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IMPROVEMENT IN PRECJSION OF SEDIMENTATION-EQUILIBRJHM 

EXPERIMENTS WITH AN ON-LINE ABSORPTION SCANNER 

Robley C. WILLIAMS Jr. 
Department of Biology. Yale tJniversity. New Haven, Connecticut 065-70. US.4 

An on-line computerized optical shmrption scu’uu!r for the analytical ultracentrifuge has been dcveIopcd and tcsrcd. 
It makes direct USC of the instantaneous photomultiplier output, which is digitized and nveragcd by chc mmpurcr. It incor- 
porntcsa stcppirg motor to drive the photomultiplier. two analog-todigital converters. and a device rvhich monitors preces- 
sional movement of the rotor. The scanner has been cmp!oycd chiefly in sedimentation equilibrium experiments. and tech- 
niques bve been dcvkcd to correct for the adverse effects of inhomo~eneities of apparent absorbance which arise from the 
At windows. Correction for rotor movements which occur during the smn is zho possible. The complctcd apparatus is a 
successful one. and provides a sipnifkutt improvement in precision, speed and convcnicncc over the commerci3lly available 
sunners. The limitations on precision inherent in the present design are examined. and it is wncludcd that the combined 

effects of window inhomogcncities and rotor movcmcnt 1-d to uncertainty of the measured absorbance which is unlikely 
to be reduced below + 0.001 A. 

l_ introduction 

Optical absorption scanning systems for the ultra- 
centrifuge [I, 21 have met with wide success, and com- 
mercial versions of such systems are available. A num- 
ber of scanning systems have been built in which com- 
puters are utilized to carry out many of the data- 
gathering and control functions 13-91. Such a system 
is described here. It was designed primarily for sedi- 
mentation equilibrium measurements, with precision 
rather than speed of operation as its primary goal. The 
performance of the system is analyzed, in order to 
clarify some of the present limits to precision of meas- 
urement of optical absorption in the ultracentrifuge. 

2. Considerations of technique 

In order to maximize precision of measurement 
with any absorption scanner, it is necessary to correct 
the absorbance data obtained in an experiment for 
the “baseline” of apparent absorbance that can be 
observed from a water-filled ultracentrifuge cell. Such 
baseline corrections are commonly made when refrac- 

tometric optical systems are employed [lo] _ but they 
have seldom been reported in measurements with the 
absorption scanner_ A primary cause of these baseline 
irregularities is deposition of foreign material (oil, 
dust, etc.) on the windows of the cell. With the custom- 
ary demountable cells 1 IO], the windows must be 
cleaned each time the cell is filled. If one attempts to 
measure the baseline after such cleaning, much of the 
detailed perturbation of the absorbance is lost. How- 
ever, equilibrium cells have been designed [ 111 which 
do not have to taken apart between runs, and such 

“external loading” cells make good baseline correction 
possible_ In routine sedimentation equilibrium experi- 
ments, therefore, we carry out the experimental run 
and then immediately remove the cell, extensively 
rinse the solution channels, and then refill them with 
solvent, We then carry out measurements of the appar- 
ent absorbance of this blank cell under conditions 
identical to those of the experimental run. The absorp- 
tion baseline so obtained is subtracted from the ex- 
perimental points as indicated in fig. I_ The correction 
of small irregularities which can be achieved by sub- 
traction of the baseline is apparent, and the increase 
in precision obtainable through such correction has 
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Fig. 1. S~imeot~tion equ~ibrium of C~hcmo~obin A. at 
20.000 rpm in a eel1 (I 11 of 30 mm opt&[ path, Mcasurc 
ments msdc wiih the summer described in this paper. The 
lower curve shows the cclf baseline obtained after the esperi- 
merit; the middle curve shows the experimental data; the up- 
per curve (displaced upward by 0.05 A for clarity) shows tite 
experimenta data titer correction by subtraction of the ccl1 

baseline. (See text for details of technique.) Conditions: 
monochromator slit at 0.8 mm; photomultiplier slit at O.OEi 
mm; imq focusscd Neal the j-pbnc of the cclt- 
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been a primary influence in the design of the present 
scanner system. 

