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9 solutions was achieved through prozrammes which sum readinges to reduce noise as w Lll

as controlling the positioning of the scanner. With this system it was found that the limit on accuracy for molecular weishts

ut concentrations less than 0.01 g cm™>

was + 3 estimated from sedimentation equilibrium experiments. The same sys-

tem was usced to collect records for similar concentrations from velocity experiments by employing a scanning schlieren.

In this case the accuracy in estimating sedimentation coefficients was similar to those found when measuring photographs.
Since the collection yiclds detailed information about the shape of the sedimenting boundary, the centroids of the bound-
ary werce routinely computed by second moment analysis rather than relying on the position of the maxinium of the

schiicren pc;u\ in the same analysis cstimates of diffusion coefficients werc made routinely by culculating corrected height/
arca ratios for each scan. These calculations were made during the real-time of the experiment, so making avaijlable molec-
ular parameters rather than records which must be evaluated some time after stopping the experiment.

1. Introduction

A significant milestone in physical biochemistry was
reached when Svedberg and his colleagues [1] con-
structed an analytical ultracentrifuge and with it later
showed that proteins were discrete molecules and not
amorphous cotloids. His centrifuge was possibiy one
of the most advanced instruments of that period and
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chemistry, physics and engineering. Later work by
Pickles and Beams (see Schachman [2] for a review
on these carly developments) ensured that the instru-
ment was within the grasp of all biochemists and led
to developments of ingenious systems for producing
records of relative distributions of concentrations (¢)
of macromolecules or their dc/dr (with dc expressed
as dn, the refractive index gradient) or absorbance,
leading more directiy to concentraiion. Classicaily
these records were captured in photographs which
were measured at the end of the cxpenmem and the

data processed by the most expedient, but not neces-
-:nntv rigorous, pracedure. As measnring techniaues

_____ us, pracedu easuring techniques
dcveloped, so the demand for more precise and de-
tailed analyses increased, and it is interesting to find

that in addition to this paper there are two more sys-

tems [3,4] involving computers in this copy of Bio-
physical Chemistry, possibly reflecting the desire to
provide instantaneous and accurate estimates of
molecular parameters.

In early applications of the ultracentrifuge efforts
were concentrated on detecting and measuring hetero-
geneity in preparations and photographic records were
acceptable in accuracy and definition. Simpler and

owerful technigues have replaced the
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ultracentrifuge as criteria of purity (for example,
electrofocusing, gel electrophoresis and gel chromato-
graphy) and interests of physical biochemists have
moved to using sedimentation to measure interaction
between macromolecules as well as providing absolute
measurements of molecular weights and hydrodynamic
parameters. To achieve sensible precision in this mod-
ern work, the records must be precise and relatively
iarge quantities of data must be measured in order to
yield final esumates of parameters. Applymg this cri-
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rate records of both radii a

which give instantaneous accu-
and concentration. Coupling
a computer to the ultracentrifuge is an attractive com-

bination for doing this.
It was surprising to find that 35 years after Svedberg
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showed that proteins were discrete units, the precise
molecular weight of bovine serum albumin was still in
doubt [5], and it remained for Squire et al. [6] to
provide a more definite estimate in 1968. This inabil-
ity to provide concordant estimates of molecular
weights is alarming and one prime objective of the
present work has been to construct a system which
gives routinely accurate estimates of molecular weights
and allows the experimentalist time to consider the
chemistry of the problem rather than having to make
extensive and laborious measurements. Accuracy has
always been high in estimating sedimentation coeffi-
cients and it must be a feature of any system that it
should provide accuracy in these estimates at least
equal with the estimates of molecular weights. Em-
ploying a computer means that it is no longer neces-
sary to use approximate methods for calculating vari-
ables: instead theoretically sound algorithms can be
employed. For example, it should be possible routine-
ly to find the centroids of sedimenting boundaries by
second moment calgulations rather than measuring
the radial dimensions of the maximum ordinate of the
schlieren peak.

