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A magnetically suspended ultracentrifuge has been used to determine the molecular weights and related properties of

various substances.
macromolecules in the 108 to 107 molecular weight range.

The equilibrium method is generally considered
to be the most reliable of the several centrifuge
techniques for molecular weight determinations
and related problems because it is based upon
rigorous equilibrium  thermodynamic theory.2
In fact, in the case of large macromolecules of
unknown shapes, particularly with synthetic poly-
mers, the equilibrium method is probably the only
centrifuge technique which yields direct meaningful
results. The principal practical disadvantage has
been the long centrifuging time required for equi-
librium to take place. However, in recent years
this problem essentially has been solved through
the use of one or a combination of three techniques
for effectively reducing the equilibrium time.

The first is the use of short ultracentrifuge ceil
columns as discussed by Van Holde and Baldwin?
and illustrated by Yphantis* and others. In
general the time required to reach equilibrium is
proportional to the length of the column squared.
Secondly, a considerable decrease in the time re-
quired to reach equilibrium is found both experi-
mentally®® and theoretically” in the case where the
rotor speed is very slowly decreasing. Thirdly,
the introduction of a predetermined step function
reduction in angular speed was found to reduce
greatly the centrifuging time without sacrifice
of accuracy.?

Experimental

An improved magnetically suspended ultracentrifuge has
been described in detail elsewhere,’® so only its essential
characteristics need be mentioned here. The rotor is
magnetically suspended in a vacuum and ‘‘coasts’’ freely
during the sedimentation experiments. It loses less than
one part in 10® of its speed per second when the pressure
surrounding the rotor is between 10~% and 10~7 mm. For
rotor speeds of 100 r.p.s. as used in some equilibrium cen-
trifugation, this amounts to less than !/j;r.p.s. perday. The
rotor may be accelerated or decelerated during an experi-
ment by a detachable high speed electric motor. The rotor
is free of all hunting, and its speed is measured routinely to
better than one part in 10%. The rotor temperature is con-
stant and known to at least one part in 104 The centrifuge
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Techniques are described which make this apparatus particularly suitable for equilibrium studies of

may be used either for sedimentation equilibrium or velocity
of sedimentation experiments, although its principal use has
been for the former. The maximum speed 1s set only by the
strength of the rotor and the minimum can be made as small
as desired, since stability is independent of the speed.

One type of ultracentrifuge cell used is shown in Fig. 1.
It contains two sector-shaped compartments, has a depth of
lem., and is 2.7 em. in diameter. Circular shaped cells have
also been used in this Laboratory as well as circular and
sector-shaped multichannel cells which permit multiple
determinations during the course of one experiment. The
one-piece cells are made of either anodized duralumin or
Kel-F. Itis tobenoted that pressure is applied to the quartz
or glass windows normally by five pressure screws, which
eliminates distortion of the windows often found when they
are tightened using screw caps. Although it is much easier
to construct circular or rectangular rather than sector-
shaped compartments and the equilibrium concentration
distribution is theoretically independent of the shape of the
cell, the sector-shaped compartments have been found to be
much preferable. This probably is due to convection cur-
rents set up in the non-sector-shaped cells which are easily
observed with the associated optical system.

The sedimentation in the cell is measured by a Jamin type
interferometer which is used with parallel light as shown in
Fig. 2. Two light sources at equal optical distances from
the lens L; can be alternated during an experiment by placing
the mirror My, into or out of the beam. One is a 1500-watt
projection lamp which serves as a white light source and the
other a 1200-watt mercury arc lamp which is used with a
filter as a monochromatic light source. The lens L; focuses
the light on the ‘‘chopper’’ slit K’ mounted in the rotor with
its length along the radius. The light is then focused by the
lens 1, on a small hole 8;. This provides a small point
source. The lens Ly renders the light parallel which is re-
flected from My, limited by the slit S; before incidence upon
the first Jamin plate I;. The Jamin plate splits the light into
two parallel displaced beams. Each of the beams passes
through a sector compartment of a compensating ultra-
centrifuge cell K,, then through a compartment of an identi-
cal cell Ky mounted in the rotor, and impinges on a second
Jamin plate I, where the two beams are reunited. I; and I,
are matched glass interferometer plates 309 silvered on the
front and 1009 silvered on the back. The light is then
focused by L4 on spectroscopic plates which are sensitive in
the spectral region used. FEach of the two identical cells, K;
and K,, contains two sector shaped vacuum tight compart-
ments side by side, one of which contains the solvent and the
other the solution. The cells are so placed that the light
beam which traverses the compartment in X, containing the
golvent passes through the compartment in X, containing
the solution and vice-versa.