3. Apparatus 

The apparstus presently in use in our h&oratory is 
schematicaliy described in fig- 2_ It is based on the 
commercially available Beckman Model E scanner 
(Beckman Instrument Co., Palo Alto, Calif.). The 
standard photomultiplier was retained, together with 
its housing, lead screw, and power supply. The mono- 

chromator and Hg-Xe lamp were a!.<* retained. In 
operation, the pulses of voltage pruduticd by the pho- 
tomultiplier when the cell passes :hrough the light 
beam are acquired at the “sampler output” jack on 
the scanner, and the rotor-collar tim~g marks are ac- 
quired at the two “Schmitt triger” jacks on the multi- 
plexer. Both the photomultiplier output and the timing 
pulses are buffered and passed to the acquisition com- 
puter, a PDP-8/E (Digitaf Equipment Corp., Maynard, 
Mass.) equipped with 1% of core memory, two 
analog-to-digital converters, and a digital input-output 
module. Several of the special elements of design in- 
corporated into this system are discussed below. 

COMPENSATE TIME-DELAYS 
FOR ROTOR SPEED AND 
FOR RADIUS OF EACtI POINT 

a 

START BASELINE ACOUISITION I 
l___________--_-_---_----~-J 

TRANSLATE STEPPING MOTOR 

Fig. 2. Schematic diagram ofabwrption sczmncf functions. The interface (within dashed lines) between the photum~tiptier output 
and the digital computes was amstructed of packaged digital modules <‘*Flip-Chip”, D&d Equipment Corp., Slaynard, h¶ass.) at 
a cost of zbout S 1500. A detailed schematic diagram is avaiiable from the author upon request, 
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3.1_ Stepping ma tur 

A stepping motor [ 121 (SLO-SYN, Model HS25, 
Superior Electric Co., Bristol, Corm_), geared down 

12: I, drives the photomultiplier lead screw under 
computer control. (The gear reduction provides about 
7400 steps between the counterweight edges: one step 
corresponds to about 2.2 microns in the cell.) This ar- 
rangement, similar to that described by Cohen 171, 
has numerous advantages over the dc motor usually 
employed to drive the lead screw. First, reproducible 
positioning of the photomultiplier can be achieved, so 
that cell baseline corrections are relatively simply and 
reliably done. Second, the photomultiplier can “dwell” 
at any given radial position for a variable length of 
time, determined by the program, in order to reduce 

the signal-to-noise ratio below a preset value [3 J _ 
Third, the radial spacing can be varied by the program 
to be large in regions of shallow gradient and small in 
regions of steep gradient. 

For reasons set forth below, the timing of sample 
acquisition is a delicate problem. Fig. 3 shows the re- 
sponse of the stationary photomultiplier as one chan- 
nel of a cell passes before it_ The top region of the 
pulse is seen to be not completely flat; but rather it 
shows ripples. The ripples are the circumferential 
counterpart of the radial irregularities apparent in the 
baseline scan in fig. 1 _ They have at least three sources: 
deposition of oil and other foreign material on the 
windows of the cell, absorbing or refracting inhomo- 
geneities in the windows themselves, and reflections 
from the side walls of the centerpiece which are the 
unavoidable consequence of poor collimation of the 
light from the monochromator. Since absorbance is in- 
ferred from the voltage at the top of the pulse, it is 
important to control and reproduce the circumfercmiaf 
position at whidl thii voltage is acquired (hence its 
timing} as well as the radial position. If the timing of 
acquisition is not reproducible between the experimen- 
tal run and the baseline run, good correction cannot 
be expected. 

In order to obtain precisely reproducible timing, 
the following strategy has been adopted. The cell is 
tilled in such a way that the first light-pulse encoun- 
tered is from the solvent, and the second is from the 
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Fiz. 3. Profile of ;1 pulse from th.c phctomultiplier. The photo- 
multiplier was held statiomry. and its output was acquired 
with a 400 ns window. at the delay times shown on the kori- 
zontnl axis. Each point represents the mean of 400 revolutions 
of the rotor at a given d&y time. and the unccrtsinty on the 
vcrtiul ssis is smaller than the diameter of the pointr (The 
“ripple” in the fLxt region at the top of the pulse is typinl of 
that seen at other radial positions, although the shape varies 
from one position to another.) Conditions: wavelcneth of 
546 nm, monochromator slit at 2.0 mm. photomultiplier slit 
at 0.08 mm. 

solution. This “backward” loading causes the leading 
edge of the first pulse to be reproducible, at a given 
radius, between the experimental and baseline runs. 
The leading edge of the solvent pulse is employed to 
trigger two time-delay circuits (see fig. 3). Since the 
slits over the cell are parallel rather than radial, the 
time elapsed from the occurrance of the trigger to the 
center of a pulse becomes markedly shorter as radius 

increases. To compensate, a 2 MHz crystal clock and 
counter have been incorporated into the interface to 
adjust the delay time. The delay is recalculated by the 
program each time the radius is altered, and the counter 
is set appropriately. In this way acquisition times 
can be obtained which are reproducible to better than 
0.1 microsecond between the experimental run and 
the baseline run. With such reproducible timing, and 
with the use of externally loaded cells, the effects of 
circumferential inhomogencities of the windows are 

minimized. 