The work of Schachman and his co-workers [7]
opened the way with their photoelectric scanner to
constructing a computer controlled measuring system.
The complexity of the original equipment advanced,
making it possible to record measurements from mul-
tiple cells in one rotor and schlieren records can now
be recorded by this equipment [8,9]. We expanded
from this idea to give a computer controlled system
which performed most of the analogue functions by
digital and programmed algorithms {10]. There were
many limitations on this original computer system
arising mainly from lack of storage in the computer
and restrictions on the arithmetical operations intro-
duced through using a computer having a relatively
short word. The system described in this communica-
tion is more elaborate and it is now possible to rou-
tinely collect accurate records for up to 9 solutions in
one rotor as well as processing these records to give
instantaneous estimates of molecular parameters. While
testing the operation of this system, several previously
unrecorded properties of bovine serum albumin were
detected and some of these results have been used to
illustrate the functioning of the system.

2. Experimental

The description of the system has been divided into
two subdivisions, (1) Centrifuge and interface to com-
puter hardware, and (2) Programs used to operate the
system.

2.1. Centrifuge and interface to computer hardwure

An analytical ultracentrifuge (Measuring and
Scientific Equipment Ltd., Crawley, England) fitted
with a photoelzctric scanner and monochromator il-
luminated with a 150 watt xenon light was interfaced
to a Nova 1220 computer (Data General Corp., Mass.,
USA) having 16 384 words of core store and an ex-
changeable disc. The mechanics of the scanner fol-
lowed the principles described by Spragg et al. [11]
and used an oscillating mirror to move the image of
the centrifuge cell across the masked photomultiplier.
In addition to the monochromatic light, the electronics
also use signals from a secondary infrared beam of
light which passes through a notch cut in the top of
each sector of the centrifugeells and eventually falls
on a photodiode. Signals from this infrared beam both
trigger the sample and hold unit (fig. 1) and alert the
program to the fact that a sector is aligned in the
monochromatic light and ready for conversion from
analogue to digital form. The pulses from two adjacent
sectors are separated through gates by electronics sup-
plied with the centrifuge. Transmission ratios are cal-
culated in the computer from voltages collected from
the photomultiplier so it is important to sample each
pulse at the same angular position of the rotor. To al-
low for manufacturing tolerances in the sectors, two
adjustable delays have been introduced between the
photodiode and each sample and hold unit (fig. 1).
The point where each pulse is sampled can be varied
from one side to the other of the voltage pulses from
the photomultiplier and the delays are tuned at the
beginning of each experiment so that sampling occuss
at the top of all pulses.

Two sample and hold units (settling times | us
and sampling bandwidth 350 kHz) are necessary, each
following voltages from adjacent sectors. Because only
3 ps separate sectors at full speed of rotor, it would
be impossible to convert from analogue to digita! form
(at the accuracy required) in 3 ps. The zo, -i:ter
(12 bit) is fed through a multiplexer (requiring approx-
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Fiz. L. Flow diagram of signals to and from the Nova 1220 computer. pm = photomultiplicr; pd = photodiode {detectine sector):
a—d = analogue to digital converter; d—a = digital to analogue converter; sh = sample and hold unit; ppr = pulse per revolution of
centrifuge rotor; It = left; ¢t = risht; int = interrupt: vdu = visual display unit.

imately 8 us to settle after switching) and the
sampled voltages are clamped for 80 us at their

peak values before releasing the clamp, so allowing the
sample and hold to follow the incoming voltage from
the photomultiplier.

Three additional digital signals are supplied to the
computer from the centrifuge: (1) a single pulse pro-
duced by each revolution of the rotor and fixed in its
angular position with respect to the reference centre-
piece. This position is required by the program in or-
der to relate sequential readings collected from cclls
in a multi-hole rotor to the respective combinations
of sectors for calculating the transmission ratios; (2)
a change in level which indicates when the scanner
reaches the drop in the cam so making it possible for
the program to synchronise the search for the first
reference hole; (3) a similar change in level from the
clock in the centrifuge for collecting records at pre-
defined intervals. Finally, the computer supplies
pulses which drive the stepping motor attached to
the scanner. This has a minimum stepping distance
equal to 4 X 103 mm. Radial dimensions ar : meas-
ured as pulses supplied to this motor.

Having collected a set of records the computer

stores the information on the exchangeable disc. These
records are then edited before processing using a visu-
al display. A 23" display was constructed driven by
two 10-bit digital to analogue converters (fig. 1). The
editorial program displays the chosen record and a
cursor is included within the displayed pattern which
can be moved right, left, and down through three con-
trol switches. When this cursor is moved near a dis-
played point and a fourth switch is pressed. the index
of the coordinate is returned to the program.

