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1. Before the Model E

As a newly minted faculty member in 1948 with
the auspicious title of ‘Instructor’, | was the proud
recipient of one of the early Model E ultracentri-
fuges produced by the Specialized Instrument
Corp. (Spinca. This was a superb gift from Wen-
dell Stanley who had just moved to the University
of California in Berkeley as Chair of the Depart-
ment of Biochemistry and Director of the Virus
Laboratory. Fortunately for me, in his leaving the
Department of Animal and Plant Pathology at the
Rockefeller Institute for Medical Research in

Princeton, New Jersey to assume his new position,

Stanley offered me the opportunity to accompany
him. 1 had been a technician in his lab working
primarily with Max Lauffer on various physical—

chemical problems aimed at determining the

homogeneity, sub-unit structure, size and shape of
viruses. With their generous assistance, | was also

a part-time graduate student in the Department of
Chemistry at Princeton University working with
Henry Eyring. Following a stint in the Navy during
World War I, | returned to Princeton where |
obtained my Doctorate in 1948 as Walter Kauz-
mann’s first graduate student. To this day, he
denies that | was his student—clearly he is making
a telling statement.
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At the Rockefeller Institute, the(trouble-
plagued air-driven ultracentrifuge was the major
tool for studies of tobacco mosaic virkgMV)
and a host of other viruses targeted for research
during World War Il. For those who used to com-
plain (and still do about inadequacies in the Mod-
el E or its successors, the XL-A and XL-I, | can
only wish that they had experience with one of the
roughly half-dozen air-driven instruments in the
world. Obtaining a vacuum seal between two large
flat surfaces required a delicate touch with the
proper lubricant, and it constituted a major chal-
lenge. Much too often my technique proved unsat-
isfactory. There was either too much grease or too
little. In each case, the flat gasket was ‘sucked’ into
the chamber when the vacuum pumps began oper-
ating. The later development of the O-ring and a
groove to contain it in the Model E solved that
problem in a totally reliable fashion. It is difficult
now to imagine a world without O-rings. Those
few air-driven ultracentrifuges were the only alter-
natives to the oil-turbine ultracentrifuge designed
originally by Svedberg et al. in Uppsaldl], and
there were even fewer of these available anywhere.
Hence, the application of the ultracentrifuge for the
study of biological macromolecules and synthetic
high polymers was restricted to only a few labo-
ratories throughout the world. The subsequent
introduction of the commercially available Model
E constituted a revolution in attracting many imag-
inative and productive biochemists and physical
chemists to using the ultracentrifuge for research

reserved.
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in the burgeoning field of macromolecular mine the sedimentation coefficient of the slower

biophysics. component in the presence of the faster one. Bill
and | approached that dilemma by layering a solu-
2. The Mode E appears tion of the faster component over anothenore

dense solution of the mixture, thereby establishing

So there | was with my reliable Model E and a a detectable boundary due to the slower compo-
sensational graduate student, Bill Harrington, using nent. Although this layering in a cell on the lab-
the ultracentrifuge day and night in studies of the oratory bench was not difficult, the rotor then had
sub-unit structure of TMV. By and large with few to be reoriented through 90and the hard won
exceptions, my colleagues in Berkeley had little boundary was virtually destroyed. Accordingly, |
interest in macromolecules or the tools used to approached Ed Pickels at Spinco pointing out the
study them. However, there were compensations in need for a special ultracentrifuge cell to facilitate
that | could collaborate with some faculty members the layering of one solution over another in the
on biological problems. Being curious about the spinning rotor. This visit led not only to a working
macromolecular organization of microbial cells, | synthetic boundary cell but also to a long lasting
was able to convince Arthur Pardee and Roger and fruitful collaboration.
Stanier that it would be worthwhile to look at cel- Ed Pickels, as a physics graduate student in Jes-
lular extracts in the ultracentrifuge]. This effort se Beams's laboratory at the University of Virginia,
led to the discovery of the 30 S and 50 S patrticles, had played a major role in the design and construc-
now known as ribosomes. Later with Chao, we dis- tion of the air-driven ultracentrifugd7]. In the
covered the effect of magnesium ions in promoting midst of a very successful career in the laboratories
the formation of 70 S particles in yeas]. Also, of the Rockefeller Institute in New York, he moved
experiments with absolutely opaque extracts from to California to become a co-founder and chief sci-
photosynthetic organisms showed that all of the entist at Spinco. Within a few years the Model E,
pigments of the photosynthetic machinery were based on his ingenuity, was developed and manu-
contained in large particles with a sedimentation factured. | take particular pleasure in that outcome,
coefficient of approximately 200 S, which we since in a small way | was the mid-wife of that
named chromatophores as the analogue of chloro-company. While in the Navy, | had met Morris
plasts[4]. Hanafin during my search for someone to build an

