the predicted deceleration of the
boundary and the compression of the scans in the
bottom region, as well as the increasing slope of
the ‘plateau’ near the bottom region in the later
scans (Fig. 3). It should be noted that at the
conditions used this region is free of back-diffusion
(as measured by control experiments at lower CsCl
concentratioh Also visible is the predicted bound-
ary anomaly from the local density decrease in the
half of the solution column closer to the meniscus,
which leads to a transient small negative slope of
the ‘plateau’(Fig. 3, lower paneél This effect is
here less pronounced than calculated in the simu-
lation of Fig. 2 due to the larger diffusion coeffi-
cient of the protein. However, it has been
reproducibly observed in further experiments at
high CsCl concentratiofidata not showh

For the quantitative analysis, the polynomial
expressions of Ref[20] for D(c) and s(c) were
used to predict the sedimentation of CsCl, and the
resulting density and viscosity profiles were insert-
ed in the Lamm equation model. Because of the
high rotor speed, corrections for the compressibil-
ity of water were also includedalthough this
effect is smaller than that of the redistribution of
the co-solutg [33,44. The non-linear regression
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showed some correlation between the apparentg. (When time-invariant noise was considered in

partial-specific volume, the sedimentation coeffi-
cient, and the bottom position of the centrifuge
cell. Therefore, the,,,, value was held constant
at 5.05 S, the value predicted from hydrodynamic
modeling of the crystal structur@1], which com-
pares well with the value of 5.01 S measured in
phosphate buffered saling®BS), and the bottom
location was estimated from a initial scan of the
transmitted intensity. Also fixed were the molar
mass and the partial-specific volume of the protein
under standard conditions, both calculated from

the amino acid sequence. With the meniscus posi-

tion and the apparent partial-specific volurheof
the protein in 1.43 M cesium chloride as the only
floating parameters, a reasonable fit with a root-
mean-squaré€rms) deviation of 0.0099 OD was
achieved(Fig. 3, solid line3, with ¢'=0.762 m/

e i s A I
62 63 64 65 66 67 68 69

radius (cm)

0.
c
8 o045
£
8
©

0.

radius (cm)
Fig. 3.

the model, the fit converged to a value ¢f=
0.760 m)g, with an rms deviation of 0.0064 OD,
data not shown. The increase in the apparent
partial-specific volume in the presence of 1.43 M
cesium chloride would correspond to a hydration
of 0.20 ¢/g, if there was no preferential binding
of the co-solute to the protein, although the latter
cannot be excluded. Overall, a reasonable quanti-
tative and a very good qualitative agreement of
the experimental data with the Lamm equation
model was found, supporting the validity of the
model.

A second configuration theoretically explored
was a self-forming density gradient in the synthetic
boundary configuration of analytical zone centrif-
ugation[10]. Fig. 4 shows the simulated co-solute
and macromolecular distributions for a dilute solu-
tion of protein which is layered on top of a solution
containing 2.5 M CsClI. Although a relatively small
density difference(e.g. from 150 mM NaOl is

Fig. 3. Experimental absorbance profiles from the sedimenta-
tion of a protein in a dynamic density gradiefuircles) and
best-fit model(solid lines. Anthrax protective antigefi50]

was diluted at a concentration of 0.45 /g into PBS with
1.43 M CsCl(initial density 1.183 gml), and sedimented at

a rotor speed of 60 000 rpm and a rotor temperature dfC5

in an Optima XLA/I analytical ultracentrifuge(Beckman
Coulter, Fullerton, CA. Data shown in the upper panel are the
absorbance profiles measured at 280 nm in time intervals of
730 s. The data were modeled using finite element Lamm equa-
tion solutions for the sedimentation of CsQ@kith the poly-
nomial approximations for the non-ideal sedimentation
parameters reported in RgR20]), together with tabulated data
for the concentration dependences of the density and viscosity
of CsCl solutiong51] for dynamically updating the local den-
sity and viscosity in the Lamm equation solution E§) for

the sedimentation of the protein. Also included were correc-
tions for the compressibility of watgB3]. For fitting the data,

the known protein molar mass and the partial specific volume
v from the amino acid sequence was used, and its sedimenta-
tion coefficients,o,, was fixed to the value of 5.05 S predicted
from the crystal structurg41]. The apparent partial specific
volume ¢’ was treated as fitting parametéogether with the
meniscus of the solution columnconverging to a value of
0.762 mfg with a final rms deviation of the fit of 0.0099 OD.
The lower panel provides a more detailed view of the boundary
anomaly due to the hydrostatic interaction of the protein and
the co-solute: the experimental scans at 257€odid line) and
4030 s(circles) are shown and the corresponding theoretical
profiles (for clarity, the scans are offget
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Fig. 4. Simulated analytical zone centrifugation in a self-form-
ing density gradient. The distributions are calculated for a 1-
mm layer of a protein solution in PBS on top of a 9 mm

solution of PBS with 2.5 M CsCl, at 60 000 rpm and Z5.

