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Introduction

There has developed an interesting ‘cause and demand’ hierarchy in molecu-
lar iology. The great advances in nucleic acid technalogy produced first of all
a vast variety of recombinant and modified ‘mutant” macromolecules. either
directly (proteins) or indirectly (such as glycoproteins). It was then realized
that these needed to be understood in terms of their chemical nature: protein
chemists suddenly found they, too. were involved in this molecutar biology
revolution. Then it was reahzed that the physical properties needed under-
standing too. The stage was set for the physical chemist.

Physical chemistry, or ‘hiophysics’. offers a wide variety of techniques for
characterizing both the genetically engineered proteins (and derivatives
thereof) and also those molecules used as the tools for their production.
namely nucleic acids and nucleic acid binding proteins. These technigues can
be classed as ‘hydrodynamic’ (e.g. viscometry. sedimentation velocity and
sedimentation equilibrium in the analytical ultracentrifuge. gel permeation
chromatography and gel electrophoresis). which give primarily overall size
and shape information, ‘scattering” (static and dynamic light scattering and
X-ray scattering), ‘spectroscopic’ (absorption, fluorescence. NMR and ESR)
and, finally, ‘imaging’ techniques (electron microscopy — including image
reconstruction - optical or X-ray diffraction by fibres and X-ray erystallogra-
phy), which can give low- and high-resolution structure of macromolecules.

Abbreviations: AMP, adenosine 5 -phospate: ATCase. aspartate transcarbamyolase: ATP,
adenosine triphosphate; ATPasc. adenosine triphosphatase: CAM. cell adhesion molecule:
cDNA. circular DNA: CMC. M-cyclohexyl-n'--(4-methylmarphaolinium) ethyl carbodiimide-p-
teluenc sulphonate: CSF, colony stimulating facter: CTP, evudine triphosphate: EcoS8B. E. coli
single-strand protein; ESR. clectron spin resonance: GC. guanine cytosine: IFN-v. natural
human interferon: mRNA . messenger RNAT NANA, N-acetyineuraminic acid;: NMR, nuclear
magnetic resonance: PDGF. platclet-derived growth factor: RTP. replication terminator protein:
SCF. stem cell factor: SDS-PAGE, sodium dodecyl sulphate polyacrylamide gel electrophoresis:
TF. tissue factor: T, melting temperature (DNA, RNA): TNFE. tumour necrosis factor; tRNA.
transfer RNA: UV, ultraviolet.
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Table 1. Technigues for characterizing the physical properties of macromolecules
Technigue Type of Minimum amount Information obtained
macremolccule of material
examined required”
Hydrodynamic
Viscomeltry All 16 mg Intrinsic viscosity ~» shape
and molecular weight
Sedimentation All 100 ug-1 mg 1. Homogeneity
velocity 2. Sedimentation
coeflicient — shape and
molecular weight”
3. Interaction studics
Sedimentation All 100 ng-1 mg {. Molecular weight
cquilibrium 2. Interaction studies
Analytical All 1. Purity, homogeneity
2

density gradient
sedimentation

Diflusion
analysis (in the
analytical
ultracentrifuge)

Calbibrated gel
permeaton
chromatography

SDS-PAGE

Reasonably
monodisperse
samples

Proteins (M<i0°) 10 g1 mg

Proteins and
nucleic acids

10ug

Scattering ({rom solutions)

Static hight
scatiering

X-ray scattering

Dynamic light
scatlering

Spectroscopic

Absorption
speclrascopy

Circutar dichroism

Fluorescence

Nuclear magnetic
resonance

Electron spin
resonance

Mass spectrometry

A {M =50 000) W me-l g
Al 0 mg-1 g
Al {M>30000) 10 mg-1 g

i. Protein 100 ng

2. Nucleic acid

Preteins and
nucleic acids
Macromolecules
with natural or
synthetic
chromophore

ug-mg quantities

and nucleic acids

2. tRNA; globular [ 100 mg+(depends

proteins; membranesgon size of
macromolecuie)

1. Small proteins

3. Polysaccharides

Molecules <150 000
mol. wt.

Composition {including
G-C fraction for nucleic
acids)

1. Diffusion cocfficicnt

2. Interface transport
phenomena

{. Homogeneity

2. Apparent molecular
weight

|. Homogeneity/subunit
composition

2. Apparent molecular
weight of
polypeptide/polynucleotide

1. Molecular weight

2. Rg — shape

Rg — shape
Translational diffusion
coelficient — shape and
moleeular weight”

Concentration, ligand-
induced conlormational
changes

Y% G-C content {from 7,,):
Y% helical content (il
composition known)
Secondary structure

Concentration, ligand-
induced conformational
changes aad (from
depolarization studies)
rotational diffusion

1. Parts of 3-D structure
in atomice detail

2. Ligand-induced
conformation changes

3. Water refations

Ligand-induced
conformational changes
Precise molecular weight
ol covalently intact species
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Table 1. cont,

Technigue Type of Minimum amount Information obtained
macromolecule of material
examined reqguired”
Imaging
[mage reconstruction Large ug—nmg Clarification of EM images.
from eleciron macromolecules low-resolution structure.
MICroscopy {e.g. polydispersity
polysaccharides.
mucing}.
maucromolecular
assemblics,

membrane proteins
in 2-D array

Optical or X-ray Proteins. Grans Distance between repeat
diffraction by potysaccharides. uniis
fibres DNA

X-ray Crystaliine globular - Grams Electron density map.
crystallography proteins and tRNAs complete tertiary structure

{provided sequence known)

“ Ballpark figures only. Adapted from Furth and Moore (1986),

Table [ summarizes the information available and the amount of material
required. The interested reader can find a very useful summary of all these
techniques in Furth and Moore {1986). Progressively more detailed consid-
erations can be found in van Holde (1983). Cantor and Schimmel {1980) and
the now dated. but still regarded by many as the authoritative. hook of
Tanford (1961},

From Table I it is quite clear that the four analyvtical ultracentrifuge
techniques - sedimentation velocity. sedimentation equilibrium. analytical
isopycnic density gradient analysis and diffusion analysis — represent only a
small part of the armoury of techniques available. Despite this. there are
many features which make them highly useful for characterizing macromol-
ccules, particularly engineered ones and assemblies thereof. Compared with
other techniques, they are generally:

relatively rapid;

non-ifgvasive;

do not require vast amounts of material (as is necessary with, for
example, NMR and X-ray crystallography);

give size. structural (including subunit). heterogeneity and interaction
information - and in some cases. in surprising detail.