Despite the absence of others interested in the ultracentrifuge. He was already involved in scien-
theory or application of the ultracentrifuge, Bill tific instrumentation and informed me of his inter-
and | had a very productive few years focused est in entering the centrifuge business. |
largely on applying the instrument to study the sub- recommended that he contact Ed Pickels. That
unit structure of TMV. But then, in some control ‘introduction’ did the trick; and the two of them,
experiments, we came across a bizarre finding with several others, started a company which has
leading to a major change in our research. In the had a profound impact on biomedical research ever
analysis of known mixtures, the concentrations since.
determined from the areas of the peaks correspond- Shortly after visiting Ed at Spinco, Bill and |
ing to the different components were not what they had some preliminary versions of layering cells
should have beefb]. This anomaly for mixtures  until we finally settled on one having a cup and a
had already been considered and interpreted bysmall rubber plug which acted as a val@. Total-
Johnston and Ogstdi®] in an important paper that  ly independently Kegelel®], motivated by a paper
was hard to read because of a mix-up of figure by Lauffer and Taylor[10] aimed at determining
legends and figures. Moreover, their interpretation the hydrodynamic volume of macromolecules,
was considered by som@f the Svedberg schopl  described a different boundary forming technique.
to be controversial and did not receive the wide- Kegeles(to his friends he was Kegmodified an
spread acceptance it merited. For a quantitative ultracentrifuge centerpiece so as to permit the lay-
treatment of the problem, it was necessary to deter- ering of two solutions under the influence of the
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centrifugal field. Having a synthetic boundary cell water at 20°C. In contrast, the measurement of
available in our laboratory provided an opportunity temperature in the oil-turbine ultracentrifuge used
for a variety of exciting experiments. As a result, a much more elaborate system because of the heat
my research and that of my students for the fol- generated by the bearings and friction in the rela-
lowing few years was focused on ultracentrifuga- tively low-pressure hydrogen atmosphere. The dif-
tion rather than the application of the instrument ferent results from the two types of instruments led
for the study of biological macromolecules. During several workers with access to both types of instru-
that period, John Gofman and his students were ments to focus on the problem. This activity
doing very important research on lipoproteins fol- revealed errors in the calibration of some thermo-
lowing their clever analysis of the bizarre ultracen- couples in the oil-turbine instruments thereby
trifuge patterns observed with serum in solutions accounting for the discrepancy.
of densities causing both sedimentation and flota- During this period Dave Yphantis, as a graduate
tion of different specie$ll]. Interactions with that ~ student in David Waugh's laboratory at MIT,
group led to Verne Schumaker becoming a post- became interested in measuring the temperature of
doctoral fellow in my lab where he did some the spinning rotor rather than being satisfied with
superb research on DNA, and to extensive collab- the ‘before and after’ measurements. Accordingly,
oration with Rodes Trautman. he designed a ‘radiation’ detector providing a con-
tinuous indication of the temperature of the rotor
3. Sedimentation coefficients, the temperature along with a circuit and heating coil for maintain-
problem, and Dave's contribution ing a constant value throughout the experiment
[12]. With this device, he was able to demonstrate
Within a few years, Model E ultracentrifuges the adiabatic cooling of the rotor due to stretching
were being used in many laboratories thanks to during its acceleration to 60 000 rpm. Thus, the
