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ABSTRACT

Band velocity experiments in the preparative ultracen-
trifuge are usually performed in a linear density gradient
established by mixing a 5% and a 20% sucrose solution, This
stabilizing density gradient introduces a significant viscos-
ity zradient which in turn may effect the resolving power of
- the sedimentation velocity experiment. The fast components
travel on the average through more viscous solutions than do
the slow components.

In this investigation the effect of viscosity gradients
was exXamined by experiments in which density stability was
achieved by using a cesium chloride density gradient and the
viscosity was independently controlled by introducing a uni-
form sucrose concentration or a positive or negative sucrose
gradient in the cesium chloride gradient.b

cxperiments performed with a mixture of tritiated thy-
midine labelled polyoma DNA components I, II, and 1II showed
that the separation of band maxima increased as the direction
of the viscosity gradient was changed from positive to zero
to negative with respect to field. On the other hand the band
widths increased in the same order. The resolution in terms
of the separation between the bands divided by the sum of the
band widths was clearly lowest with the negative viscosity
gradient and was approximately the same for the positive and

zero viscosity gradients,
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INTRODUCTION

Preparative ultracentrifugation is constantly used as
a method of separation by people in Biology, Chemistry, and
the ill-defined area in between. The sedimentation coeffi-
cient is a number of great significance in the isolation of
small organisms or large molecules. In the field today both
sucrose and cesium chloride preformed density gradients are
used as tools of separation. In sucrose gradients the reso-
lution is substantially lower than in band-centrifugation
in the analytical ultracentrifuge due to the significant vis-
cosity gradient present. Although both cesium chloride and
sucrose gradients are used daily no one has determined whe-
ther one method is actually superior to another or if it is
possible to get an even better separation by some combination
of the two. No adequate theoretical or experimental inves-
tigation has been done on the resolution of bands in the pre-
parative ultracentrifuge.

A study was proposed with mixed gradients of sucrose and
cesium chloride to study the effect of viscositj on resolu-
tion. It was hoped that an inverted viscosity gradient would
enhance the band resolution., A necessary positive density
gradient could be achieved with cesium chloride while the
viscosity could be varied with the amount of sucrose. This
study was a comparison of the three cases of viscosity gra-

dients, positive, negative, and none at all.



.
MATERIALS, LQUIPHENT, AND METHODS

Reagent grade sucrose was used to make up solutions of
5% and 20% sucrose. Preliminary gradients were made with
these solutions to check the linearity of the gradients and
to get a feel for the technique. The major problem with the
initial gradients stemmed from the lack of hydrostatic bal-
ance when equal volumes of the two solutions were used, Once
this problem was removed the system behaved much better.
There was a problem with "back-flow“ because the valve hole
was too large, but this was corrected by simply leaving the
valve partially closed. (The correct opening was marked for
reproducibility.)

These preliminary gradients were made singly from a spe-

cially made lucite mixing block, Fi 1. Mixing was done with

)

a reshaped paper clip in a cork, Fig. 2, attached to a stir-

G

ring motor, as per Roger Radloff in the same laboratory.

The gradients were pumped into the centrifuge tubes, Beckman
Aun x 2" cellulose nitrate tubes, with a Technicon proportion-
ing pump.

In making the density gradients the lighter material is
'pumped into the tubes first and heavier material is pumped
underneath it through a capillary tube., The reason for this
procedure is because highly viscous material does not flow
well., Instead of a smooth and constant flow large drops tend

to form and splash into the gradient below,

After sampling the gradients with a Buchler fractionat-
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ing apparatus into % dram shell vials the refractive index

of each sample was read with a Carl Zeiss Refractometer,.

These values were compared to the table of refractive index

vs. per cent sucrose, with temperature corrections, in the
Handbook of Chemistry and Physicsl. This data was then graphed
and examined for linearity.