These reasons make it worthy of serious consideration by the molecular
biologist. It is no surprise that the demand for techniques to characterize
‘gene products’ has coincided with a revival of interest in analytical ultracen-
trifugation. It is worth stressing, however, that as with any ‘low-resolution’
technique like this. it is at its most powerful when used in conjunction with
other complementary techniques, particularly solution X-ray scattering (con-
formation analysis), dynamic light scattering (size analysis). gel permeation
chromatography (size distribution analysis) and gel electropharesis (subunit
composition and homogeneity analysis).
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What sort of information about the macromolecules concerned with, and
the products of, genetic engincering can we get from analytical ultracentrifu-
gation? It depends on the type of ultracentrifuge technique we apply, which
are all possible with the same sort of instrumentation. Sedimentation velocity
(see, e.g. Harding, 1993a} can provide us with information on the sample
homogeneity, shape information and also interaction information (in the case
of ligand binding, assaying for what we call co-sedimentation phenomena).
At lower rotor speeds, sedimentation equilibrium (see, e.g. Harding, 1993b)
can provide absolute (i.e. not requiring calibration using standards) molecu-
lar weight and subunit compeosition information, together with association
constants for a self-associating system. Analyvtical isopvnic density gradient
equtlibrivm (see, e.g. Creeth and Horton, 1977} can provide us with
information on the purity and composition of a sample: the classic experi-
ments of Meselson and Stahl (1938). in which DNA replication was shown to
be semi-conservative, were performed using this technique. The analytical
ultracentrifuge — or at least 18 optical system — can also be used as a powerful
tool tor diffusion analysis (see, c.g. Harding and Tombs, 1989). Although
dynamic light scattering is now the method of choice for measuring transla-
tional diffusion coefficients, the optical system on the analytical ultracentri-
fuge 1s proving very usefut for investigating the diffusion of molecules through
matrices and towards and through interfaces between two phase systems
(providing a good way of modelling membrane-based processes). A volume
in which the state of the art of these various sedimentation techniques can be
obtained has recently appeared (Harding, Rowe and Horton, 1992),

The technique is not new — the principles and general shape of the
equipment have remained relatively unchanged since the inception of the
technique by Svedberg and co-workers in the 1920s {much of this early work
1s reviewed in Ranby, 1987). Without doubt the great boom period was
between [950-70, when almost every biochemistry department was in posses-
sion of one of these instruments, most usually the famous Model E from
Beckman Instruments (Palo Alto, CA, USA). These instruments were used
mostly for routine sedimentation coefticient and molecular weight measure-
ments, By the end of the 1970s, biochemists and molecular biologists were not
content with such information (approximate moelecuiar weights could be
obtained anyway by using the much simpler and less expensive technigues of
gel permeation chromatography and gel electrophoresis), and crystallography
and nuclear magnetic resonance {NMR) had become the main focus of
attention. By the mid-1980s, it was clear to many that NMR - at least in
high-resolution mode — and crystallography could only be applied to a
relatively limited number of biological macromolecules, and that techniques
like gel filtration and gel electrophoresis were nowhere near as reliable for
getting precise molecular weights, something that was essential for evaluating
the subunit composition of assemblies of macromolecules. The need for a
relatively rapid method for investigating the sizes, shapes {in terms of simple
cllipsoids, with either two or three unequal axes (Harding, 1989), or sophisti-
cated bead models (Garcia de la Torre, 19893, subunit composition and
interaction properties became acute with the appearance of this glut of newly
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engineered molecules. The final coup de grdace was the launch in 1991 of a new
computer-interfaced analytical ultracentrifuge. A good precis of this history
has been given by Schachman (1992). Much of the published work using the
analytical ultracentrifuge over the last few years — which this chapter attempts
to review — has been on molecules concerned with genetic engineering, and
using this and other more “seasoned” analytical ultracentrifuges. It is appro-
priate to comment here that the author was stunned to discover so many
references: a clear manifestation of the re-emergence of sedimentation
methods in modern molecular biology.

Physical principles of analytical ultracentrifugation

An analytical ultracentrifuge is simply an ultracentrifuge with an appropriate
optical system for observing and recording solute distributions both during
and at the end of a sedimentation process (sce. c.g. van Holde, 1983). A
typical analytical ultracentrifuge cell contains one or two sector shape
channels which can take up to 0.8 ml of solution or reference solvent. The
amounts required depend on the type of ultracentrifuge experiment and the
information required.

SEDIMENTATION VELOCITY: HOMOGENEITY. CONFORMATION AND
INTERACTION ANALYSIS

In a sedimentation velocity experiment (sce. ¢.g. Harding, 1993a). the rotor
speed is sufficiently high to sediment the macromolecular species. If the
macromolecule is a protein or nucleic acid. one can detect the position of the
sedimentating boundary using absorption optics at the appropriate wave-
length. Concentrations as low as 0.1 mg mI™ can be routinely used. depend-
ing on the path length of the cell. Even lower concentrations are possible if a
ftuorescent chromophore is used (see. e.g. Schmidt and Riesner. 1990, 1992).
For these, and macromolecules such as polysaccharides without sufficient
chromophare, we can also usc one of two types of optical system based on the
refractive index: Rayleigh interference optics {this can also be extremely
sensitive; see, e.g. Stafford, 1992) and Schlicren (viz. ‘refractive index
gradient’} systems. The latter requires concentrations in excess of [ mg mi™*,
but gives the classical *Schlieren peak’, which most biochemists associate with
the analytical ultracentrifuge and. indeed. which has adorned the literature
for the last 50 years. The sedimenting boundary is recorded on photographic
film and then digitized or recorded via photomultipliers onto chart paper (or
as analague output directly into a computer}. The presence or not of more
than one sedimenting boundary has been one of the classical ways of
demonstrating homogeneity or heterogeneity (see, e.g. Morgan et al.. 1989,
for the Pf] gene 5 protein system).