funding agencies such as the National Institutes of early values from the Spinco ultracentrifuges need-
Health and the National Science Foundation. ed to be revised slightly. Pickels, aware of the
Determining sedimentation coefficients of proteins major discrepancy with the results from the oil—
was the initial goal in many laboratories, and turbine instruments, designed an alternative sens
efforts were focused on increasing the precision of ing and control device for the Model E which
measurements and comparing results of different provided direct measurement and control of the
investigators. Much to the dismay of some work- rotor temperature.
ers, values from studies of some proteins in the  About that time, my occasional trips to the east
Model E differed by as much as 10% from earlier coast and visits with Dave Waugh brought me in
results obtained with the oil-turbine instrument in direct contact with Dave Yphantis and Pete von
Uppsala. To some, the ‘gold standard’ was the Hippel, who was also a graduate student in that
Svedberg instrument, and questions were raised adab. The resulting friendships have continued for
to the cause of the discrepancy. Since it was known more than 50 years. Following their direct meas-
that the viscosity of water varies approximately 2% urement of the temperature of the rotor and the
per degree, it seemed logical that an error in the demonstration of adiabatic cooling, the two Daves
rotor temperature in either of the instruments was turned to other important centrifuge problems, and
the culprit. At that time, the rotor temperature in their interests and mine began to intersect and
the Model E was measured before the experiment overlap frequently. There was always something
and then again at the end by means of an externalexciting to talk about when we met.
contact thermocouple in conjunction with a gal-
vanometer. Temperature increases in typical exper-4. Sedimentation of dilute solutions and sepa-
iments were approximately iC/h. The average ration cells
temperature was used for corrections of the meas-
ured sedimentation coefficients to standard condi- In the early 1950s, we became interested in
tions represented by the density and viscosity of DNA and recognized immediately that ultracentri-
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fuge studies using schlieren optics were totally used in conjunction with biological activity meas-
inappropriate because of the non-ideality of solu- urements and that the reliance exclusively on opti-
tions at the nucleic acid concentrations required for cal methods was not advisable. In the early 1950s,
detection. Hence, | approached Ed Pickels again we used the fixed partition separation cell along
urging him to resuscitate the long discarded with P32 measurements to study the state of the
absorption optical systerfwith ultraviolet ligh? parental phosphorus during the reproduction of T2
that had been devised in Svedberg’s laboratory bacteriophage. Within the virus, thé?P  exhibited
when the ultracentrifuge was being developed. In a sedimentation coefficient of approximately 800
almost no time, Spinco provided a working optical S. After the DNA entered the bacteria, the sedi-
system, and Verne Schumaker and | were doing mentation coefficient decreased to approximately
experiments at microgram concentrations of DNA 20 S. Then due to the breakdown of some of the
rather than at milligram levelgl3]. As usual, there  DNA to oligonucleotides, the sedimentation coef-
were some skeptics who maintained that convec- ficient decreased to approximately 1 S. Later in the
tive disturbances would distort or destroy any mov- latent period, as the parental phosphorus was con-
ing boundary thereby invalidating experimental verted into progeny DNA and ultimately virus was
observations. But they had not considered the sta-assembled, the sedimentation coefficient increased