Since refractive index readings are insufficient for
determining the densities of solutions containing more than
one solute an alternate method was necessary for measuring
the densities of the sucrose-cesium chloride solutions. The
method of Linderstrom-Lang2 was gdapted and bromobenzene-
kerosene density gradients were made for the measurement of
the double solute solutions. The gradient was pumped into‘
burette for an easy measurement of position in the gradient,
The total range of the gradients made was approximately 1.05
gm./ml., to 1,40 gm./ml. Standard density solutions of cesium
chloride were made up as markers and were used each time a
density measurement was made. The standard solutions were
made up by calculating the approximate densities desired and
weighing out amounts of cesium chloride sufficient to give
these values, The cesium chloride was dissolved and diluted
To close to the correct volume, at which point the refractive
index was taken and a more accurate density value was obtained,

The densities of the cesium chloride standards were de-
termined by the relation between the refractive index and the
density:

/= (10.2402) n?] - 12,6483 £ < 1.38
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Rather than making a gradient whose range ran between
the density of kerosene and the density of bromobenzene, two
soclutions were mixed prior to the making of the gradient.
These calculations may be found in Appendix I.

There was a problem at first with putting the drops of
samples into the column, The small drops had a tendency to
stay at the meniscus. They were not heavy enough to break
through. The first answer to this was to put kerosene on
top of the gradient, The less dense kerosene should then
present less of a barrier to the drops. A still more satis-
factory procedure was to place the drop in the column below
the meniscus level.

It was found that 1 microliter samples were best suitéd
for this column after testing 1, 2, 5, and 10 microliter drops.
In order to get drops of this size Drummond Microcaps were
used. After drawing'up the appropriate amount into the glass
capillary and drying the outside of the glass, the end of the
capillary was inserted below the meniscus of the column and
the drop was forced out with the Drummond bulb apparatus and
the capillary was simultaneously drawn back through the menis-
cus and out of the column, To determine the density of a
solution a graph was made of density vs. burette reading and
the markers of given density were plotted., From the line
between these marker values the density of the unknown solu-
tion could be determined from its position. Figs, 3, 4)

In order to distinguish the markers from the unknowns

the idea of coloring the markers was considered. This creat-
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ed more trouble than it was wortn and the idea was discarded.
Too little dye was indistinguishable and too much dye created
a problem in the determination of the densities of the stand-
ards., In place of the dye an ordered procedure was used in
which the standards were placed in the column and read first.
Since there is a downward drift of drops over a length of
time as noted experimentally and discussed by Miller and Gaseks,
it was decided that an arbitrary time must be used to consid-
er as the buoyant position., If the standards are read in the
sameé way there should be no problem. The calibration of the
gradient in this manner gave densities to the third decimal
place. The procedure for reading and recording the position
of drops was not to read the location until the succeeding
drop had been entered into the column. A steady consistent
procecdure of entering the drops and recording the position
of the previous one gave good results, After the positions
were determined in the column the column was cleared with
sand.

The stability of the Linderstrom-Lang gradient was such
that the middle range of the gradient, the range necessary
for this study, was still useful in a gradient made six months
previous,

With this column the linearity of cesium chloride-sucrose
gradients was tested. In one case, the first'&+ gradient,
the results seecmed to indicate a lack of precision of the gra-

dient from tube to tube. Using the Linderstrom-lLang column

and testing a hypothesis the cause was found to be the lack
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of plumbness which created an unequal sampling from the mix-
ing chamber.

For these experiments the centrifuge runs were done on
a Beckman-5Spinco Model L Preparative Ultracentrifuge., A black
SW-50 rotor was used. The centrifuge was run at a speed of
45,000 revolutions per minute., The times for these runs var-
ied with the viscosity gradients used.

Tritium labelled Polyoma DNA was obtained from Robert
Watson, Later a second supply of labelled DNA was personal-
ly isolated. In both cases the virus was isolated by the
methods of Winocour4 and Murakami5 while the DNA was extract-
ed by a modified version of the We116 phenol extraction.

The phenol used was distilled under an argon atmosphere,

After the gradients were made in the centrifuge tubes
a small amount of Bayol was layered on top. A thin lamella

of DNA was placed on top of the Bayol and being denser im-
neciately went to the interface of the gradient and the Bayol.