The rate of movement of the sedimenting boundary per unit centrifugal
field gives the sedimentation coefficient s, which is one of our shape
parameters. By correcting this using simple formulae and standard conditions
(water as solvent at 20°C) and extrapolating this (or the reciprocal thereof) to
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zero concentration, one can get from the intercept the corrected sedimenta-
tion coefficient, 5%y, ,, (unit = seconds or Svedbergs, S, where 1S = 107" 5),
and from the slope we can get the sedimentation concentration regression
coefticient, k, (unit = ml ¢™"). and then from both parameters our shape
information.

For conformation analysis there are three lines of attack. If the macromoi-
ecule is fairty rigid, one can combine the sedimentation coefficient with other
techniques such as intrinsic viscosity, rotational diffusion {from fluorescence
depolanzation or electric birefringence measurements) or the radius of
gyration (from ‘static’ light scattering or low angle X-ray scattering) to model
the conformation in terms of simple eilipsoids of revolution, general triaxial
ellipsoids (see. e.g. Harding. 1989) or sophisticated but beautiful bead models
(sec. e.g. Garcia de la Torre, 1989). and these approaches have been
paticularly successful for the study of proteins, including antibodies and
complement (see, ¢.g. Perkins, 1989). For more extended and more flexibie
macromolecules fike nucieic acids and polysaccharides, one ¢an model the
conformation in terms of more general shapes using the *Wales/van Holde'
ratio of &, to the intrinsic viscosity [n]. or the ‘Mark-Houwink-Kuhn-
Sakurada’ b coefficient from the relation between §%, ,, and the molecular
weight. M (similar coefficients exist for the intrinsic viscosity, the diffusion
coeffictent, and the radius of gyration with M see, e.g. Harding et af., 1991},
to permit the modelling of the conformation in terms of general shapes,
between the three extremes of compact sphere, rigid rod and random coil. A
useful general construction for representing this type of modelling is the
‘Haug triangle” (Smidsrgd and Andresen, 1979; sec also Harding e af., 1991).
We can use similar relations of 575, ete. vs M to model the flexibility of the
molecule in terms of the ratio of the contour length (L) to the persistence
length (a) (Freire and Garcia de la Torre, 1992).

Sedimentation velocity is also a powerful probe into interaction phenom-
ena. For self-associating svstems, the dependence of the sedimentation
coefficient 5%, , on concentration can be used to estimate the stoichiometry
and strength of the association {a good example is for tubulin; see Weisen-
berg, Borisy and Taylor, 1968), although sedimentation cquilibrium is a more
absolute probe into these phenomena. It also provides a quick and easy-to-
use assay for interactions in a mixed solute system (including ligand binding)
using the principle of co-sedimentation; a recent example of this, for the
interaction of methylmatonyl mutase with its B12 cofactor, is given by Marsh
and Harding (1993).

The sedimentation coefficient can also be used to give an absolute measure
of molecular weight (by ‘absolute’ we mean not requiring calibration stand-
ards as are necessary with SDS-PAGE - which gives directly only subunit
molecular weight of proteins — or gel permeation chromatography). but only
when combined with the translational diffusion coefficient, which is now
usually measured using dynamic light scattering (see, Pusey, 1989; Bloom-
ficid, 1981}. A more direct way is to use a different analytical ultracentrifuge
technique known as sedimentarion equilibritm.
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SEDIMENTATION EQUILIBRIUM: MOLECULAR WEIGHT AND SUBUNIT
STRUCTURE ANALYSIS

Whereas in a sedimentation velocity experiment at relatively high rotor
speeds (for a polysaccharide, say 40 000-50 000 rev min™'} the sedimentation
rate and hence sedimentation coefficient depends on the size and shape of the
molecule, at much lower speeds (say 20 (00 rev min~' or less) in a sedimenta-
tion equilibrium experiment {sce. e.g. Harding, 1993b) the forces of sedimen-
tation and diffusion on the macromolecule become comparable. and instead
of getting a sedimenting boundary one obtains a steady-state equilibrium
distribution of macromolecule with a low concentration at the meniscus
building up to a high concentration at the cell base. This final steady-stage
pattern is & function only of molecular weight and related parameters (virial
coefficients and association constants where appropriate) and not of molecu-
lar shape (apart from entering into non-ideality considerations. again when
appropriate), since at equilibrium there is no further movement of the
macromolecule. Hence frictional effects through shape variation do not come
into play and we have an absolute way of getting (weight-average) molecular
welghts.

Solute concentration distributions at  sedimentation equilibrium  are
recorded most accurately using Rayleigh interference optics. These can be
read directly on-line into & computer (Laue. 1992) or *off-line’. i.e. recorded
on photographic film and then digitized into a computer (Rowe ef al.. 1992).
using, for example. a laser densitometer of the type found in many biochem-
istry departments used for scanning electrophoresis gels. Alternatively. the
absorption optics can be used; although less precise. these can be much more
convenient to use for proteins and nucleic acids. There are various ways of
processing the concentration versus distance data.