The optical system is adjusted, while the rotor is at rest,
using the monochromatic light source. The fringes are ac-
curately aligned parallel to the radius of the cell and made
very broad. White light is then substituted for the mono-
chromatie light and the Jamin plates are further adjusted to
give a single broad white light fringe which covers the entire
field of view on the plate P. This is possible because the
optical paths of the two beams between I, and I, are equal.
The centrifuge is then started and the concentration gradient
produced in the compartment of K containing the solution
will give rise to fringes which lie along lines of constant radial
distance if the adjustment of I; and I, is done properly.
These fringes and the cell K, are in accurate focus on the
photographic plate P; 7.e., there is a point to point corres-
pondence between cell and fringes which immediately shows
any convection in the cell if it exists. The change in con-
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centration Acin the cell is given by the relation Ac = (A\/KL)
An where K = Au/Ac, L is the thickress of the cell, A is the
wave length of the light, Au the change in refractive index
of the solution under test, and An is the number of fringes
produced on the plate. Also, A An = L Au. K is measured
outside the centrifuge by a differential refractometer or a
Michelson type interferometer. The position of the fringes
on the plate P are measured by a comparator and a special
microphotometer. From these measurements of the posi-
tions of the fringes produced by monochromatic light, the
change in concentration between any two points in the cell is
determined. The position of the central white light fringe
gives the position in the cell where the concentration is the
same as the initial uniform concentration ¢ in the cell before
the centrifuging is started. Consequently, with the known
value of ¢y, the concentration ¢, at every point in the cell
can be determined. Also, it should be noted that with this
optical system little or no extrapolation to the ends of the
cell is required. .

When equilibrium is obtained in the centrifuge cell Ko,
for dilute solutions, the molecular weight M is given by the
relation

B 2RT In (cafe/cifr)
T 4aN? (1 — dp)(re? — 1rp2)

where ¢; and c; are the concentrations at the radial distances
7 and 7y in the ultracentrifuge cell, T is the absolute tem-
perature, R is the gas constant, fi and f are activity co-
efficients, p is the density of the solution, 7 is the partial
specific volume, and N is the number of r.p.s. For an ideal
monodisperse dilute solution eq. 1 becomes

_ AM®® — a?) exp (—AM®* — r?) @)
&= 1 — exp (—AM (D — a?))

where A = (1 — Vo) 472N2/2RT, b is the peripheral radius
of the cell, and ¢ is the radius of the top or meniscus in the

cell. Also
b b
fa cr dr = coj; rdr

Consequently, a plot of In ¢ vs. 72 gives a straight line for an
ideal monodisperse solution at equilibrium. In general, if
the curve is concave upward, polydispersity is indicated, and
if concave downward, the solution is probably non-ideal.
From the slope of this line the value of the molecular weight
can be determined. At the radial distance where ¢; = ¢, eq.
2 may be written

1 — exp (—AMb: — a?)) =
AMb? — a?) exp (—AM (D2 — %)

and the molecular weight is obtained® by solving for M.
This, of course, does not require waiting for equilibrium to
be established and can be carried out in a short centrifuging
time. The position of the ‘‘hinge point’’ can be precisely
determined from two photographs, one with white light and
one with monochromatic light.%¢ Also, it might be noted
that this ‘‘hinge point’’ can be determined by photographs
taken with two monochromatic, widely separated wave
lengths such as 5460.74 and 4358.35 A of the mereury arcs, or
the ruby Laser light 6943 A. and either of the mercury lines.
Incidentally, the pulsed Laser may be used without the
chopper slit.