For counting the tritiated DNA two types of counting
solutions were used. Bray's solution was used at first be-
cause of its ability to be mixed with a small quantity of
water., Bray's solution is made up with 60 gm. naphthalene,

4 gm. PPO (Packard's primary scintillator), 200 mg. POFOP
(Packard's secondary scintillator), 100 ml. methanol, 20 ml.
ethylene glycol, and diluted to 1 liter with p-dioxane. The
second solution was a toluene solution. The composition was
4 gm, PFO, 0.05 gm. POPOP, and diluted to 1 liter with tol-

uene.
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When the Bray's solution was used the centrifuge tubes
were dripped directly into polyethylene scintillation vials.
This method was not useful because there was an immediate
precipitation of all solutes. The counting was extremely er-
ratic and thoroughly unuseful, Attempts were made to break
up the precipitate and either to dissolve it in the Bray's
solution or suspend it. The vials were mixed vigorously with
a Vortex mixer but the material all reprecipitated once the
vials were replaced in the counter. For this reason the Bray's
solution was eliminated and the toluene solution was used,

For counting the distribution throughout the tube a Buch-
ler fractionating apparatus was used and six drop samples were
dripped onto Whatman GF/A 2.4 cm. filters., The filters were
skewered with pins and elevated above an aluminum foil cov-
ered styrofoam board which acted as a pin cushion. The fil-
ters were dried with a 250 watt Reflector Infra-Red Industrial
bulb for fifteen minutes. The dried filters were placed in
Packard glass scintillation vials containing the toluene count-
ing solution. Ten min, counting.periods were used on a Packard
Tri-carb Liquid Scintillation Spectrometer, Model 527,

The sucrose-cesium chloride solutions were made up by
mixing equal volumes of double concentration sucrose and dou-
ble concentration cesium chloride.

If the density of a solution of sucrose is j? and the
density of a solution of cesium chloride is f@ the density
of a solution which is the same concéntration in each may

be approximated by the following equation:
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ﬂl+/°2-1=/é2 (1-1)

This is an approximation for the density when there is
no interaction between water and the solute. The "1" being
subtracted is merely the density of water which is being count-
ed in the densities of both sclutions.

If solution #1 has a concentration of sucrose of x and
solution #2 has a concentration of cesium chloride of v, a
solution of concentration X in sucrose and y in cesium chlor-
ide may be made by mixing equal volumes of 2x concentration
of sucrose and 2y concentration cesium chloride since the vol-
une is doubling.

Too shallow a density gradient is unstable. A sucrose
sradient is known to be stable. Its range is from 1.02 gm./
ml., to 1.08 gm./ml. This is the range picked for the mixed
gradients., It was desired to minimize the effect of the den-
sity gradient to better observe the effect of the viscosity.

A range 1.22 gm./ml. to 1.28 gm./ml. was picked. This was
sufficiently far from the buoyant density to avoid the buoy-
ancy effect (slowing down as buoyancy is neared).

For the commonly used viscosity range the solutions were
to range from that of 5% sucrose to 20% sucrose. For ease
of mixing solutions the constant viscosity solutions were
chosen to be 10% in sucrose, The calculations for the bulk
soluticns used in making the sucrose-cesium chloride solutions
may be found in Appendix 11.

Originally there was an attempt to derive an equation

which would give a numerical value for the separation of two
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types of macromolecules. A separation factor was defined as
the difference between two peaks divided by the average of the
distance travelled by the two peaks. This method was discard-
ed because the important factor, spreading, was neglected and
it could not be put into the equations. The effect of the
spreading would have to be seen experimentally.

An equation was derived for the movement of a macromol-
ecule of known s~value and may be found in Appendix III,

The equation was solved for time. A graph of time vs. dis-
tance for two s-values would give the separation of the peaks
at any time by simply looking at the correct time coordinate.
This may also be used for calculating the running time given
a desired position and the other parameters, buoyant density,
initial viscosity, initiel density, density gradient, viscos-
ity gradient, and the running speed.

Zxperimentally it was found that the data did not agree
with the results from the equation. The original viscosity
values were questioned since they were merely approximated
at first by the viscosity of strictly the sucrose and later
by the equation:

I ﬂHZO “Nsc (1-2)
where Y, qc, WHZO’ and «sc are the viscosities of sucrose,
cesium chloride solution, water, and sucrose-cesium chloride
respectively. This approximation still gave values for run-
ning time which were too high. Measurements of viscosities
were finally done with the mixed solute solutions. Viscome-

ter measurements were done with an Ubbelohde type viscometer,
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The viscosity values, see Fig. 6, when used in the equa-
tion still gave times which did not agree with those cbtained
exXperimentally.

sXperiments were done to check the temperature of the
solutions in the centrifuge., It had been assumed that the
temperature of the solutions was the same as the rotor temper=-
ature. A small deviation from this can have a large effect
on the wviscosity. This is known to be true for sucrose., In
the graph of viscosity versus temperature, [ig. 5, it may be
seen that there is a twenty per cent difference between the
viscosity of 21% sucrose at 20 deg. C and at 25 dez. C. It
is assumed that temperature would therefore affect the sucrose-
cesium chloride mixXture in a like manner if not by the same
amountc.