For the protein, a molar mass of 82.7 kDas,a,—Vvalue of 5

S, andv=0.77 m)g was assumed, with a loading concentra-
tion of 1. Top panel: calculated redistribution of CsCl with

time. Middle panel: protein distributions at time intervals of

3000 s(first distribution shown at 300)s The dotted line indi-
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sufficient for gravitational stability of the protein
layer, the purpose of the high CsCl concentration
in the present context is to generate a density
gradient that permits isopycnic separation of spe-
cies with different density{13]. The top panel in
Fig. 4 shows the redistribution of the CsCl, its
diffusion into the protein lamella with a steep
concentration gradient, and the formation of a
concentration gradient along the whole solution
column. In this configuration, the CsCI gradient is
established more rapidly than in the homogeneous
loading conditions(Fig. 1). The protein distribu-
tions are indicated in the middle and lower panel
of Fig. 4. Interestingly, due to the steep initial
density gradient an initial concentration of the
protein in the region of the lamella takes place,
analogous to the boundary anomaly in the conven-
tional loading situation. Under some conditions,
this effect was predicted to produce a series of
initial band profiles increasing in height, qualita-
tively consistent with experimental scan@l.
Lebowitz, unpublished observatinn After this
period of concentration, the band broadens again
and approaches the position of neutral buoyancy.
In the simulations, it was found that the extent of
this sharpening effect strongly depends on the
initial density gradient, and the macromolecular
diffusion and sedimentation coefficient. Small dif-
fusion coefficients were also found to generate
stronger asymmetry of the bands. As in the con-
ventional loading configuration, the implementa-
tion in sepFT permits analytical zone
centrifugation data to be modeled to extract molar
mass, effective partial-specific volume, and the
sedimentation coefficient,,,, from experimental
data.

4, Discussion

The sedimentation of macromolecules through
inhomogeneous solvents is of great practical
importance, but its theoretical description is highly
complex. In the present paper, a new theoretical
model is presented for the sedimentation in dynam-
ic gradients from sedimenting co-solutes. For the
first time, the model permits the prediction of the
complete evolution of the macromolecular concen-

cates the protein layer at the start of centrifugation. Lower pan- tration profiles across the solution column, and

el: contour plot of the evolution of the protein concentration
distribution.
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can be used to analyze experimentally measuredof second order or negligible, if the effects of co-
macromolecular concentration distributions, simi- solutes are evaluated from a series of experiments
lar to whole boundary modeling approaches in with different loading concentrations of co-solute
homogeneous solvents. Although the model is or macromolecules. Also, it should be noted that
based on several simplifying assumptions, it still many co-solutes may not generate significant den-
captures essential features and provides a realisticsity gradients.
picture of the sedimentation process, as judged by Frequently, the characterization of proteins is
the agreement with the experimental data from the desired in the presence of high concentrations of
sedimentation of a protein in high CsCl solutions. co-solutes, where preferential solvation occurs. For
One limitation of the model is that it is based example, co-solutes may be required for stabilizing
on the two-component Lamm equation, which is proteins, or for density matching of detergents in
strictly valid only if cross-terms in the diffusion the study of membrane proteins. Preferential sol-
coefficients are negligibléEqg. 1.61-1.63 in Ref.  vation can also be very important in the context
[34]). In theory, this requirement is fulfilled in the of protein—protein interactions induced by pro-
absence of interaction of the macromolecule with tein—solvent interactions[42,43. The current

the co-solute, and negligible preferential solvation.
Clearly, many conditions where density gradients
are used in practice will violate this requirement,

method could extend sedimentation velocity as a
guantitative tool to conditions where such co-
solutes generate density gradients. It should be

and this may constitute a serious drawback for a noted that the whole boundary modeling method
detailed quantitative analysis of the measured is exquisitely sensitive and that the effect of
boundary shapes. However, the analysis of exper-density gradients may be measured at co-solute
imental data(Fig. 3) indicates that even in the concentrations where preferential solvation is
presence of significant preferential solvation, its absent or small, such as with dynamic density
consequences can apparently be captured well bygradients produced by H D,O mixtures.