bilizing effect of the density gradient resulting
from redistribution of buffer constituents in high
centrifugal fields. Hence, very soon the ultracen-
trifuge was being used routinely with absorption
optics for studies of extremely dilute solutions of
nucleic acids. This revival of absorption optics was
also invaluable for studies of the association—dis-
sociation behavior of hemoglobin at great dilution,
since it was possible with the appropriate interfer-
ence filters to exploit the intense absorption due to
the Soret band. Even colorless proteins at micro-
gram levels are readily studied by using light of
wavelengths of approximately 2300 A. For entirely
different purposes, Dave Yphantis and Dave
Waugh were also confronting experiments with
very dilute solutions and they demonstrated that
convection was not a problem.

In the course of their theoretical analysis of tran-
sient solute distributions, Yphantis and Waugh
became interested in using biological activity
measurements for characterizing various sub-
stances by ultracentrifugatiofi4]. This research
led to the design of a superb separation cell with
a moveable platform, which enabled them to frac-
tionate the contents of the cell and use biological
activity measurements for determining sedimenta-
tion coefficients. As one who had used the fixed
partition cell designed by Tiselius et &lL5] many
years earlier, | was most impressed by the move-
able partition cell and was extremely grateful when
Dave Yphantis kindly furnished one. | shared his
view that the ultracentrifuge could and should be

accordingly. Thus, the life cycle could be followed
using the ultracentrifuge equipped with a separa-
tion cell [16]. Hence, the appearance of the paper
by Yphantis and Waugh some years later had a
great impact on me. | also found their cell inval-
uable in preliminary experiments with Arthur
Kornberg in showing that the®P of deoxynucleo-
side triphosphates had been converted by DNA
polymerase into macromolecules with the sedimen-
tation coefficient of calf thymus DNA. This was
possible in an early phase of Kornberg’s research
on the enzymatic synthesis of DNA when only a
trace amount of substrate had been converted into
product. As Yphantis and Waugh pointed out, sed-
imentation velocity experiments can be most pro-
ductive even with impure solutions as long as there
is a specific biological assay for the substance
under investigation.

5. Dave's various moves and settling in
Connecticut

When Dave left MIT, my contacts with him
decreased temporarily only to be renewed when he
went to the Rockefeller Institutéhen about to be
Raockefeller University where | knew many of his
distinguished colleagues. As Ed Pickels had done
many years earlier, Dave exploited the superb
instrument shop at Rockefeller, and he developed
the multi-channel, short column centerpiece which,
in one form or another, has been used for years by
workers doing sedimentation equilibrium experi-
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ments. Before moving to Storrs, Dave joined the
faculty at the State University of New York in Buf-

falo where he remained for only a few years. | can
still recall vividly my intemperate outburst to my

friend who had recruited Dave to Buffalo when he
informed me that Dave was to become Chair of the
Department of Biology. From my point of view, it

was virtually a crime to take Dave away from the
lab bench and the ultracentrifuge and to inflict
bureaucratic paper work on him. | doubt whether
Dave heard my vituperative remarks, but | was

13

a technique permitting the measurement of the
small difference directly. It was clear that the
experimental errors in two separate determinations
of the sedimentation coefficients were greater than
the small change we were attempting to measure.
Hence, Glen Richards and | focused on the adap-
tation of the Rayleigh interferometer to the ultra-
centrifuge so that the concentration vs. distance
profile of the protein in the absence of ligand
would be subtracted optically from that of the
liganded protein [19]. Incorporating Rayleigh

ecstatic when | learned that he abandoned thatoptics onto the Model E proved relatively straight-

position promptly and moved to the University of
Connecticut. Although I did not know much about
that university, | was an old friend and admirer of
Keg with whom | had many pleasant and fruitful
interactions while he was still at NIH before his
move to Clark University and then to the Univer-
sity of Connecticut. Hence, with Keg already there,

forward. The slight modification of the ultracentri-
fuge permitted the use of both interference and
schlieren optics in the same experiment. After
experimenting with various Rayleigh masks and
alignment procedureghis activity extended over
many yeary, we were able to measure 1% changes
in sedimentation coefficient directly with high pre-

Storrs seemed a great spot for Dave, and he clearlycision. Moreover, it was clear that the Rayleigh

thrived doing magnificent research and training a
group of outstanding students.