The temperature data was taken by measuring the tempera-
ture of a solution before placing the centrifuge tube in the
bucket and immediately after the rotor had come to a stop and
had been removed from the chamber. During the run there was
& thermometer suspended just over the axis of rotation of the
rotor and in close proximity. This temperature was noted to
be certain that the conditions of the run were as close to the
actual separation run conditions as possible,

One could consider that the temperature decreased at a
constant rate over the period of the run and through the range
of the initial and final temperatures, however, since no con-

stant record of the temperature was possible this assumption
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may not be valid., It is also possible that the solution cool-
ed down rapidly and merely reequilibrated at a rapid rate once
the rotor was slowing down and stopping. Although this is not
nighly likely the chamber temperature does warm to room tem-

perature rapidly once the door to the chamber is opened. The

temperature of the solution could also come to rest at some-

where other than that recorded by the chamber thermometer,

If this is so than there 1s doubt as to how long the tempera-
ture took to equilibrate and therefore how long it took to
cool from the initial to the final temperature. These are
merely speculations and no conclusions may be drawn from them,
The temperature was an uncontrolled variable and therefore

the viscosity was not controlled, The derived equation lacks
usefulness since the viscosity 1s not known during a run.

The experimental data becomes more qualitative in nature and
may be used to state only very generally the relative merits

of different types of viscosity gradients,
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The data for the experiments at constant viscosity (10%

(0]

sucrose throuzhout) may be found in Figures /-13. In general

the sedimentation of the polyoma DNA components was examined

o

in three gradients in each centrifuge run. Figures 7-9 re-
oresent the results for an experiment performed in trinlicate
for 170 minutes., Qualitatively the results were in agreement

with each other. Figures 10 and 1l represent the results for

edimentation was

w
}—J .

another experiment in which the time for
decrecased to 160 minutes so as to be able to detect fast ma-
terials that might have sedimented ahead of polyoma I. Com-
parison of the results of these two runs indicates the absence
of any homozeneous components with a sedimerntation coefficient
higher than that for polyoma I. It is apparent in Figures
/-~13 that the polyoma DNA samples contain an unidentified

inhomogeneous material, presumably mouse DNA, that gives rise

o

1

’.J-

as

(&

ne,

to an elevated

Figures 12 and 13 represent the results for another nre-

a9
H
(]

-~ N\

paration of polyoma DNA at 160 minutes., This preparation
contains a larger relative amount of polyoma DNA I than the

preparation used in the earlier experiments,
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The data from the positive viscosity gradients may be
found in Figures 14-19. Two separate centrifuge runs were
made. The first run, 230 minutes, (Figures 14-16) was the
run which created the uncven sampling problem as mentioned
previously. Thevbands were at different positions in suppos-

ing the cause for the

ct

dly equal gradients, After correc

0]

uncqual gradients the experiments given in Figures 17-19 were

at 200 minutes.

o

performe
It can not be decided by merely looking at the data whe-
ther this type 6f gradient gives better or worse results than
the constant viscosity system. For this reason a more quan-
titative analysis was used. (See the section on Treatment

of Data and Conclusions.)
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The data for the negative viscosity gradient may be found
in Figures 20-22., This experiment was the third run in a
series, In the carlier runs shorter times were used and very
poor separations were observed,

It may be seen that these graphs indicate both a zgreat-
er separation of the peaks and a much greater degree of spread-
ing than observed in either of the other types of gradients.
These experiments were performed with the DNA used in the
exXperiment at constant viscosity presented in Figures 12 and

&

13.
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EAPLRIMENTAL CONDITIONS
FATION ViLOCITY
SRIMZNTS REPORTED

N FIGURES /-22%

FOR Sz
EXP

Type of

TABLE I

SUMMARY OF

DIl

Figure Viscosity Tube
Gradient Number

Fig. /-9 none #l-3
Fig. 10,11 none ith, it6
Fig. 12,13 none LS
Fig, 14-16 positive L33
Fig. 17-19 positive #4376
Fig. 20-22 negative 71 =49

Time at

170
160

N N [ ad
W < oY) o)
o Q o

o
O

45X rpm

min,

min,

*All runs were performed in a black anodized
The temperature indicated by
the thermometer during the exXperiments was

SW-50 rotor.