a change in the macromolecular density increment, Most of the qualitative features in the macro-
or apparent partial-specific volume, without con- molecular sedimentation profiles caused by density
sidering flows from cross-diffusion. This indicates gradients are well known. Beyond flotation and
that under the conditions used, contributions to the the formation of an isopycnic band, which usually
macromolecular flows from cross-diffusion may requires relatively high densities, there are also
be small, possibly due to the fact that the relative profound changes in the sedimentation profiles at
concentration gradients of the co-solute remain much lower densities. These consist in a deceler-
small, even though they can already generate aation of the sedimentation boundary, which results
significant mechanical effect on the macromolec- in the continuous accumulation of macromolecules
ular buoyancy. Further, the model also neglects the in the region where in homogeneous solvents a
dependence of the solvation on the local co-solute constant plateau would be formdd7]. This is
concentration, and treats it instead as being con-also observed in static density gradients from
stant throughout the entire sedimentation process.compressible solventgl4,45. A boundary anom-
Again, this approximation may be justified if the aly that is characteristic for the dynamic nature of
relative changes of co-solute concentration remain the density gradient is the local inversion of the
small throughout the solution column. These sim- leading edge of the boundarflower panels in
plifications seemed to still provide a realistic pic- Figs. 2 and 3. The inversion is gravitationally
ture of the sedimentation process in Fig. 3, but stabilized by the underlying density gradient of
more experience will be required to generalize this the co-solute. This feature may appear not unlike
observation, and to explore if the observed change the Johnston—Ogston effeft6,47, although the

in buoyancy allows to quantitatively measure interaction is mediated through hydrostatic density
hydration or preferential solvation parametfs]. effects between a sedimenting small co-solute and
(It should be noted that these considerations abouta macromolecule, rather than the hydrodynamic
co-solute sedimentation and redistribution are only interaction between two macromolecules. In ana-
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lytical zone centrifugation, the anomaly corre- Appendix A:

sponding to the boundary inversion is an initial

sharpening of the bands to concentrations above In the theory section, it was shown that the

the loading concentration. finite element solutions for sedimentation with
It is clear that the analysis procedures for uni- buoyancy and viscosity gradients require the cal-

form solvents cannot be applied to density gradient culation of tensors

sedimentation. Even at co-solute concentrations ,

that do not lead to flotation, the boundary distor- 4 _

tions do not permit modeling without consigj/eration Ally f P,(an/ar)(aPk/ar)rdr

of the gradient. For example, because of the

absence of a true plateau, no weight-average sed-and

imentation coefficients can be defined through l

secondfmoment mass balance con&dera&ﬂz@. ' AE'?’:/)_J’ P,P,,Pj(aPk/ar)err.

As a first step to enable a more quantitative

interpretation of density gradient centrifugation by

direct boundary modeling, the Lamm equation The functions P are defined as triangular hat

model was implemented for non-linear regression functions according to Eqg4a), (4b) and (4c¢),

with the independent species model £DFIT. based on a division of the solution column between

This requires the prediction of the density gradient, the meniscusn and the bottomb into N radial

which may be accomplished by taking sedimenta- grid pointsr, (which can be static and equidistant,

tion parameters from tabulated data in the litera- as in the Claverie scheni87], or logarithmically

ture, as in the present work, or by independently spaced and time-dependent, as in the moving frame

measuring the co-solute sedimentation profiles of Ref. [24]). Because they are overlapping only

with the interference optical detection system. As for identical or neighboring elements, the integral

can be expected, if sufficiently large gradients Af;’ is nonzero only if both and; equalk, k—1

exist, this permits the determination of molar mass, or k+1. Similarly, A.(r?’f(} is nonzero only ifn, [

sedimentation coefficient, and an effective partial- and j equal k, k—1 or k+1. This considerably

specific volume. Although the extension of the simplifies the calculations. The viscosity gradients

independent species analysis to a continuous sed-(r,t) and the buoyancy gradient8(r,r) are

imentation coefficient distributiom(s) and molar expressed through the vectors(r) and B, (1),

mass distributionc(M) [30] is possible, this  respectively, which are defined via E) on the

approach was not explored. Since the sedimenta-same grid of radial points. This allows analytical