6. Sedimentation equilibrium and interference
optics

For roughly the first decade of its existence, the
Model E was used almost exclusively for sedimen-
tation velocity experiments. A small number of us
used the Archibald method for several years fol-
lowing his very clever theoretical paper. Because
sedimentation  equilibrium  experiments, as

interferometer provided much more accuracy for
the measurement of concentration distributions
than did the more commonly used schlieren optical
system. Hence, we exploited the optical system for
a variety of ultracentrifuge applications including,
of course, sedimentation equilibriufg0,21.

In a short time the workers, who previously had
been using only the schlieren optical system,
adopted Rayleigh optics. Our focus was on rela-
tively low-speed equilibrium experiments leading
to only approximately a three- to fivefold increase
in concentration from the meniscus to the bottom

described originally by Svedberg and his col- of the liquid column. Such experiments, which are
leagues, required so much time for the attainment ideal when the concentration distribution is ana-
of equilibrium, this method was hardly being used lyzed by schlieren or absorption optics, required a
in any laboratory. But the neglect of this powerful method for ‘labeling’ the fringes when the Ray-
technique changed abruptly as a result of the paperleigh optical system was employed. This was
by van Holde and Buzz Baldwifl7] emphasizing  accomplished by calculations based on the conser-
that the time to reach sedimentation equilibrium vation of mass and the known original protein con-
was reduced drastically by using short liquid col- centration (in fringes determined with the
umns. With his multi-channel centerpieces at hand synthetic boundary cell. Alternatively, we located
and the insight to recognize the power of the meth- the hinge point by using the ‘white-light’ fringe.
od, Dave became a leading advocate of the sedi- These low-speed sedimentation equilibrium exper-

mentation equilibrium method for the study of
proteins[18].

During this period, we were interested in meas-
uring the effect of ligands on the sedimentation
coefficient of proteins and recognized the need for

iments produced results of great accuracy, but the
procedures proved very tedious.

Labeling of the fringes as a measure of protein
concentration was completely obviated by Dave
Yphantis in his magnificent paper describing high-
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speed sedimentation equilibrium experimel23. ning absorption optical system, because they were
At the centrifugal fields used in these studies, the so heavily engaged at that time in building an ami-
concentration at the meniscus was virtually zero, no acid analyzer. Hence, we undertook that task in
and counting fringes yielded directly the absolute our laboratory.
concentration. Moreover, the measured molecular After several years of creative and often frus-
weights corresponded to very low protein concen- trating work by Sue Hanlon, Frances Putney,
trations. Dave’s paper, which was very detailed, lzchak Steinberg, Bob Johnson, Ken Lamers and
complicated and longnot easy to read while lying  George Lauterbach, we had a fairly reliable auto-
in bed), was subjected to a scathing review to the matic split-beam scanning absorption optical sys-
effect that ‘it can’'t be done’. Hence, | was called tem in place of the obsolete photographic method
by the Editor of the journal to ‘arbitrate’. For me, [23]. That was followed rapidly by the incorpora-
it was easy to reach the definitive conclusion that tion of a monochromatof24] through collabora-
the paper be published, despite the reviewer’s tion with Lee Gropper of the Spinco Division of
remarks. My concern was that the Editor, in com- Beckman Instruments, Inc. The scanner in con-
promising with the critical reviewer, would attempt junction with the monochromator proved invalua-
to convince Dave to shorten the paper drastically. ble for sedimentation velocity and sedimentation
Fortunately, my stressing the need to furnish all the equilibrium experiments on proteins at the micro-
details prevailed. As a conseguence, some of thegram level [25]. Moreover, the ability to distin-
harm that would have resulted from the inappro- guish different chemical species provided a
priate application of the method was avoided, and powerful tool for the analysis of interacting sys-
Dave’s classical paper on high-speed sedimenta-tems. Izchak Steinberg and | used absorption optics
tion equilibrium was published in what some to measure the distribution of methyl orange and
would term ‘excruciating detail’. From then on, Rayleigh optics for the distribution of bovine plas-
investigators in laboratories throughout the world ma albumin in a sedimentation equilibrium exper-
have been performing highly productive sedimen- iment aimed at studying their interactiof26].
tation equilibrium experiments by the method that Cross plotting the concentrations of the two species
Dave devised almost 40 years ago! at conjugate radial positions yielded the data for
the determination of the free methyl orange and the
7. 1 have another love affair but Dave remains amount bound as a function of protein concentra-
faithful tion. In effect, the ultracentrifuge was being used
to perform equilibrium dialysis experiments; albeit
During the period that Glen Richards and | were at a somewhat higher cost.
working on adapting the Rayleigh interferometer  One of the most satisfying applications of the
to the Model E, | was also getting exasperated with scanner was the result of a discussion at a party
the archaic absorption optical system that had ena-where | learned from David Samuel of the Weiz-
bled us to make the transition of applying the ultra- mann Institute of Science how they made pure
centrifuge to the study of nucleic acids. Absorption H,O2 in Israel. Upon discovering that the process
optics was particularly appealing because its sen- led first to D, 3*® which was then converted into
sitivity and selectivity permitted one to attack a H,0%, | asked David if he could intercede and
host of biological problems. Over time, we accu- supply us with a few milliliters of virtually pure
mulated a family of interference filters for ultra- D,O®. With his kind, precious gift, Stuart Edel-
centrifuge experiments with light of various wave stein and | were able to determine both molecular
lengths. Despite the versatility of the absorption weights and partial specific volumes of various
optical system, | often described it with invectives substances with only microgram amoufis].
including ‘inflexible, inaccurate, inconvenient, With the various modifications of the Model E,
laborious, time-consuming and even impossible’. we could do all sorts of biochemistry at
Unfortunately, | was unable to persuade Ed Pickels 300 000x gs, and friends like Pete von Hippel
and his colleagues to work on a photoelectric scan- came to Berkeley to collaborate and exploit our
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instrument.