20°,
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TABLE II

TEMPERATUR: MEAS UREMENTS

Room
Time Chamber ducket Temperature
12:19 17.6°C 26.75%¢C
3:20 19,.5°C
22.75°C
28.0°C
11:00 20.8°C
12:41 20.2°C 21.38°¢C
22.,0°C
. 28.45°¢C 28.40°C
1:11 25.0°C
2:13 21.9°C
25,00°C 23.38°
AN - Fo
3:25 22.0°C 2447
4:35 21.3°C

24.5°C
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TREATMENT OF DATA
AND CONCLUSIONS

it was necessary to define some mathematical representa-
tion of the resolution of bands taking into account the separa-
tion between_the modes and the spreading of the band in order
to be able to state which gradients gave the best resolution,

A term was used which was the distance between the modes divid-
ed by the sum of the standard deviations of the two bands.

In order to obtain the standard deviations from the experimen-
tal curves in a very simple way it was necessary to approximate.
The curves were considered to be Gaussians in which case the
standard deviation may be obtained by taking half the width

of the band at a height of 60.7% of the peak height.

This technique for obtéining the standard deviations was
not entirely applicable because in some cases where there was
a great deal of overlap the portion of the curve at a height
of 60.7% could not be measured.

The height of the curve relative to the pecak was calcu-
lated for all the experimental curves at each of the data points
and graphed on Gaussian paper. At first it was thought that
the standard deviation should be calculated for the Gaussian
vhich was approximated by the curve. In that case the curve
obtained on the Gaussian paper should be approximated by a
straight line, This would give an easily measurable value
for the standard deviation. |

After consideration it was decided that a more accurate

representation of the actual spread could be obtained by tak-
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ing the actual band width at a height of 60,/% of the peak and
dividing by two. This would consider the true width rather
than the possible narrower Gaussian which was approximated and
taking half of the total width would compensate at least par-
tially for a skewing the band.

In Fig. 24 it may be seen that a difficulty arose in the
estimation of the band width. Since there are no data points
which go as low as 60.7% on one or both halves of the peak
it was necessary in some cases to try to extrapolate the curve
to some value., This of course causes a lower degree of accu-
racy since it is not a measurable value,.

In order to use some measurable quantity in all cases so
that the results might be compared directly between data, an-
other resolution term was defined, In this case it was decid-
ed to use the fact that in good separations of bands the over-
lap is small and therefore the height of the lowest point be-
tween peaks is lower. The farther from the mode of a band the
smaller the height of the curve becomes., Also the ratio of
the height of the curve to the peak height may be related to
the number of standard deviation units distance the point is
from the mode. This ratio is therefore a measure of the spread
of the band. An approximation of the contribution of one band
to the total curve is that the band will contribute one half
of the total height at the lowest point between the two modes.

In order to measure the resolution the peak heights were
measured along with the minimum height between the peaks.

The ratio of half the minimum height to each of the peak heights
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TABLE III

Resolution From

)

9.7

8.0

caussian Graphs

G- <+ OII AY FResolution

15 3.1
15 1.6
13 1.6
13 2.0
12 1.9

Average for #l-8

16 2.2

16 1.5
16 1.0
13 1.7

12 1.9
11 1.5

Average for i#l-i#b

Average

for Run

2.9

[
a

1.7



Tul ¢l o -~ A a2 Averaze
fube ¢y Grp O3 *t9pp &Y Resolution for Run
o/ 26.5 21,0 23.8 16.5 0.69

2 2
£8 20,7 17.5 19.2 19 0.99 0.78

2 2

]

9 30.0 22.8 26.4 17 0.65

2 2

Average for #7-iY 0./8

Ay is the distance between peaks,
10% refers to gradients with 10% sucrose throughout.
"+ refers to gradients with increasing viscosity.

n- refers

divided by ¢

decreasing viscosity,

7 T Uy with

indicating better resolution.
[S»]
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Normal irror Curve Tables from the C.r.C.
Standard iMath Tableé7and relating the peak height to the lior-

mal Curve height at the peak the ratios were converted to heights

on a Gaussian and the number of standard deviation units from

the peak were noted. The larger the value in standard devia-

1

tions the greater relative distance from the peak., If the

P

‘peak heights are comparable then the total standard deviation

from both of the bands may be summed to give an indication

of the degree of separation. The greater the separation the
largzer this sum becomes until there is no overlap area and the

relative peak height zoes Lo zero.