2.2. Programs

Once the centrifuge is operating and the necessary
adjustments have been made to the electronics, the
experimentalist must call a program to initialise vari-
ous experimental parameters. These include defining
the radial position for starting the collection, the time
interval between scans, number of sectors in the rotor,
their relative combinations and the signal to noise ra-
tio to be reached during the averaging of noise on the
incoming signals. As with our earlier system [8, 10]
the scan of the cell-image is not continuous, but data
is collected at discrete intervals along the cell. The in-
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cremental distance for stepping the scanner must also
be entered into the initialising program; it has a min
imum value of half the width of the slit width on the
photomultiplier (this width is always less than 0.1
mm). The radial distances are entered in linear dimen-
sions (cm), so to convert these to machine variables
the stepping motor must be calibrated in terms of
pulses per centimetre. This calibration is also carried
out by the initialising program at the wavelength of
light to be used in the collection by counting the
number of pulses required to move between the two
reference holes. All these parameters are stored in a
file available to the collection program.

Collecting a record starts by the operating system
calling a second program. This can occur either through
the teletype or the interval timer of the centrifuge.
This program reads the initialised parameters from
the stored file: it then moves the scanner to the first
reference hole and records the number of pulses be-
fore moving to the starting position. This is the first
datum of the record and, as with subsequent points,
it receives and averages pulses from each sector and
calculates the transmissions for the combination. The
voltages from the photomultiplier are first accumu-
lated to give V; for n readings of the ith sector

[eq. (1)]

4
Vi=24 V;;- ()
=1
From ¥; is calculated the nth transmission, Ty, n» fOF
each combination
Tpn=VaV;, )

where s ¥ { and is the reference voltage through the
solvent. Since it is possible to have 9 solutions and one
solvent in a six hole rotor, up to 45 combinations
could be produced if all sectors were compared. Nor-
mally experiments involve only calculating Tp’,, for
true transmissions rather than comparing all sectors,
so p has a maximum of 9. Each T}, , is further aver-
aged to provide a mean for calculating the ratio of
signal to noise using eq. (3).

Tp,K'_'Tp.K—l +£\'f\7£ Tp,n‘ 3)

Nuinerically K =1 but T, g differs from 7, , since it
is the mean of K transmissions while T}, ,, is the instan-

taneous transmission calculated from summed voltages.
The noise is estimated as the variance from the resid-
ual sum of squares (E, g) calculated from eq. (4).

K—-1
EP-K=EP»K_‘ +T(EP-K-1—T3’,K)2 (4)

and a variance (V, g) is calculated as £, ¢/ [,K K-1].
The ratio of signal to noise is caleulated as T, x Wox
and this is compared with the expected ratio entered
into the initizlising program. Each combination is
treated separately, and the program only moves the
scenner to a new radial position when the ratios for

all combinations are larger than the cxpected ratio.

In schlieren experiments, T}, ,, [eq. (2)] is calculated
from (V—V;) and the Vs are calculated from means
of the summed voltage.

Eventually the scan either reaches the end of the
cell (defined by the lack of pulses from the photo-
multiplier) or the terminating position given to the
initialising program. [t then finds the bottom reference
hole and records the number of counts. The series of
averaged values for T, g are stored away in a file
labelled by the experiment and scan number, together
with the relevant data from reference holes and start-
ing radii.

This completes the collection of a record, leaving
the results to be displayed and edited using the visual
display unit. This process is carried out as a background
job to collection and having minimum priority. The
results of the editing can be processed during the ex-
periment using the appropriate algorithms for the ex-
periment.

Although experiments yield rzcords fro. two basic
types of experiment (equili*.rfium and velocity), oro-
cessing these differen’ records involves a commuou re-
gression analysis. This is 2 conventional analysis in
which the unweighited variables are fitted first to a
linear and then a cuzdratic equation and the ratio be-
tween the residuals calculated. This ratio is then tested
by an F-test fo'rtowing the calculation of the expected
ratio for 95% probability of significance of the qua-
dratic term using the number of degrees of freedom
for the data. Should the test prove significant, the
parameterss and their standard ervors for the quadratic
equation are typed out; then, normally, the molecular
parameters with standard errors are calculated from
the linear equation. These statistical routines are com-
bined with routines which transform records from either
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equilibrium or velocity into linear equations, so pro-
ducing two separate programs. Non-linear analyses
can be carried out in the on-line system and several
programs are used routinely for fitting non-linear
equations to edited records. Time to complete the
calculations is not a limiting factor in these analyses
because the operating system of the computer sus-
pends all programs when the interval timer calls from
the centrifuge and continues them from the point of
suspension when a collection is complete.