The above measurements give ¢, as a function of . From
these values d¢/dr can be derived. On the other hand, it
sometimes is desirable to measure ac/dr directly. This also
can be carried out with the interferometer shown in Fig. 2.
It will be observed that the light beam is incident on the first
Jamin mirror I, at approximately 45°. This is done to get a
proper separation of the two beams which pass through the
two compartments in K; and K,. ' On the other hand, if the
light is incident normally on I; then the beams are not
separated. Consequently, the beams may be made to have
any separation from zero to at least the distance between the
centers of the two cell compartments by varying the angle of
incidence on I, and I; accordingly. If now the distance be-

M (1)
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Fig. 1.—Sector-shaped cell.

Fig. 2.—Optical method of measuring sedimentation.

tween the beams is reduced and the plates I; and I, oriented
so that the two beams are separated in a direction parallel to
the radius rather than perpendicular to the radius as in Fig.
2, then one sees in the field of view images of the two com-
partments of K,. With proper adjustment, fringes will
appear in the image of the compartment containing the
solution if a concentration gradient exists. The number and
position of these fringes make it possible to determine
oc/0r directly. No fringes should appear in the image of
the compartment containing the solvent unless distortions
in the windows occur so that this image serves as a control.

Results and Discussion

The method of shortening the time required to
attain sedimentation equilibrium by a prede-
termined reduction in angular speed early in an
experiment has proven to be most useful in recent
experiments with very large macromolecules.
As reported previously,® a ribonuclease molecular
weight determination can be reduced with no
apparent loss of precision from 14 to approximately
2 hr. with a 3 mm. cell. The real value of the
method becomes more apparent with two specific
examples.

An 18S protein, extracted from green leaves of
bean plants, having a molecular weight of ap-
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Fig. 3.—Plot of 1/Map, X 108 against concentration for poly-
styrene (Mw = 180,000) in cyclohexane at 35, 46, and 55°.

proximately 2.75 X 10% requires a sedimentation
equilibrium time on the order of 5 days with a 3
mm. cell, at maximum permissible speeds. Even
though the magnetically suspended ultracentrifuge
is well suited for experiments of this duration, the
sample both dissociates and aggregates after
prolonged exposure at temperatures of interest.
Due to the polydispersity of the sample, the
Archibald approach to equilibrium method? yields
inconclusive results. By reducing the rotor speed
frohm 100 to 80 r.p.s., equilibrium is achieved in
10 hr.

A sample of polystyrene with a weight average
molecular weight of 3.5 X 10% in eyclohexane at
35° requires 14 days to reach equilibrium in a 3
mm. cell at the maximum permissible speed of
28 r.p.s.  Again, the magnetically suspended
ultracentrifuge is quite capable of operating for
this duration, but a 14 day experiment is at best
inconvenient, Utilizing the “cut back” method
from 28 to 20 r.p.s., excellent results were obtained
in approximately two days. This sample also
illustrates the stability of the rotor suspended in a
vacuum of 10—% Torr by the magnetic field. No
hunting of the rotor was observed at these speeds
and excellent photographs were obtained at 20
r.p.s., a speed at which stable operation of a me-
chanically linked rotor is very difficult,

A well fractionated, essentially monodisperse
sample of polystyrene, kindly furnished by Dr.
D. Meclntyre of the National Bureau of Standards,
has been used extensively with this apparatus to
determine the accuracy of the “cut back’ method
in the 10® molecular weight range and to study the
behavior of polymers in solutions at temperatures
other than theta.’® Table I shows the results ob-
tained at 35°, the theta temperature in cyclohexane,
the first experiment listed being a ‘“true’” equi-
librium run of 36 hr. duration. The other results
were obtained using the “cut back” method in
approximately 5 hr. Figure 3 shows results ob-
tained at 46 and 55°.