-3

The results according to both sets of calculations of

the resolution tend to indicate that the best results were
achizved using the 10% sucrose solution {constant viscosity).
This is followed by the positive viscosity gradient, The worst
results were achieved by the negative viscosity gradient in

1

which the zraphs of data show a much larger degree of spread-

ing. 1f conclusions are to be drawn fron this data they are
that the best resolution may be achileved with uniform viscos-
ity.

The weakness of this conclusion from the presented data
lies in the uncertainty of the temperature throughout the run
which creates an uncertainty in the viscosity and the
that this study was done with only a single density zradient,

Possibly with better control of the temperature agreement of

(=

()

alculated distances and times with experimental results could

0

[aP
’_1-
[
w3
ct
'..l
ct
’_4.
wn
4ol
Q
[47]
(5}
r.l
lva
H
o

be achieved, For a larger density gra



ARG
the results would shift from the no-viscosity-gradient pref-

a nzgative viscosity gradient.

<

-

crease tneée s

b

read-

]
]

A larger density gradient would tend to d

since it does not appear that temperature and therzfore
viscosity can be casily controlled no further experiments are
sugcested at this time, Without further experimentation and
considering just this available data it is suggested that one
will achieve the best resolution of bands in a preparative

ultracentrifuze when no viscosity gradient 1is present.



I. Calculations for the starting solutions of the Linderstrom-

Lang column
Let XK= kerosene in ml,
b= Dbromobenzene in ml.
d= "heavy" solution in ml.
L= "light" solution in ml,

fhe density of kerosene is approximately ecqual to

2

0.79 gm./ml. The density of bromobenzene is 1.49 gm./

4
‘..-_l
*

H + L = 54 ml. (burette vclume) (1)
Let the desired starting solutions have densities
.= 1,44 em,/ml. and 7 = 1,07 gm./ml,
To balance hydrostatically:
1.44 2= 1,07 L = 1,07 (54 - %) (2)
Solving the equation for H and substituting back

into (1) also gives L.

H= 23,0 ml. L =231.0 ml.
For H:
X+ B3 = 23.0 ml. (3)

The conservation of mass equation gives:

23.0 ml., x 1.44 gm./ml.
= Kx 0./9 gn./ml, + B x 1.49 gm./ml, (&)

The solution to the simultaneous equations
is:
XK= 1,64 ml, B =21.4 ml.
For L:

£+ B = 31.0 ml. (5)



The conservation of mass equation gives:

31.0 ml. % 1,0/ gm,/ml,
= K x 0,79 gmn./ml, + B x 1.49 gm./ml. (6)

The sclution to the simultaneous equations is:

X = 18.6 ml. B = 12,4 nml,
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NN N

(1) 1,02

(5) 1.04

(6) 1.04

The solutions

chloride
Solution
(d) 1.61
(e) 1.15
(f) 2.10
(g) 1.45
(h) 1.95

L0%
20%
3.22
2.3
4,20
2.90

INSNNININON N N
TR MO 0N T L

N M N N N N S N

3.90 1

A
A

<489

T YA TS Y
Ol aedeld L

cesium chloride gradients

The solutions were to be:
a) 5% sucrose
b) 20% sucrose
c)

10% sucrose

Using equation (1-1):

Yy - 1= 1.22
¥y, = 1.02
¥y = 1.20
Yy - 1 =1.22
Yy = 1,14
+ Yy - 1 = 1,28
Y4 = 1.26
- yb - 1 =1,22
Yy = 1.18
Yg = 1.24

density
1.02
1.08
1.04

c -+

Calculations for the starting solutions for the sucrose-

Q

h

should have the following cesium
concentrations:

density

1.20
1,14
1.26
1.18
1.24

10% sucrose

sSucroecese
sucrose

CsCl
CsC1l
CsC1l
CsCl

CsC1l

to be used in

For mixing double concentrations were used,

and (2)
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perivation of a centrifuse equation