1. Molecular weight or *‘molar mass’ (weight average) of all the macromo-
tecular contents in the ultracentrifuge cell: M°,. From routines (such as
‘MSTAR’: see Harding. Horton and Morgan. 1992) almost equivalent to
getting the average slope (it is not guite as easy as that) of plots of log
concentration against distance from the centre of the rotor squared. one can
get the apparent weight average molecular weight, M, .pp- Which after an
extrapolation (of M, ... or /M, ) 1o zero concentration (10 remove
non-ideality problems) gives us the molecular weight {this will be a weight
average for a heterogeneous system). Number and z-averages can also be
obtained if the data are good enough. For most proteins and nucleic acids at
low concentration (0.5 mg ml™" and less). non-ideality corrections can be
quite small and a concentration extrapolation is often not necessary. The
molecular weight so found will be of the intact molecule (not, like SDS-
PAGE or mass spectrometry. of the subunits) {sce. c.g. Marsh et al., 1989).
For multi-subunit systems where the subunits are of comparable size. by use
of appropriate dissociative solvents (such as 6 M GuHCI) it is possible also to
obtain the subunit molecular weight. hence the subunit composition. When
the subunits are not equal in size. some combination of sedimentation
cquilibrium. SDS-PAGE (for proteins) and possibiy sedimentation velocity is
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necessary to give simitar information. It is worth mentioning that although the
favoured unit of molecular weight or molar mass is g mol™!, since most
molecular biologists think in terms of Da or kDa, we will tend to use this unit
here.

2. Point average molecular weights {usually weight averages). These can
be obtained from local slopes of the log concentration versus distance squared
data, and are quite useful for obtaining the stoichiometry and association
constants for self-associating systems. A good example has been given by
Tang and Adams (1973), who used this procedure to monitor the effect of
temperature on the dissociation equilibria of beta-lactoglobulin dimers.
Again, point number and point z-averages can also be obtained if the data are
good enough (see below).

3. Omega tunction analysis. Associafion constants can also be obtained by
maodelling the concentration versus distance squared data directly (see, e.g.
Ralston and Morris, 1992).

4. Molecular weight distributien analysis. This is useful for polydisperse
macromolecules, like nucleic acids and polysaccharides. There are four
principal ways of obtaining distributions (see, e.g. Harding, in press), the
most useful being *Method IV™, i.e. a combined approach with gel permeation
chromatography.

5. Number and z-average motlecular weights. These are useful for repre-
senting heterogencous systems, whether they be self-associative, complex
forming or polydisperse. If conventional absorption or Rayleigh interference
optics are used, the weight average molecular weight is the principal average
or ‘moment’, but it 15 in principle possible to obtain number average
molecular weights [but only for those systems where the so-called ‘meniscus
depletion” method (Yphantis, 1964) can be employed, a method applicable
only to a rather limited number of macromolecular systems) and also
z-average molecular weights, but only after a noise-sensitive double ditferen-
tiation of the basic concentration versus distance record. However, if the
Schlieren optical system is used, z-averages can be obtained directly, and
these optics can be as sensitive as the Rayleigh optical system (Rowe er al.,
1992).

ANALYTICAL ISOPYCNIC DENSITY GRADIENT ULTRACENTRIFUGATION

This s really a modified sedimentation equilibrium method (see, e.g. Creeth
and Herton, 1977), the modification being a heavy salt — usually CsCl (also
CsBr, Cs,80, and LiBr) is used at the appropriate molar concentration as
solvent. At sedimentation equilibrium, the sait will redistribute, giving an
equiltbrium density gradient between the meniscus and cell base. This
gradient will be a function of the salt, the rotor speed and the solution column
length. A suspended macromolecule will at equilibrium *band” at the isoden-
sity point, which will either be at the meniscus, the base, or, if the density
gradient has been appropriately chosen, somewhere between these two
extremes. For example, the buoyant densities of proteins and polysaccharides
are ~1.3 gml™' and ~1.6 mg mi™!, respectively. The buoyant density of
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nucleic acids is ~ 1.7 ¢ ml™!, depending on the GC content.

This method has been invaluable for assaying the purity of macromolecular
preparatons, the extent of glycosylation of proteins and the base content (see,
e.g. Schildkraut, Marmur and Doty, 1962) and extent of ligand binding to
nucieic acids, and indeed was the classical method used to show that the
replication of DNA is semi-conservative (Meselson. Stahl and Vinograd,
1957: Meselson and Stahl, 1938).

DIFFUSION ANALYSIS

Athough still used occasionally, the days of boundary spreading in the
ultracentrifuge being used on « routine basis for the measurement of
translational diffusion coefficients (see, e.g. Tanford, 1961) have long since
gone, being replaced by far faster and wsually more accurate dynamic
light-scattering methods (see. ¢.g. Pusey. 1989). However, the optical sys-
tems on the analytical ultracentrifuge, coupled with the stabilizing effect
{against convection phenomena) that a small centrifuge field gives (ryn at
~2000 rev min~') make it ideal for monitoring the diffusion of small proteins
or other molecules through matrices (polysaccharide or other; see. e.g.
Comper and Preston, 1992), or for monitoring the diffusion of proteins
towards and through interfaces separating two or more incompatible (aque-
ous or non-aqueous) phase systems (Tombs and Harding, 1988; Harding and
Tombs, 198%). The significance of this for monitoring membrane-based and
commercial processes has been recognized (involving, for example. lipases).
although no work has yet been done on the performance of engineered
proteins of this type.

THE MACROMOLECULES REVIEWED HERE

Although the main focus of this review is on the engineered macromolecules
themselves - largely protein and glycoprotein — it would be instructive to first
briefly review the contribution ultracentrifuge methods have made to our
understanding of those macromolecules associated with the engineering
process, namely nucleic acids and nucleic acid binding proteins. Unfortu-
nately, those arguably of the greatest interest — restriction endonucleases and
ligases — responsible for the scissision and re-glueing together of genetic
information — are themselves only produced in tiny quantities: they are
themselves ideal candidates for gene cloning and overproduction for physical
study.

Nucleic acids

The application of the ultracentrifuge to nucleic acid research dates back
almost 50 years. For example. Kahler (1948) investigated the concentration
dependence of the sedimentation coefficient of DNA. The classic application
was the demonstration by Meselson and Stahl (1958; see also Meselson, Stahl
and Vinograd. 1957) using analytical density gradient ultracentrifugation. and
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its ability to separate DNA labelled with '°N from uniabelled *N DNA, that
DNA replication was semi-conservative.