The absorbances were calculated by natural loga-
rithms in the processing programs: hence, most of the
numerical values for absorbance quoted in the figures
are 2.303 times the conventional absorbances meas-
ured in spectrophotometers.

3. Chemicals and experimental conditions

Solutions were made in a phosphate buffer pH 7.0
(12 = 0.1) containing 0.05 M sodium phosphate,
0.05 M NaCl, 10—3 M EDTA and 10~4 M NaNj (at
20°C, the density = 1.0045 g/m and viscosity =
0.010033 poise). The protein solutions were chemi-
cally equilibrated with this solvent either by passage
down columns of Sephadex G100 (Pharmacia Ltd.,
UK), or dialysis. 40-mg samples of crystallised and
lyophilised bovine serum albumin (Sigma Ltd., UK)
were dissolved in the 10 cm3 of buffer and this was
purified by chromatography on a 30 X 6 cm column.
Samples from the centres of peaks were used in the
experiments. The samples were stored at 4°C for peri-
ods up to two weeks before use, and nommatly the ab-
sorbances were in the range 0.6 to 1.6. The experi-
ments in the centrifuge were carried out at 20 + 0.05°C
using 20 mm double sector cells.

The value taken for the partial specific volume of

bovine serum albumin was 0.734 [12] and E{% ' Of

6.61 [13] at 280 nm.

4. Results

Having assured ourselves that the programs and
interface were functioning correctly, it was necessary
to explore the accuracy and precision achieved in es-
timating molecu:ar parameters for a well defined
macromolecule. For this stage of the investigation the

molecular weights of bovine serum albumin were
estimated in the range of concentrations 0.4 mg cm—3
to 0.9 mg cm—3. Approximately 2 mm columns were
run at 12000 rev min—! for greater than 20 h at

20°C in order to reach centrifugal equilibrium. The
results from one run in which 7 solutions were simul-
taneously examined are given in table 1. A typical
plot of In ¢ against r2 is shown in fig. 2. Within the
range of concentrations studied there was no obvious
trend in molecular weights with concentration, and
the mean molecular weight together with its standard
deviation for this experiment was 66070 £ 1570. This
value compares favourably with the accepted molec-
ular weight for bovine serum albumin of 66500 [6, 14].

The dimer of bovine serum albumin was included
in the experiment (table 1) in order to examine the
range of molecular weights that can be accurately es-
timated using one speed. This knowledge is particular-
ly important when estimating interaction constants
between proteins where polymers accumulate towards
the bottom of the centrifuge cells, and records from
this region are generally less reliable than in the centre
of the column of solution.

In the present example an average molecular weight
of 120290 = 3700 was found for the two estimates
of the dimer. The records from both solutions fitted
a straight line relationship between In ¢ and r2 better
than the quadratic equation. This average molecular
weight was lower than that expected for a pure dimer

Tablc 1

Molccular weights of bovine serum albumin and its dimer cal-
culated from sedimentation cquilibrivim. The results are from
7 sectors in one experiment, each sector containing between
2 and 3 mm columns of solution. The results were calculaied
from 5 scans at equilibrium and standard deviations for these
S scans are given with the means

Conc. Mol. wt.
(g/100)cm? x 102 (x 10~

9.59 66.23 =+ 3.1
8.40 63.98 + 5.77
6.75 §7.24 £ 10.50
4.5 67.81 =« 9.06
3.52 65.07+ 30
4.423) 116.56 + 3.8
4.422) 12403+ 35

1) Dimer separated from the monomer on a column of
Scphadex G100.
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Fig. 2. Centrifuge equilibrium experiment on bovine serum
albumin at a concentration of 0.5 mg cms™>. The continuous
line is from the regression cquation y = —26.173 + 9.543 R?
and the apparent molecular weight was 63500 = 2600. Speed
of rotor was 12000 rev min~}. In 4 = natural logarithm of
absorbance, mecasured at 280 nm.

of bovine serum albumin (133000) and would corre-
spond to approximately 80 £ 7% dimer if monomer
were the only contaminant in a mixture. This is not
significantly different from estimates of the porpor-
tional contamination of dimer by monomer calculated
from the elution pattern of the gel (approximately
90% dimer in the solution). This test showed that 10%
monomer would not be detected under these experi-
mental conditions at the significance level used in fit-
ting the data to In ¢ versus rl,