Let the subscript "a® represent the top of the cen-
trifuge tube and the conditions there. This is the ini-
tial position of the macromolecule. The subscript "x®

will then represent a position in the tube and its condi-

tions. WPY will represent density and “qr” will represent

the relative viscosity of the bulk solution. ”f;“ will

represent the buoyant density of the material, Vs' is the

sedimentation coefficient. %p' and “ﬂ“ epresent change
7ith respect to distance,.

An assumptlon is made that density and viscosity are
linear through the tube. In other words ”ﬁ” and ”&“ are

taken as constants,
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Sgé,w (mass vatio) = sgg,w (0.755)

2lea ;2 - ;%O ¥ (0.755) (1)
0w o b ; "
Ara /u - /‘020,w (0.755)

35,0 fo = K . .
e P = [0, (0-755)

B /\

=, -
X - X

= fa

(5) and (6) into (4)

£ -/

(4)

£3)

(6)

V(ra "/AX -

avira""]‘dx/oo‘fa
L A3
“a T G = (1 "’ (8)
a0 LW \b\/v\ra)ﬂ.m /0d
g (9)
(8) into (9)
(1A (0)

9 Py

2 N—
/00—/03



Zquation (10) becomes

. v o4 X .
¥ L gp2 s (1 LX)
it & T W) v 6

2 v 1 4+ (w/¥ra)y
a v x, 1L - (p/o)y

4]
£
(&)
o
i
4

) 2., _ o ___dv
e oaw at = Z) (y -+ Xa)( 1 - (F/‘S)y)

+ A I‘Y 7oy
oy 40X - {p 3
flog 007 + x 00 L = (2/8)y)
byl 7
b 2 < o=y
[ s wdr = - 2
o - Y r ) - s S - {5 N
0 & 0 Aa T Y (ﬁxa/b)y \ﬂ/O)y
. v )
4 r vV 5
W ik ~r R e v oY /o A V<
a0 %2 TV - : “a/o>f - LR/0)y
The risht hand intezrals arc of the form
o dv rdy . .
J o+ and [ &% where Y is a quadratic,
N -
The intezrals are:
(@4 2 A - A/)::;x—
)" i = q LC D VT M
Y — T 2¢cy + b ¥ —
-q -q

(11)

{12)

o~
jourt
[

L

(15)

~~
'—l
(o)
N

For eouation (l4) the constants are defined as follows:

a=3x3; b=1- (jo/é)xa; c = ~(p/0)

g o= <bw (p/e) - (1 - (Ji»/fi)xa)2



a == (L% (o) (21)
£ v o, . . Y
2 _ dy " 1 D dv )Y
s 40 %o =do Ty (et Y -] ?*ﬁo (22)
2 " i 7 i v 1 y
SaUJ“'C = (1 - A '2“'2‘) ! SV + A — 5= ln Y\O (23)
1ra * o ¢°
? " { 7 RV - ,\/..{‘.‘3
S:'(A)"t = (1 - A 77—%) L In ;g{ ~ ; - e
= Yea 2 J-q ST T ' A,f-qb
» 1 y
+ %i—— 5= 1n Y}O (24)
< l1:@. ~2{p/5) 1 =+ (/b/‘3>:‘::,
1n "2y + Lo (pledx - (L (po)x)
~2{p/8)y + 1 - (2/8)x_+ { + (/5/6):\*‘1)
1
TR IOYEY
, s 24
In {x, + {1 - (A/8)x )y - (p/6)y" ),
(25)
2 : 5/¢
sau.)"t: ( l_.‘f\‘.___l" (/O/O)Xa) i
“ra ~2(p/6) 1+ </b/5):';a

In

“2(p/6)C vy + x )7
2(-(p/S)y + 1)

“~\

O

L In((x, + 3)C 1 - (p/8)y))

N

)
e “2070)

I

~

\
B

[a}

{
\
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Sﬂugt = (1 -4 _1- (P/@)xa) _ 1 _
B s TTIZ0ETS) Lo+ (p/o)x,

A

-(p/3y + x ) ,
Unl—37577 =y a

g 1
+ 4 o
1. -2(p/d)

=
(=3

(In({x, + ¥)( 1 - (#/8)y)) ~ 1n x.)