SIMPLE HOMOGENEITY/PURITY AND COMPOSITION CHECKS

Buovant density measurements using CsCl isopyenic density gradient meth-
ods (see, e.g. Weinblum, Geisert and Ostwald, 1990} are still regarded as
prime purity assays for a nucleic acid preparation (see, e.g. Durante ef al.,
1987; Ramachandran and Narayan, 1990). Bouyant density measurements
are routinely used to establish the base composition (Schildkraut, Marmur
and Doty, 1962; Kirchhoff and Flossdorf, 1987; McIntyre et al., 1987; Ligon e/
al., 1989) and even estimates for molecular weight from the band shape (see,
e.g. Thanaraj and Pandit, 1987). Sedimentation velocity is also routinely used
as a criterion for purity (see, e.g. Weller and Hill, 1992), and reproducibility
of & sedimentation coefficient is regarded as an indicator of successful
reconstitution of rRNA subunits (Bogdanov et al., 1988).

STRUCTURAIL ANALYSES

In DNA, sedimentation equilibrium and velocity analyses have been used in
conjunction with other techaiques such as circular dichroism and gel electro-
phroresis to investigate the formation of hairpin and cruciform structures
{Howard et al., 1991; Ross, Howard and Lewis, 1991; Scaria, Shire and
Shafer, 1992), linking number anomalies (Ringquist, Shinn and Hanlon,
1989}, B-Z transition phenomena {Chen, Ringquist and Hanlon, 1987}, the
structure of a short promoter region, in conjunction with neutron and
dynamic light scattering (Lederer ef ¢l., 1986}, and salt-dependent changes in
the structure and dynamics of circular DNA. in conjunction with dynamic
light scattering (Schaper et af., 1991), and the association properties of DNA
nonamers {Braswell er af., 1992). For mRNA, a combined approach (includ-
ing Mark-Houwink-Kuhn-Sakurada analyses) has been used (Freerksen es
al., 1990). Broitman, Im and Fresco (1987) have looked at the triple helical
poly (AAU). Steger er al. (1986) have also used a combined approach
(sedimentation velocity and equilibrium with electron microscopy. high-
performance liguid chromatography and spectrophotometry) to investigate
the structural properties of the RNA transcripts from cloned oligomeric
potato spindle tuber viroid.

LIGAND-BINDING STUDIES

Several recent studies have involved either sedimentation velocity or 1s0pyc-
nic density gradient methods. For example. Bickhardt er af. (1991) used
sedimentation velacity to look at the interaction of clupeine with DNA.
Thomas, Nessler and Katterman (1989) examined the degree of
S-bromodeoxyuridine binding to DNA using isopycnic density gradient
analysis in CsCl, and Wang, Sullivan and Libowitz (1989) used the same type
of analysis 10 monitor the extent of binding of CMC (N-cyclohexyl-i-3-(4-
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methylmorpholinium) ethyl carbodiimide-p-toluene sulphonate) to super-
cotled DNA as a probe for unpaired and mismatched sites in DNA. Richard
(1987} had earlier applied scaled particle theory to gels formed by DNA in the
ultracentrifuge to obtain estimates for the effective length and radius of a
DNA particle, before and after treatment with ethidium bromide {causing
extensive lengthening, interpreted in terms of denaturation) or acridine
orange (causing modest changes. interpreted in terms of binding). Trohalaki.
Frisch and Lerman (1991) have also used scaled particle theory to investigate
the effects of LiCl, RbCl, CsCt and MgCl, on the close packing of persistence
length DNA fragments. Westkaemper and Richard (1987) used sedimenta-
tion equilibrium analysis to investigate the effects of diadenosine tetraphos-
phate and ATP on the higher-order structure of DNA.

DNA-RNA INTERACTIONS

White, Wood and Hill (1988) used sedimentation velocity in conjunction with
dynamic light scattering and sucrose density gradient centrifugation {on
radiolabelled material) to investigate the extent and effects of the interaction
between a cDNA “probe’ and the a-sarcin region of 238 ribosomal RNA from
Lscherichia coli while still integral with the 50S ribosomal subunit from which
it is derived. This interaction was explored under conditions where the
ribosome was in its native state and under ‘collapsed state’ conditions.
Binding of the probe was confirmed while the subunit was in a collapsed state.
although the praobe itself was shown not to be responsible for the collapse
itself. refuting earlier beliefs.

Nucleic acid binding proteins
DNA PACKING PROTEINS

These have been the most widely studied with an extensive literature. Most
involve studies on histones and their binding to DNA in nucleosomes and
chromatin. The application of ultracentrifuge methods ranges from simple
purity checks using CsCl isopynic density gradient equilibrium (Amero e af. .
1988). right through to specific details of the interaction.

The basic unit of chromatin is the nucleosome: a histone core protein
complex about which the DNA is wrapped (see. e.g. van Holde. [989).
Sedimentation analysis combined with gel filtration studies were instrumental
in establishing that the histone core complex is an octameric assembly of cight
histone protein molecules (two each of histones H2A. H2B. H3 and H4)
(Godfrey, Eickbush and Moudrianakis. 198(}). Recent studies have focussed
on the nature of the interaction between the core proteins themselves and the
DNA. Mochs er af. (1992) used meniscus depletion sedimentation equilib-
rium with gel filtration to show that the plant variants of H2A and H2B are
responsible for enhanced stability of the octamer compared with its verterate
counterpart. The octamer itself is thought to seif-associate to give larger
structures. Prevelige and Fasman (1987) used similar approaches to investi-
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gate the effects of acetylation on this and the conformation, whereus
Baxevannis, Godirey and Moudrianakis (1991) looked at the effect of ionic
strength on the association of the (H3-H4), tetramer. Other studies have
focused on the core proteins themselves (Ausio, 1988; Jutglar ¢t al., 1991)
including the effect of H2a specific proteoloysis as a probe into the nature of
the assembly process (Eickbush et af.. 1988).