3.3. A/D cotwerrers 

Two analog-todigital converters are employed 



(fig. 7), so that both the sample pulse and the solvent 
pulse can be acquired in the same pass of the rotor. 
This design saves time, and it has the additional advan- 
tage of reducing the effect of tow-frequency fluctua- 
tions in light intensity which are present in the output 
of the HIg-Xe fightsource. The drawback is that the 
converters must be calibrated pe~adic~ly to insure 
that they perform identically with respect to gain. 
Differences in zero offset between the two converters 
are compensated by sampling the photomultiplier 
dark response dur’ag each revolution with each con- 
verter, and subtracting these dark values from the 
measured values of the light pulses. 

A usually unsown but potentially large source of 
measurement error arises from movements of the ro- 
tor with respect to the optical bench. Such movements, 
&i&y manifest as precession, are generally slow, with 
periods in the range 240 seconds, and can often be 
described as oscillations driven by building motion, by 
imperfections in the drive unit, or by both. Ampli- 
tudes of these movements vary, but can be as great as 
SO microns. The slowness of the movements makes 
them of relazively little consequence in interferometric 
measurements, where the whole cell is measured at 
once, and where pulsed laser measurements 1131 can 
yield a complete interference pattern in a single pass 
of the rotor. iiowever, the scanner dwells typically for 
0.2 to 2.0 seconds at one position in the image and is 
then moved to the next. Therefore, the radial position 
to be assigned to a given location of the photomulti- 
plier is uncertain by the amount of the precessional 
amplitude. The uncertainty can have large effects: for 
example, for a gradient of 20 A/cm (corresponding to 
a value of dfrzl c)jd(r2f2) of about 3 cmm2 and an ab- 
sorbance of I-O), displacement of the rotor by f 10 
microns yieIds an uncertainty of O-0.02 A in the fmal 
data. Observation in our own data and in those of oth- 
ers [6] of unexpectedly large deviations at high con- 
centration gradients led to construction of a precession 
monitor. 

A sketch of this monitor is shown in fig. 4. A mag- 
netic proximity probe (Model 190-F, Bentley-Nevada 
Co.. Minden, Nev.) is held by means of a swing-out 
arm on the rotor support fork at a distance of about 
2 mm from the rotor collar. This probe, driven by an 
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\ 
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Fig. 4. Sketch of the rotor prcafsion monitor. The Model E 
rotar support fork is shown, and the position of the rotor 
eoibr is indicted. The magnetic stop is provided as a safety 
device in use Iazge excursions of the rotor should occur. Ad- 
justment of the distance betwwn c&ax and probe is mzde 
~5 ith the sucw which bezzs against the stop. The ekctrical 
leads from the probe are passed out of the vxuum system via 
unused terminals on the fecdthroqh supplied with the multb 
plCW?C. 

appropriate oscillator and rectifier circuit (Model 3 106, 
Bentfey-Nevada Corp.) provides a DC potentiat which 
varies linearly with the distance of the rotor collar 
from it. In operation, the photomultip~er dwells at a 
given point in she image and a number of light pukes 
are acquired. Halfway through this process, an FET 
switch (see fig. 2) is activated by the program, and the 
outpEt of the detector circuit, amplified and smoothed, 
is routed to one of the analog-to-digital converters. 
The voltage obtained is used to correct the radius at 
the given point. 