(27)
2 . NENTE
Saw t = ( l - 'n—_ l (f[O)“a) l . (3:/}:~\v
lea To2057%) TORreIR,
Yy o+ Xé’
(In(—=—) - In( 1 - (&/8)y))
R L
: ﬁra -2%&/6)
y o+ x
(In(=4—=) + In( 1 - (&/8)v)) (28)
a
) » ° AN
swt = (14— L - (f#éjxa) T RU—
1ra -2(p/5) ' »o/é)xa
a 1 Yo X,
+ e =) In(———=2)
7ra -2( /5 ) =,
¢ W 1 Vi 1 - '\,,-/é):‘-:m
o o =2(p/8) ¢1- Hpmm q;? s
a2 ra "-.'.yo/\)‘/




0

&}

&)

RS

ot

Sl\)

f

~
"

-55.

(-2(p/3) - (1 - (P/33))
1va

“2prE)

1 Yo X
e - e 10‘ (=
,\ 1- \/0/6)"\,.‘) l + (yé/[‘x))\:a) '-‘( :‘*a
(myrarey C A 1w (pre)x)’
-2p/5) Mra 4 <
. - ey (<20/8)
T+ (/o)%. ~ =2(p75) T/
At L fegs e Y \
- ﬁ?a( 1 (//é/—»a/’) 1 - (/é/é)::g_/
In( 1 - (P/8)¥)

1

1

! 2(p/8) + ?-‘i-
- (/2/5')?:& (\( ‘—-(F/b/ -y\ra

7o Xa\ PR jas
In{———=) + (2(p/&) + 2<+)
P

a ra




(a3

~56~

L= (p/8)y)) (32)

,
In(

ra—l
b
~~

il

1 .
1 - (/’a/é)xa (C1 - txa)

- (1w —,"l\—?gp La( 1 - (/6)7))  (33)

1 1 . y oo
( (1 - §— =) In(——2)

ra a

AJ& o 2
ng,h
1 . Vo X
1 . ! 2y
YIS (( 1 - %\——«{ ) In(— )
-+ (F/ ) a ra a Ka

(1 %;; 22%37) In( 1 - (p/8)y))
(35)
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3 :\;\&i\‘;‘ Py
.. .2
: o 9 o radian
= v~ - - ~ M "
S20,w i€.9 x 10 sec.; W = 1,33 x 107 sec.-min
— , )
21, Sm. o,

Sl s

L= 1.702 co.; /@O’w = 0.998 cc.; S = 1.228 oo

oimn, .
M. = 1.1C0; ¢ = 0.474 cc.; p = 0.0149 cc.-cm.;

+4
D

0.200 em.”™ 5 x_ = 5.5 em.; (p/3) = 0.0214 cm.'l;

T} e
1
i
(&
’.‘l
€]
o
0N
3
1
3
6]

P
b
45}

303

1.10(0.7041)0.755 2.3
314(5.5)

19:9 x 10753(0.474)1.33 x 10° 1 + 0.0

ot
i

v o4+ 5,5
(1 - 0.182(5.3))log( 5.5 )

0,182
-( 1 % 0.03T%4)loz( 1 - 0.0314y))

37

PN

t = 90/(-0.001 log( 1 + >5.5)
- 6.80 log( 1 - 0.0314y))

At & time tl the macromolecule has travelled a distance

1
£, = 907(-0.001 log( 1 + 5.5)

- 6.80 log( 1 - 0.0314))

£. = 90/(-0.001 loz(1.182) - 6.80 loz(U.9686))
£, = 907(-0.001(0.07262) - 6.80(-0.01386))

t, = 907(0.0941) = 85,3 min,.
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It

follows.

3.1
907(-0,001 log( 1 + 5.5)

- 5.80 log{ 1 - 0.0314(3.1)))

]

90/(-0,001 log{(l.563) - 6.80 lo .902))

[
\

S

907(-0.0002 + 0.3026) = 2/4.3 min,

274.3 min.; experimental tq , = 200 min,
- A

330 min.; experimental tg , = 230 min,
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