In so far as the interactions with DNA are concerned, sedimentation
velocity has been used to look at the cooperative inducing effect of Mgt
(Triebel er al., 1988), limitations of the polyglutamic acid reconstitution
method for nuclecsomes (Pennings, Muyldermans and Wyns, 1986), oli-
gomerization of nucleosomes (Hansen ef af., 1989; Hansen, van Holde and
Lohr, 1991), the significance of mobile histone tails in nucleosomes (Smith
and Hill, 1989), two-sturt double helex formation (Osipora er al.. 1990)
interactions at low ionic strength (Hirai er afl., 1988), the reversibility of the
low salt transition of the core particles (Libertini and Small, 1987), the
deleterious effect of higher ionic strengths (Yager, McMurray and van Holde,
1989}, the influence of chromatin folding on inhibition of transcription
initiation and etongation by RNA polymerase I (Hansen and Wolffe, 1992),
the effect on the interaction of UV damage to the DNA (Gale and Smerdon,
[988) and B-Z DNA transition phenomena in reconstituted nucleosomes
(Ausio, Zhou and van Holde, 1987). Sedimentation velocity distributions
have been used to model the distribution of nucleosome positioning {Robert
and van Holde, 1992). Sedimentation velocity and sedimentation equilibrium
have been used to investigate the role of histone ‘tails’ in the stabilization of
the nucleosome (Ausio, Dong and van Holde, 1989}, in Hi-depleted oligonu-
cleosome folding {Garcia-Ramirez, Dong and Ausio, 1992) and the role of
the (H3-H4), tetramer in positioning the nucleosome {Dong and van Holde,
1991).

Besides histones, other packing-related proteins have been studied. Using
sedimentation velocity analysis with low angle X-ray scattering, Herranz et a/.
(1990) have shown that conformational changes caused by proteolysis of the
$29 connector prevents DNA binding activity.

TOPOISOMERASES

Besides packing-proteins, other non-specific binding proteins have been
investigated. Topoisomerases, for example, are enzymes that catalyse the
breakage and rejoining of the DNA backbond. Riou er al. (1986) used
isopycnic density gradient equilibrium to show that topoisomerase prepara-
tions from Plasmodium berghei were free from leukocytes, and combined the
sedimentation coefficient measured in glycerol with the Stokes radius from
gel filtration to obtain a molecular weight of 300 kDa. consistent with a
dimer, whereas topoisomerase 1 gave 104 kDa, interpreted as monomer.
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OTHER NON-SPECIFIC DNA BINDING PROTEINS

Brenner. Zlotnick and Stafford (1990) have used sedimentation equilibrium
to study the self-association properties of RecA (37.8 kDa) from E. coli.
Monomers were in reversible equilibria with trimers. hexamers and dodecam-
ers to an extent depending on the temperature. the ionic strength, pH and
presence or not of ATP. Sarfert ef al. (1989) have used sedimentation velocity
analysis to investigate the DNA binding properties of the transcription
affecting Strepromyces hygroscopicus DNA binding protein.

GENES PROTEIN

The gene5 protein of the filamentous bacteriophage Pf1 is a dimeric protein
(30 kDa) which binds to single stranded DNA during phage replication to
form a helical nucleoprotein complex. Sedimentation velocity and equilib-
rium studies (Morgan er af.. 1989) have been used to characterize solutions of
the protein. Sedimentation diagrams have shown the existence of mostly a
2.6S species - corresponding to the monomer. with a significant proportion of
a high molecular weight aggregate (35S). Point weight average molecular
weight analysis confirmed that the monomer form was the predominant
species, with point average molecular weights of 32 5003000 dominating.
except near the cell base.

REPLICATION TERMINATOR PROTEIN (R1P)

Specific DNA replication terminators operate by slowing down or arresting
replication forks. Using sedimentation, Lewis ef al. {1990} have shown that
Bacillus subiilis RTP (14.5 kDa) exists as a dimer (29 kDa) at neutral pH and
concentrations above 0.2 mg ml™".

POLYMERASES

RNA polymerase from E. coli (450 kDa) is a dimeric protein under normal
solution conditions. Using co-sedimentation experiments. Biazy. Takahashi
and Baudras (1980) have shown that RNA polymerase interacts with the
cyclic: AMP-cyclic AMP receptor protein complex in solution. Further
sedimentation velocity experiments by Pinkney and Hoggett (1988) have
shown that the cyclic AMP receptor protein itself binds predominantly to the
monomeric rather than the dimeric form of the enzyme. Butzow, Ochrl and
Eichorn (1991) have used sedimentation diagrams from sedimentation veloc-
ity to assay the proportion of free and template-bound E. cofi RNA
polymerase. Suzuki (1990) has shown from a comparison of sedimentation
coctficients of synthetic peptides that a heptad repeat in the largest subunit of
RNA polymerase II binds to DNA. a result supported by fluorescence
quenching measurements. Hansen and Wolffe (1992) investigated the influ-
ence of chromatin folding on the inhibition of transcription initiation and
clongation by RNA polymerase I1I. Sedimentation equilibrium  studies
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(Lewis ef al., 1992) have shown that DNA B-polymerase (39 kDa, consisting
of § kDa and 31 kDa domains), a symametric monomer, did not self-associate
on binding of oligodeoxynucleotide. By investigating the binding as a function
of temperature, the enthalpies and entropies of the reaction were evaluated.

POLYMERASE "ACCESSORY PROTEINS

The polymerase “accessory proteins’ of phage T4, such as the gene 44, 62 and
45 proteins which show ATPase activity, are able to carry out leading strand
DNA synthesis in vivo. Jarvis, Paul and von Hippel (1989} used sedimenta-
tion equilibrium and velocity, together with dynamic light scattering and gel
filtration, to show that the gene 44 and 62 proteins associate to form a tight
complex containing four gene 44 protein subunits and one gene 62 subunit,
with a total molecular mass of 163.7 kDa, with an axial ratio of 3 : 1
(assuming a prolate ellipsoid model). Sedimentation equilibrium and chemi-
cal cross-linking studies suggest the gene 45 protein self-associates to form a
frimer, which is also asymmetric.