The coefficient of variation in the estimate of
molecular weight for individual solutions was general-
ly in the range 3—17% and could not be reduced de-
spite increasing the signal to noise for averaging pulses
during collection of data. As with our original simpler
system {8, 10], the standard error on a measurement
of absorbance could be reduced by increasing the sig-
nal to noise ratio until the error reached a relatively
constant level of + 0.014 at 280 um (table 2) at a sig-
nal-to-noise of 180. Increasing the signal-to-noise ratio
further did not significantly reduce this error. Incon-

Table 2
Statistics of the computer controlled recording of ordinates

compared (where appropriate) with similar efrors from
schlicren records on photographs

Fhotograph Computer

Radius (coeff. of variation) 0.057% 0.059%
Location of meniscus (same run) 6.515 cm 6.510 cm @
Location of a position in the cell - +0.0039 cm
(s.e.)
s.e. of mean of absorbance b)

280 nm — 0.014

260 nm: 0.015

a) Measured with a pre-set radial interval of 0.01 cm for scan-
1er.

b) Mean for 8 sectors containing water or absorbing solution
in each sector.

sistencies across the windows are thought to be the
source of this constant error, and using double sectors
with the same window covering solvent and solution
does not remove this error. The level of the erfror in-
creased marginally to 0.015 at 260 nm (table 2). It
has been assumed in the regression analysis that the
main source of errors is from naoise in the measure-
ment of absorbance; however, it is important to con-
sider systematic errors in the measurement of radial
dimensions. In our system where a stepping-motor is
pulsed and the count taken as a linear measure of the
radius, there will be a quantal error of £ L pulse and
equivalent to approximately * 2.1 X 10~% c¢m. These
counts are then converted to absolute measurements
of the radii by counting the number of pulses between
the two reference holes. The accuracy of this calibra-
tion depends on the error incurred in locating the
centres of the two reference holes. One estimate of
this error was collected by calculating the coefficient
of variation for moving the scanner to the same posi-
tion in the cell over many experments (table 2). It
amounts to 0.059% and is comparable with the esti-
mated variation found for measuring the distance be-
tween reference lines on a schlieren photograph
(0.057%, wable 2). The coefficient of 0.059% corre-
sponds to an absolute error of 3.9 X 1073 cm in the
radial dimensions. One expression of this uncertainty
is the precision with which the radius of a meniscus
can be measured and also in table 2 is compared the
radial positions of a meniscus recorded both by scan-
ner and measured from a schlieren photograph. The
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difference of 5 X 10~3 cm between the two measure-
ments is within the interval set for stepping the scan-
ner down the cell and similar to the uncertainty in
locating the centres of the reference holes. Though
these are small errors they contribute to the uncer-
tainty in estimating the molecular weights, and an at-
tempt has been made to include these errors in the
analysis by averaging the estimates for several scans
which have been individually processed. It would seem
from the present results that noise from absorbance
limits accuracy to between 3% and 17% for individual
sectors and the overall accuracy becomes approxi-
mately * 3% when several records are averaged.

One main objective in constructing the system was
to study the dissociation of proteins in dilute solutions.
It was. therefore, of importance to know how the er-
ror and precision of the estimates varied with absorb-
ance. Table 3 shows results from an experiment de-
signed to study this variation in which scans of equi-
librated solutions were collected at three wavelengths,
giving a total of 8 absorbances. As expected, the pre-
cision of the molecular weight was greater for the
higher absorbances; however, the standard errors re-
mained relatively constant for solutions having absorb-
ances greater than 0.054 but increased markedly for
absorbances below this value. A record was also made
at 340 nm where bovine serum albumin shows negli-
gible absorption and surprisingly a definite pattern was
recorded from which a molecular weight for the high-
est concentration (0.9 mg/ml) was estimated to be
69500 = 20030 (fig- 3). The median absorbance for

Table 3

Estimates of molecular weights of bovine serum albumin at
different absorbances. The estimates were from selected sco-
tors scanned at thrce wavelengths, 280 nm, 290 nm and

300 nm. The absorbances were recorded by a spectrophoto-
meter in I cm cuvettes

A Absorbance Mol. wt.