tion profile in density gradients can depend much expressions to be derived for the matrices

stronger on the molar mass and partial-specific

volume of the macromolecules than in homoge- A“” () =Y aA(L

neous solvents, the approximation of a single

weight-average frictional ratio for the entire mac- and

romolecular population may not be sufficient to

model polydisperse mixtures. At conditions of A®(¢)= > aB,AZ)

strong density gradients and macromolecules that

are heterogeneous with regard to their density, For the corner elements #(s)  we obtain

extensions to multi-dimensional distributions

c(s, v) orc(s, M, v) may be required. One could ri(2ogta)+rfo+2ay

expect that sedimentation data from the complete Af" =

transport process towards an isopycnic separation 6(ra=ra)

condition contain enough information to define A%*)_rN(zo‘N"‘O‘Nfl)+’N71(0‘N+20‘N71)(A1a)

such an extended characterization of a macromo-"""~ 6(ry—Tn_1)

lecular mixture.
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and for all other elements

re(2ou+ oy 1) +rp_g(oy+ 205 q)

Agl*)
6(rc—1—"%)
15 (20£k+0lk+1)+"k+1(0(k+20‘1<+1)
Alkt=
6(rk_rk+1)
A= AR 1Al 1 (Alb)
For the corner elements &f®“(¢), we obtain
AP = 86101(10r1+4r2r +r3
_l’_
- M“167(,F10L2(2r§+ 2roritrd)
- Bégz(rf—i-Zrzrl—i- 2r22)
ALD=—AZY
v Pn-10y—
Ag\%N): N éON 1
(r§+2rNrN,1+ 2r,2\,,1)
BgON(rN+4rNrN 1+ lOrN)
+ Byay_1+By_10n
60
X(Zr%—i—ZrNrN,l—Fr,%,l)
A}&fﬁj\,: —Agf,";@ (A2a)

and for all other elements

Br—104—_1
60
Brotx— 1+ Br_104
+ - - - - =
60

Béok(lork+4r/\rk 1+rk 1)

AS{,Z:l]_: (rk+2rkrk 1+2rk 1)

(2r+2rr 1+ rfy)

Broy
60 (
_ Bro—1+ Br1
60

_ Brr10k+1

60

107 +4rri 1+ 124 0)
(2r,§ +2r 1t 2r2, 1)

(re+2rri i1 +2rf 1)

10y
AZH= M(r,f—i— 2riri— 1+ 2rf_q)

60
Broty— 1+ Br_104
+
60
X (2r,§ +2rr e 1)t Buou
60
X (10rg+4rry 1 +ri 1) — %

X(10rg+4ryry 1+ 71841)
_ Brog—1tBro1oy

60
X (2rg+2rrg 1t rfsa)

_ Brras
60

X(rg+2rri o1+ 2r2sq) (A2b)
If buoyancy and viscosity gradients are absent and
all o, and B, equal unity, these elements™®™(r)
and A@9(¢) are identical to the matricég® and
A®@ for homogeneous solvent as given in Egs. A2
and A3 in Refs[24,49.

Interestingly, the tensor

A= J' P (0P, /or) (0P or)rdr

underlying the matrixA®"(¢) is identical to the
tensorW,,, that was previously used to describe
diffusion fluxes of macromolecules with hydrody-
namic or thermodynamic non-idealiti€Eqg. A6 in
Ref. [24]); essentially it describes any radially
dependent diffusion. No relationship of the tensor
A;,lk; with any tensor previously used in the
context of sedimentation is known. As an alterna-
tive to the approach presented here, it should be
possible to also express the sedimentation fluxes
in the presence of density and viscosity gradients
within the framework previously derived for con-
centration dependent sedimentatiore. using the
tensorsU,; defined in Eq. A5 in Ref[24]), if one
reduces the product of the local viscosity and
buoyancy into a single radial-dependent factor.
However, as can be seen from the cross-terms of
neighboring buoyancy and viscosity coefficients in
Eq. (A2b) above, this approach would exhibit
lower accuracy. Further, use of the previously
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described framework with tensold and W is
numerically less efficient, in particular for static

solvent gradients. It is more advantageous, there-
fore,

to employ the expressions for the matrices

AT and A given above to replace the ordinary
propagation matriceA® andA® as described in
the theory section.

These matrix elements, their relationships, and

the corresponding expressions in C code were

derived using the symbolic mathematics toolbox
of matLaB (The Mathworks, Natick, MA, and
can be obtained from the author on request.
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