The monitor is calibrated by observing a meniscus 
image with the photomultipIier stationaqp. a~ shown 
in fig. 5. In fig. 6, rotor nlovement is shown under two 
sets of conditions_ At the top is shown the displace- 
ment with time of the stationary rotor, which is of re- 
latively high frequency (approximately 2 Hz) and re- 
flects the behavior of the rotor as a pendulum driven 
by the vibration of the building. At the bottom is 
shown the low frequency (approximately 0.08 Hz) 
motion of the rotor at 20 CKIQ rpm- The amplitude 
shown (2 5 microns) is typical of the behavior of the 
relatively heavy An-E rotor over a range of moderate 
speeds. As noted by Yphantis [lOI, however, the am- 
plitude of low frequency precessional motion of the 
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Fig. 5. Calibration of the precession monitor. A solution of 
large absorbance (near 2) is phced in the sample channe1. 
The pimtomultipiier is stopped at a point in the meniscus 
image of tk solution. and simultaneous recording is made 
of the apparent &sorbancc and of the autput of the preces- 
sion monitor (top). Afterward, the meniscus ime is scanned 
repeatedly (bottom). and a caiibration of output vs radius is 
arrived at by mmbination of the WO CWCS. 

rotor varies greatly with such variables as the nature 
of an individual drive unit. the levelling of the drive 
and the mass of the rotor. 

4. IxesuIts 

The actual performance of this system can be as- 
sessed in several ways, in order to illuminate the prob- 
lems which still limit absorption optical systems for 
the ultracentrifuge. As a signal averaging device, the 
scanner behaves properly. Fig_ 7 shows a plot of the 
reciprocal of the standard deviation about the mean 
as a function of the square root of the number of 

TIME 

Fig. 6. Rotor movements observed with the precession moni- 
tor. (Top) Rotor not running, rotor-chamber closed, pumps 
off. (Bottom) Type An-E rotor running at 20 000 rpm. The 
vertical mordinate t&Z) refers to di.spIacements of the centri- 
fuge cell with respect to the oprical bench. 

pulse-pairs averaged in each of 50 trains of pulses. The 
relationship shows the expected linearity. When 400 
pulse-pairs are averaged under conditions of bright ii- 
lumination, a standard deviation near + 0.0005 A is 
obtained_ As the monochromator slit is narrowed, 
however, the precision falls. The performance of the 
system is therefore Limited in the first instance by the 

50 TRAINS OF PULSES 
X=546 nm 
MON. SLIT = 1.0 

I I 1 I I 
5 IO 15 20 

(PULSES PER TRAIN)“’ 

Fig. 7. Signal-averaging behavior of the scxmer. Fifty trains 
of puk-pairs were acquired, with different numbers of pulses 
per train in eachgroup of 50 trains. The standard deviation 
(0) about the man was computed for each group of trainr 
Conditions as indicated. 
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Fi&. 8. R&duals about the best-fitting dimcr-tetramer rcla- 
tionship. CO-hemoglobin A at sedimentation equilibrium at 
20 000 rpm. 20-C, in an “erternal loading” cell of 30 mm 
optical path The sale of the vertical aXis is absorbance in a 
3 cm path (see text for details). Conditions: wavekqth of 
420 nm, monochromntor slit at 0.8 mm, photomultiplicr slit 
at 0.08 mm, 400 pulse-pairs/point- 

intensity of the light availabie from the monochroma- 
tor. 

The strategy of cell-baseline correction is a useful 
one in improving precision, as indicated in fig- 3. A 
mo:e graphic iilustration is shown in fig. 8. Data from 
a single channel of CO-hemoglobin A are plotted at 
sedimentation equilibrium. A fit was carried out to 
yield the best dimer-tetramer equilibrium constant, 
and the residuals about the fittifig function (concen- 
tration vs. radius) are shown as a function of radius. 
It is apparent, both from the shapes of these residual 
curves and from the standard deviations about the fit- 
ting function, that the baseline correction improves 
the precision of the fit. The value of the observed as- 
sociation constant is also modified by the baseline cor- 
rection. 

The effect of correction of the radial coordinate 
data for rotor movement is shown in fig. 9. Two scans 
were taken in succession at sedimentatian equilibrium 
from a soiution of CO-hemoglobin S. The first scan 
was subtracted from the second_ In the upper curve, 
the subtraction was performed after the radii had been 
corrected for rotor movement by use of the precession 
monitor. In the lower curve, no radial correction was 
applied before the subtraction of the same two scans. 
Two effects are apparent. First, the radial correction 
markedly improves the overall reproducibility of the 
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Fig,. 9. Difference between two successive scans of the same 
sedimentation equilibrium distribution (Top) Diffcrenu: car- 
rectcd for movement of tk rotor. (Bottom) Uncorrected dif- 
ferenw;. The standard devhtions of the differences (o) arc in- 
dicated_ Conditions as in f& 8. (See text for details-) 200 
pulse-pairs/point. 

data from one scan to the next. Second, the improve- 
ment is most pronounced at large gradients, as one 
would expect, although even with the correction pre- 
cision tends to be lost as the gradient increases (see 
below). 