OTHER GENE CONTROL PROTEINS

Overman, Bujalowski and Lohman (1988) used sedimentation velocity 1o
estimate the average lengths of synthetic homopolynucleotides (based on
polyA and polyU calibrations) to investigate cation and anion effects and
polynucleotide specificity on the equilibrium binding of E. coli single-strand
protein (EcoSSB) to single stranded nucleic acids in the (SSB)4s binding
mode. Using model fitting sedimentation coefficient versus concentration
curves, Callaci ef af. (1990) have shown that the Xenopus transcription factor
111 complexes with 58 RNA ina 1 : 1 ratio, which self-associates to a dimer.

A combination of sedimentation velocity with gel filtration has shown that
the Nul subunit {21.2 kDa) of bacteriophage vy terminase cxists as a
M=>500 kDa aggregate (Paris er al., 1988). The physical properties and
potential for self-association as a function of ionic strength of the E. coli
transcription factors o and NusA have been examined by Gill, Yager and von
Hippel (1991), using sedimentation velocity and equilibrium coupled with
chemical cross-linking, dynamic light scattering and low-angle X-ray scatter-
ing.

Jaenicke er al. (1990) have used a combined sedimentation velocity/
equilibrium approach to show that the raf repressor protein from E. coli
under intracellular conditions exists as a 144 kDa tetramer (‘dimer of
dimers’), although it undergoes concentration-dependent dissociation at
lower concentrations, under meniscus depletion conditions. Sedimentation
equilibrium has been used by Richet and Raibaud (1987) to show that the
MalT protein, the transcription activator of the E. coli maltose regulon, exists
as a monomer (100 kDa), while using the same technique Starovasnik er al.
(1992) have shown the myogenic determination factor MyoD, a sequence-
specific DNA binding protein, is best described as a dimer-tetramer, with a
dissociation constant of 17.3 uM.
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Geiselmann e af. (1992) have used the same technique to give a molecular
weight of 264 kDa for the E. coli transcription termination factor rho 1.
confirming a hexamer. in agreement with the ‘Svedberg equation molecular
weight' (sedimentation coefficient combined with the translational diffusion
coefficient. the latter from dynamic light-scattering measurements), and to
give estimates for the gross conformation consistent with electron MICroscopy
and X-ray scattering that the hexamer is planar. Further studies have
investigated the binding of ATP {Geiselmann and von Hippel, 1992) and the
binding of DNA to termination factor rho Il (Geiselmann, Yager and von
Hippel, 1992).

TRANSLATION FACTORS

A similar approach adopted by Sam ef a/. (1990). combining sedimentation
velocity and equilibrium measurements with dynamic light scattering. showed
that under non-self-associating conditions (as confirmed by sedimentation
analysis), the bacterial elongation factor EF-Tu : GDP complex is a near-
spherical particle in solution. Bommer et al. (1988} have also used sedimenta-
tion equilibrium (molecular weight). together with sedimentation velocity
and diffusion analysis (molecular weight and frictional ratio). to investigate
the size and shape of the eukaryotic initiation factor eIF-2. Sedimentation
velocity together with fluorescence quenching and chemical modification
studis have been used to investigate the interaction of tryptophanyl-tRNA
synthetase with tRNAT'™P (Fournier et al.. 1987).

INTEGRASE

Retroviral integrase is responsible for the integration of viral DNA into host
DNA. with regard to the endonucieolytic processing of viral DNA ends and
the cleavage and joining of host DNA to the processed viral DNA termini. In
an attempt to understand the nature of the enzyme and the kinetics of the
process. short-column sedimentation equilibrium studies werc employed by
Tones et al. (1992) which revealed a substrate-dependent reversible equilib-
rium among the monomeric (31.7 kDa) dimeric and tetrameric forms of
retroviral integrase from Rous sarcoma virus. This information, combined
with steady-state kinetic studies. suggests that the minimal functional unit of
the enzyme required for both the processing and joining of cach viral DNA
end is the dimer.

REVERSE TRANSCRIPTASE

Reverse transcriptase from avian myeloblasts is an af3 type of protein. Lin er
al. (1991) used sedimentation velocity and equilibrium to investigate the
association state under native and glycerol-containing buffer systems. In the
absence of glycerol., it was deduced that the enzyme behaved as a heterodimer
(152 kDa). In the presence of glycerol, after taking into account soivent
effects. the enzyme dimerized to give an («f3) structure. Recombinant HEV-1
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reverse transcriptase, also an aff heterodimer, has also been the subject of
extensive analysis by ultracentrifugation, and will be considered below (p.
341).

RETROTRANSPOSON VIRUS-LIKE PARTICLES

Without wanting this review to drift into the realm of viruses — DNA-protein
complexes in the broadest sense - it is worth mentioning that the RNA-based
retrotransposon particles, which replicate by a reverse transcriptase step
followed by an integration reaction into the host genome, have also been
characterized by the ‘Svedberg equation route’, viz sedimentation coefficients
combined with dynamic light-scattering translational diffusion coctficient
measurements to size these particles. A value of 142 kIDa has been obtained
{Burns er al., 1992).

RIBOSOMAL PROTEINS

Sedimentation velocity and equilibrium analysis, together with dynamic
light-scattering diffusion coefficient measurements, have shown that the
ribosomal protein $4 from E. coli was monomeric (23kDaj). but asymmetric
with an axial ratio of 5 : 1 based on a prolate ellipsoid model (D odd and Hill,
1987). Georgalis er al. (1989) have used sedimentation equilibrium to show
that another E. cofi ribosomal protein complex, L7/.12, is tetrameric
(50 kDa), consistent with measurements from other less accurate techniques.

Engineered proteins and glycoproteins

The last few years has seen a plethora of published work on engineered
proteins, ranging from small peptides like interleukins and hirudin right
through to large multi-enzyme complexes. The sort of questions being
addressed include; Does a recombinant protein have the same degree of
monodispersity or a tendency to associate as its native or ‘wild-type’ ana-
logue? (see, e.g., Pingoud er al., 1988). Does site-directed mutagenesis
significantly affect the activity of an enzyme by altering its conformation or its
relations with a cofactor? (see, e.g., Slodowski er af., 1991). Can we probe the
significance of particular amino acids using mutagenesis? Does altering a
protein subunit affect the mode of self-assembly into a multi-enzyme complex
or alter the shape and size of a viral coat?