(nm) x10—3)

280 0.748 64.785 + 2.85
280 0.434 64.48 = 266
290 0.389 60.61 = 1.77
280 0.383 5996 =« 1.20
290 0.195 61.42 = 263
290 0.054 80.74 = 7.05
300 0.044 76.16 = 11.97
300 0.0625 66.81 =11,98

this solution at 340 nm was 0.02. The slope from the
straight line relationship between In ¢ and r? became
progressively less significant as the concentration de-
creased; however, the median absorbance was relatively
constant at 0.02 for all solutions. These unusual re-
sults may be caused by surface denaturation of the
protein on windows during the experiment. The rates
of denaturation and accumulation were slower than
the time required to reach centrifugal equilibrium and
the absorbance was mainly caused by scattering of the
light from the film of denatured protein on the win-
dows. If this is the explanation, then it means that
base-lines cannot be accurately assessed after the ex-
periment but must be made before introducing solutions
of proteins. In general it was found that the base-lines
gave an absorbance of approximately * 0.01 in most
cells. and this has been ignored in the p: sent analyses.
While assessing the performance of our system it
was found that bovine serum albumin was not stable
in dilute solutions. Solutions having absorbances of
approximately 0.7 at 280 nm (1 ¢m cuvette) were used
routinely in the early stages of the work and low molec-
ular weights were consistently recorded. For example,
the molecular weight for a solution stored for 3 days
at 4°C after chromatography was estimated to be

32 | 1 ; ] ]
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Fig. 3. Centrifuge equilibrium experiment on be vine serum
albumin at a concentration of 0.5 mg cm ™', ana the record
was measured at 340 nm. The coatinuous line is frcm the re-
gression equation v = —30.988 + 0.589 R? giving an apparent
molecular weight of 69500 + 20300. In A = natur=: logarithm
of the absorbance.
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36760 % 4450 for the recordings taken 1 mm from the
meniscus and 66460 = 12130 over the last 1 mm (to-
tal column height 2.3 mm). This solution originaily
gave an average molecular weight of 66230 * 3100
(table 1, first value) when run immediately after
chromatography. The cause of the instability in the
protein is not known, but it may be relevant to the
explanation that the molecular weight after standing
was approximately half the expecied value for bovine
serum albumin.

Accuracy in estimaties of molecular weights from
records of sedimentation equilibrium is limited main-
ly by errors in measurement of concentration at de-
fined radial positions and uncertainty in the measure-
ment of these positions only introduces small system-
atic errors. In velocity experiments, errors introduced
from both absorbance and radial dimensions become
major factors in the systematic and random errors on
estimates of sedimentation coefficients. It is, how-
ever, important ia the analysis of macromolecular
behaviour in solutions that the system should provide
accurate analyses of records fmm velocity experiments.
There are two stages in this analysis; first the centroid
of the sedimenting boundary must be located at fixed
time intervals, and then these locations are combined
to provide an estimate of the sedimentation coeffi-
cient. Uncertainties in locating the reference holes in-
troduce errors in the absolute radial dimensions for
each scan; however, as shown in table 2, these errors
are similar to those accepted for measurements from
photographic records. This gave confidence that esti-
mates from the scanning schiieren should be at least
uas precise as those accepted from photographic records.
Introducing a computer to collect this data does pro-
duce a valuable bonus in that it is now possible to cal-
culate routinely the centroid of the boundary by sec-
ond moment analysis. A further important aspect of
the scanning schlieren is that it is approximately five
times more sensitive than the photographic procedure,
making it possible to record more information from
low concentrations (< 1 mg cm™3) of the macromale-
cule.

Records from either the absorbance or refractive
index gradient at each radial ordinate can be collected
with the system. The absorbance is measured using the
algorithms given in egs. {1)—(4) and processed by
either a probit approximation [15] or non-linear anal-
ysis [16]. The only change required in the optical sys-

tem is to introduce a kaife-edge in the focal plane of
the collimating lens making the optics resemble the
normal schlieren without the cylindrical lens {8, 9.
Thus, when light is deflected from its normal path and
the edge is rotated to an zngle to this path, some of
the deflected beam is cut off by the edge while the un-
deflected beam continues undiminished. Both beams
(separated in time) are focused to a spot on the cath-
ade ofthe photomultiplier and their relative intensities
will be determined by the amount passing the knife-
edge. The operation of both centrifuge and computer
is not changed when collecting schlieren-records and
the optimised data make allowance for deflections
caused by the solvent. Reisner and Rowe [9] have
sumimarised the alignment of this type of system for
the Model E centrifuge, and their comments apply
equally to the MSE centrifuge. It should be men-
tioned, however, that since a deflection is measured