5. Conclusions 

The computerized absorption scanner described 
here is a satisfactory instrument, and has been used 
routinely for about six months to measure subunit as- 
sociation in hemoglobins_ When employed with ex- 
ternally ioaded cells and with the technique described, 
sufficient precision is obtained to measure the dimer- 
tetramer association constants of various hemoglobins 
with a reproducibility near 10%. Although comparison 
is difficult because of differences in the techniques 
employed with each scanner, it seems safe to assert 
that an improvement in precision by a factor of at 
least two has been made over that obtained with the 
standard Model E scanner- in addition. speed and con- 
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venience are gained because of the fact that the data 
obtained are already stored in the computer, ready 
for analysis without the necessity of numerical mani- 
pulation. The most useful points to be made, how- 
ever, deal not with the successes of the design, but 
with its limitations. 

Under practical oeeratin~ co~dit~ons, the precision 
of the scanner lies in the region of & 0.003 A to 
2 0.010 A. The primary limitation appears to arise 
directty from the low intensity of the light available 
from the DU monochromator and 100 watt Hg-Xe 
lamp. Some improvement in precision could be ub- 
t&ted by tfte use of a more intense tight source (such 
as the laser described briefly by Crepeau et al. ES, 141) 
while averaging a practical number (hundreds) of 
pulse-pairs. 

Even with sufficient light intensity, however, the 
effective inhomogeneity of the cell windows, in both 
rhe radial and circumferential directions, provides a 
limitation of a second kind to the precision obtainable.. 
The irregularities of baseline absorbance (fig- 1) can be 
partially corrected by subtraction. A full correction, 
however, seems to be difficult to achieve for at least 

two reasons. The first is the steeply varying nature of 
the irregutarities. For example, two nei~boring points 
in a baseline scan, at a radial spacing of 20 microns, 
frequently differ in apparent absorbance by 0.01 A. 
An uncertainty of 10 microns in rotor positon within 
such a small region leads to an uncertainty of 2 0.005 A 
in the baseline absorbance assigned at that radius. A 
second reason for incomplete correction of baseline 
irregularities appears to be that some of them arise 
not from inhomogeneity of the windows, but from 
reflections from the side walls of the cell. With suffi- 
ciently precise timing, reflections originating in the 
reference channel of the cell will be well reproduced 
between the experimental and baseline ITIIIS_ Reflec- 
tions originating in the sample channel are, however, 
partly absorbed by the sample, and are therefore not 

reproducible between the two runs. The reflections 
are the result of poor collimation of light from the 
motiochromator of the Model E. The only remedy 
for them would seem to be a better collimated light- 

source- 
Rotor movement presents particular difficulties to 

the absorption scanner because of the fact that the 
photamuhiplier moves slowly with respect to the rate 
of precession and is exposed to only part of the image 

at any given time, Cor@ere correction for rotvf move- 
ment is not possible, even with the rather precise pre- 
cession monitor described above. The incompleteness 
is due to the fact that the monitor mutt assign a unique 
radius to the mean of several hundred pulse-pairs, ac- 
quired over O._ 7 to 2.0 seconds. Durico, that time, the 
rotor can swing ;f significsnt distance. For instance, the 
data taken for fig_ 8 represent means of 300 pulse-pairs 
taken over 0.6 seconds. The rotor was moving approsi- 

mately as shown in fig. 6, and the uncertainty in its 
position over the time of acquisition was as great 3s 
1.5 microns. 

The problems of rotor rnoven~el~t are most severe 
where the gradient of absorbance is large (fig. 9). How- 
ever, since large gradients of absorbance due to win- 
dow inhomogeneities exist everywhere in the cell, 
partial correction for rotor movement by the methods 
described above seems likely to leave residual uncer- 
tainties of the order of L 0.001 A in the absorbance 
assigned to a given radius in the cell. No amotznt of 
signal averaging will remove them. Future Scanner de- 
signs could be greatly improved by providing for cam- 
plete recording and radial correction of the image uf 
the whole cell at each revolution of the rotor. The 
“optical nlultic~~annel analyzcci’ of Richards and co- 
workers (15 1 seems to be a step in that direction, al- 
though it is still constrained by the necessity to aver- 
age several revolutions before it can be rqad. 
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and also much helpful discussion of other aspects of 
the apparatus described. Able technical assistance WE 
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