In only a few days after being will still be an indispensable tool for biological

approached by John Gerhart, he and | discoveredresearch.

that aspartate transcarbamyla¢ATCase was

composed of distinct catalytic and regulatory sub- References

units with the latter containing the bulk of the reac-
tive sulfhydryl groups[28]. It was fun to be able
to determine the number and location of the sulfhy-
dryl groups with the ultracentrifugé29]. More-
over, with the difference sedimentation technique
we demonstrated that the sedimentation coefficient
of the enzyme actually decreased upon the binding
of substrate analogues despite the increased molec-
ular weight and density30,31]. Thus, | became
infatuated with ATCase and allostery, and that love
affair continues to this day.

Meanwhile, Dave and a host of gifted students
continued their pioneering research on the ultra-
centrifuge. Through their efforts, laser light sources

appeared, computers became indispensable, new [6] J.P. Johnston, A.G. Ogston, A boundary anomaly found

data collection and calculation procedures were
developed, and the National Analytical Ultracen-

trifuge Facility was established at the University of

Connecticut. Fortunately, | still received invitations

to visit and participate in some of their symposia.

So our meetings with one another, though less fre-
quent, continued.

Then along came the XL-A. This development
required sessions at Spinco, providing many oppor-
tunities for Dave and me to meet with other users,
along with engineers and officials at Beckman. In
that way, we were able to contribute to and influ-

ence the design, requirements and specifications of [

this radically new version of the ultracentrifuge.
The XL-I was the next logical development.
Although the XL-I is being used in Berkeley for
research on ATCase mutants and colleagues are
using it extensively, we no longer do research on
the instrument itself. Fortunately, research on the
ultracentrifuge, new ways of treating and analyzing
the data, and its applications to a host of biological
problems continues unabated by Dave, his former
students, some old-timers and newcomers to the
field. As a result, the ultracentrifuge, now more
than 75 years old, is still a supreme tool for stud-
ying macromolecules and their interactions. | fully
expect that Dave and his former students will con-
tinue to produce so many innovations and improve-
ments that, at its 100th birthday, the ultracentrifuge
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