as the integral light-intensity in a radial plane for the
beam transmitted through each sector, the reference
intensity from the solvent does not allow for fack of
uniform illumination in the circumferential axis of
each sector, but only for variations in the radial direc-
tion. Systematic errors from this source will have negli-
gible effect on the precision of the record if the cir-
curmferential width of the beam of light illuminating
the sector is larger than the width of the sector at all
radii. Visible light (in the range 400 nm to 550 nm)
was used for work with scanning ~chlieren making it
possible to operate the photomultiplier at consider-
ably lower voltages than for UV with a corresponding
decrease in the time required to average the puises.

A further advantage in measuring relative deflections
at discrete positions across the boundary is that the
algorithms employed in processing the records can in-
clude estimates of diffusion coefficients from the ra-
tios of area/maximum height [17}. Briefly, our proce-
dure for editing has been to select from a complete re-
cord the menisci, beginning and end of the schlieren
peak for each scan. From these edited data are then
calculated the centroids of each frame by second mo-
ments leading to estimates of the sedimentation coef-
ficient by regression analysis. Then the ratios between
the height of the maximum ordinates and the areas of
the peaks are computed, leading to an estimate of the
variance of the boupdary (the ratio height/area). These
estimates are corrected for sectorial dilution and cen-

trifugal field by the methods suggested by Trautman [18].
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Table 4
Estimates of sag_w and D g, for bevine serum albumin from
records collected by the scanning schlieren procedure

Conc. $20.w Dig w
(/100 ecm®) (s X 1013) {em?/s X 107}
a.15 4.53 3.45
+0.35 +0.59
0.14 4.76 5.53
+0.21 *0.5
0.039 4.51 5.56
£(0.48 +0.39

This set of values is fitted to a regression equation
using time as the abscissae. If a straight line is signif-
icant, then the diffusion coefficient is calculated
from the slope. If the spreading of the boundary is
not linear with time, then the calculation of the diffu-
sion coefficient is abandoned, but the regression co-
efficients are given.

Having the facility to calculate both sedimentation
and diffusion coefficients makes it possible to study
routinely the detail of sedimenting boundaries in cru-
cial experiments designed to study heterogenity in
macromolecules. We have found this particularly use-
ful in work with bovine serum albumin where it was
suspected that storage of dilute solutions was accom-
panied by decomposition into a half molecule. Results
of velocity experiments on three concentrations are
summarised in table 4. The estimates of weight aver-
age sedimentation coefficients were consistently high-
er than expected for bovine serum albumin at these
concentrations (approximately 4.43 X 10713 5
{6, 14]) while the diffusion coefficients were lower
(this parameter is refatively insensitive to changes in
concentration [19, 20] and generally accepted to be
6.1 X 107 cms? s—1). Measurements of diffusion
coefficients by fluctuation spectroscopy [21] for a
concentrated sample of a similar purified solution (a
concentration of 2.0 mg cm~> was required for spec-
troscopy) gave a result of 5.78 £0.07 X 10~7 ¢m?
s—! and confirmed our estimate from the centrifuge,
It was disturbing to find, however, that neither meth-
od detected the presence of the oligomer by curva-
ture in the regression analysis. Having detailed data
on the profile of the boundary made it possible to
compare the experimental record with a simulated
profile for a molecule of s =4.3 X 10~ 13 s and

D=592X 105 ¢m2 s~L. This was computed from
the Fujita—MacCosham [21] solution to the Lamm
differential equation, so it includes the approximation
of no concentration dependence for both sedimenta-
tion and diffusion coefficients. Examples of these two
profiles are shown in fig. 4 where it can be seen that
the oligomer caused distortion of the leading edge of
the peak. Similar detailed measurements could have
been made from photog:aphs, but it is doubtful wheth-
er this would be made routinely in the analysis of velo-
city runs. In this experiment the dimer would have
moved to 6.37 cm, so it seemed that dimer formed
during storage for one week at 4°C.