The purpose of the temperature variation ex-
periments is to determine whether it is possible to
find the true molecular weight of a polymer by
extrapolation to infinite dilution of data obtained

(10) P. J. Flory, “Principles of Polymer Chemistry,”” Cornell Uni-
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at temperatures other than theta.!%!? Figure 3
indicates that the answer to the question depends,
at least in the case of a relatively low molecular
weight and essentially monodisperse polymer, on
the deviation from theta temperature and on the
accuracy desired. Data with this sample in ben-
zehe at room temperatures confirm the above con-
clusions. Experiments on a higher molecular
weight polymer with a greater M,/M ratio are
now being conducted.

Comparative measurements on the above sample
have been made,’® using an L.K.B. Produkter
ultracentrifuge with a Lamm scale optical system
at the National Bureau of Standards, and a
Spinco Model E ultracentrifuge with a Raleigh
interferometric system at the Department of Bio-
chemistry of the University of Virginia School of
Medicine. The results are very encouraging
although the quantitative agreement of the
molecular weights is not exact. The dispersion
of the numerical results with the magnetically
suspended ultracentrifuge is much smaller than
with the other instruments. This is probably
due to the difficulty of measuring the concentra-
tion gradient near the ends of the cell with the
Lamm scale optical system in the case of the
L.X.B. centrifuge, and to variations in speed and
relative instability of the rotor at low speeds
with the particular Model E used. Only constant
angular speed equilibrium runs were performed
with the L.K.B. The “cut back’” procedure was
attempted with the Model B and, although rela-
tively successful at higher speeds with samples
such as ribonuclease, did not significantly reduce
the equilibrium ' time with this sample due to
stirring during “cut back” at low speeds.

The precision of the magnetically suspended
ultracentrifuge has been coupled with a Burroughs
205 digital computer to gain valuable information
on the molecular weight distribution in poly-
disperse samples. This essentially is a self-
consistent guessing procedure made feasible by
the rapidity of computer calculations. In a system
of n components, the concentration in the cell at
some point » from the center of rotation at time ¢
is the sum of the concentrations of the n com-
ponents. Assuming the same buoyancy and
specific refractive increments for all components,
this can be written

n

) = 3t = 3 4@+ X Rl
i 1 i =1

i=1

7 =

where Fi(r,t) = 0at{ = o,
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Since the only unknowns in the above equations
are cq and M;, both contained in 4;, N, and Fj,
educated guesses for the unknowns are self-
consistently programmed into the computer until
the results agree with the experimental data.
If an adequate supply of sample is available, a
series of equilibrium runs is made to ensure unique-
ness and to preclude the use of the time dependent
term in the above equation. Excellent results
have been obtained with this method on known
mixtures and with proteins which have a tendency
to aggregate,

In the case where n is very large, the above
method is not practical and the problem reduces to
solving an integral equation. A formal solution has
been found, but practicability awaits a sample with
a known distribution.

The magnetically suspended ultracentrifuge has
vielded excellent results with low molecular weight
compounds such as sucrose, raffinose, ribonuclease,
insulin, lysozyme, and others.®&!* Its greatest
potential, however, seems to be in the field of large
macromolecules of unknown shapes due to the ex-
treme stability of the rotor at very low speeds and
the inherent advantages of the associated optical
system.
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DISCUSSION

L. GroprER (Beckman Instruments, Inc.)—At low speed
when the cell is tilted to offset gravity in the downward
direction, are the optics tilted also?

P. E. HexNER.—The mirrors directly below and above the
cell are tilted proportionately to engure that the light passes
through the cell normal to the direction of the resultant
forces.

R. TravrMaN (Plum Island Animal Disease Labora-
tory, USDA).—Is it better to tilt the cell or solve the equa-
tions for equilibrium in a gravitational and centrifugal field?

P. E. HexNgr.—The purpose of tilting the cell is to pre-
vent convection due to the non-radiality of the resultant
forces on the particles. The equations must be solved in
two dimensions in this case.

NormaN G. AnpersoN (Oak Ridge National Laboratory).
—TYou are very close to the point where the centrifuge can
be eliminated and gravity itself used to produce the gradient,

P. E. HEXNER.—Since this is a very interesting and stimu-
lating field we certainly hope that the ecentrifuge will not be
eliminated. For large enough particles gravity can, of
course, be used to produce a concentration gradient,