It should be noted that the estimates and compari-
sons were made during the experiment, so giving the
experimentalist the opportunity to adjust experimen-
tal conditions if so desired. Analyses made on concen-

o 1 \ ] 1 | ! ]
614 618 &2 626 630 6% 638 6% 646

R{cm)

Fig. 4. Comparison betwceen a computed schlieren profile
(continuous line) and a bovine serum albumin (concentration
0.6 mg cms—>) after 1940 s from reaching 37000 rev min™
(the continuous speed of the rotor was 49950 rev. min™*).
The profile was computed from the Fujita~-MacCosiiam rela-
tionship for a molecule havings = 4.3 X 1073, D =

593 % 10~ cm? s~} and meniscus at 6.1 cm. The scale

of dn/de is arbitrary but proportional to volts measured at the
photomultiplier.
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trations of protein less than 0.010 g/100 cm3 by cen-
trifuging myoglobin and using absorbance at 410 nm,
showed that Jdisturbance of the boundary caused by
convection increased the spreading of the boundary
and reduced the estimates of sedimentation coeffi-
cients. Creation of a density gradient down the cell
helps to reduce convection {16, 23} but makes quan-
titative interpretation of the results more difficult, so
these experiments have been omitted from this discus-
sion.

The errors on the sedimentation coafficients were
relatively high but not significantly greater than those
normally found for measurements from photographic
records at these concentrations of macromolecule. In
order to assess the proportion of errors introduced in
editing and regression analysis, a szries of profiles was
generated using the Fujita—MacCosham [22] relation-
ship and analysed by the complete procedure. The
parameters used in generation were s =4.5 X 10~13 s
and D = 6.3708 X 10~7 cm? s—1 and the estimated
values were 4.477 +0.002 X 10~13 sand
6.461 £ 0.155 X 107 cm? s~1 respectively. This
exercise showed that the analysis produced a small
systematic error in the estimate of sedimentation co-
efficients but the random error was negligible for this
parameter. The estimated diffusion coefficient was
higher, but because of the relatively large random er-
ror in the estimate it was not significantly different
from the generating value. The errors found when
analysing simufated records arise in part from round-
ing in the arithmetic of both the simulation and anal-
ysis, but possibly the major source was from approxi-
mations in formulating the linear algorithms. Never-
theless, the example with bovine serum-atbumin
showed that applying a combination of routine linear
analysis with simulation provided a useful semi-quan-
titative analytical procedure for examining the shapes
of profiles in sedimentation experiments.

5. Discussion

The combination of a MSE analytical ultracentri-
fuge with a relatively powerful small computer provides
an efficient and accurate system for studying the
hydrodynamic properties of macromolecules. Having
available large numbers of relatively precise measure-
ments of known standard deviations [10] not only re-

lieves the experimentalist of the tedium of meas-
uring these from photographic records, but also pro-
vides immediate estimates of molecular parameters
during the experiment. Later, it is possible to evaluate
the significance of experiments in relation to an ap-
propriate statistical procedure. The results given in
this communication show that the error on estimates
of molecular weights for dilute solutions is approxi-
mately + 39 provided estimates from more than one
solution are averaged. Fortunately it is as easy to make
measurements and estimates on 9 solutions as with
one; the limits are volumes of solutions (0.1 cm? per
sector for 1.5 mm column) and concentrations (ideal-
ly absorbances shouid be greater thun 0.1).

Having a large backing store and an efficient oper-
ating system for the computer is necessary if records
are to be processed in the time-scale of the experiment.
This has proved important when examining interacting
systems composed from proteins which are both labile
and expensive to prepare. Our greatest problem was
gaining sufficient confidence to accept the results pro-
duced by the system. Even after extensive testing, un-
expected results were considered an annoyance caused
by a malfunctioning of part of the system. It was only
when we continued to get the same results that we
realised we could accept the system as a faithful re-
corder of experiments. Once this stage was reached,
we were able to forget the recording of experimental
data and to concentrate on interpreting the data.

Possibly the greatest advantage gained from incor-
porating ‘on-line’ computers is always having available
a complete set of coordinatas across a sedimenting
boundary. These can be analysed by rigorous analytical
procedures during the experiment. For example, the
approximate procedure of measuring the movement
of the maximum of a schligren peak can be replaced
by estimating the centroids of these boundaries and
calculating true weight average molecular parameters.
This procedure is particularly useful in velocity experi-
ments when investigating possible interacting systems
and when low levels of heterogeneity are suspected.
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