MONOCLONAL ANTIBODIES

Because of their flexibility, there is as yet no high-resolution crystatlographic
structure for an intact, immunologically active antibody molecule, only
structures worked out for fragments and mutant antibodies which lack a hinge
region. Sedimentation analysis, combined with other selution technigues,
such as low-angle solution X-ray scattering, have provided the only real
handle on the confermation of the intact molecule in solution.
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Byron (1992) used sedimentation equilibrium and velocity to confirm that
chimeric monoclonat B72.3 does not self-associate in dilute solution and used
hydrodynamic bead modelling of the sedimentation coefficient and radius of
gyration to show that the Fab and Fc regions do not form a planar structure.
Morgan, Byron and Harding (1992) used the same techniques to show the
monodispersity of preparations of Fab and (Fab), fragments of this antibody,
and used bead models to show that the Fab domain has dimensions
approximately 50 X 80 X 50A. inclusive of hydration.

Wilhelm ef af. (1987) have looked at size using sedimentation equilibrium
analysis and conformation by low-angle X-ray scattering on complexes of
monaclonal Fab fragments with the f3,-subunit of E. coli tryptophan synthase
as the ‘antigen’, to show (1) that the C-terminal F, domains lic at the distal
ends of the subunit, and (2) how steric hindrance stops the {dimeric) §, from
binding more than one Fab 93-6 fragment per dimer. Similar binding studies,
involving the whole antibody complexed with ricin (via a galactose-binding
domain), have been performed by Colombatti et al. (1987). Jentoft and
Bolinger (1987) have used sedimentation velocity to investigate the interac-
tion: of monoclonal IgG1 with human serum albumin. King ez al. (1993) have
shown by velocity and equilibrium sedimentation analysis that the two Fv
domains of the chimaeric B72.3 monoclonal are associated at high concentra-
tions at pH values close to neutral, but dissociate at concentrations lower than
~0.5 mg mi~".

The behaviour of antibody fragments and constructs thereof (*mini-
antibodies’) is of topical interest at the moment. Pack and Pliickthun (1992)
have shown by sedimentation velocity analysis that a mini-antibody (consist-
ing of two single chain Fv domains joined with a flexible hinge region from
IgG3 and an amphiphatic helix fused to the C-terminus) dimerizes in solution.
In another study using the ‘combined approach’, Morgan er al. (1988) used a
combination of sedimentation velocity analysis with monocional antibody
binding to probe the molecular determinants of haemopexin-mediated haem
transport. Haem binding causes domain I of the protein to become more
compact and induces an association with domain I1.

RECOMBINANT COMPLEMENT

One of the biggest problems of recombinant technology is post-translational
modification of the gene product: the problem is particularly acute for
glycoproteins, of which complement is an example. Luo et al. (1992)
measured the sedimentation coefficients of recombinant complement Cl
subcomponent tacking in beta-hydroxyasparagine. sialic acid and onc of its
two carbohydrate chains. and found that it stil reassembles with Clg and CIr
sub-components to form a functional Cl complex.

RECOMBINANT INTERLEUKINS

Other recombinant proteins from the immune defence system have also been
studied. Proudfoot er al. (1990} used sedimentation velocity to demonstrate
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the homogeneity of human interleukin 5 preparations (after gene expression
in E. coli), and using sedimentation equilibrium showed that the recombinant
protein behaves as a homodimer (viz a covalently linked dimer with no
evidence for further self-association behaviour), consistent with observations
from gel permeation chromatography. Both recombinant interleukin lo
(Wingfield ez al., 1987) and 1B (Wingfield ef al., 1986) also show no tendency
to self-associate in dilute solution, and adopt compact globular conforma-
tions.

RECOMBINANT MACROPHAGE FACTORS

Wingfield et al. (1988) used a combination of sedimentation velocity and
equilibrium ultracentrifugation in conjunction with urea-gradient polyacryla-
mide gel electrophoresis and several spectroscopic methods to study the
conformation and stability of recombinant human and mouse granulocyte-
macrophage colony stimulating factors (after its gene had been expressed in
E. coli). The proteins were demonstrated to be physically homogeneous
monomers with compact globular shapes, findings consistent with gel permea-
tion chromatography studies.

RECOMBINANT HUMAN TISSUE FACTOR (TF)

Human tissue factor, a membrane anchored cell-surface protein that initiates
coagulation upon tissue damage, is an essential activator for the serine
protease Factor VIla. The gene for the soluble cytoplasmic domain (sTF) of
TF has been cloned and expressed in sufficient quantity to enable sTF : VIIa
complexes to be assayed and Laue er al. (1992b) have used sedimentation
velocity analysis to show that sTF, VHa and the complex are probably highly
asymmetric (high frictional ratio) with sTF and VliIa associating end-to-end
rather than side-to-side in the complex. This shape could be physiologically
significant in terms of perturbation of blood flow (see also Waxman et al.,
1992). Another human blood factor, XIlla, has had its gene expressed in
Sacharomyces cerevisae in sufficient quantity for a sedimentation equilibrium
study (Bishop ez al., 1990); see also Rinas et al. (1990).

RECOMBINANT HUMAN TUMOUR NECROSIS FACTOR (TNF)

There are two types, TNFa and TNFf. TNFu is essentiaily another macro-
phage factor, since its cellular origin is macrophages, whereas TNFB is a
related cytokine produced by lymphocytes. Arakawa and Yphantis (1987)
demonstrated by sedimentation equilibrium analysis using both the short
cotumn and long solution column methods that recombinant TNF« {after its
gene expression in E. coli) exists as trimeric structures in solution with a
(z-average) molecular weight of 52 kDa, almost exactly the trimer value and
only slightly higher than an earlier relative molecular weight determination by
gel filtration, suggesting the trimeric molecule has a compact structure.
Schoenfeld e al. (1991) obtained a slightly lower result (49 kDa), suggesting
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the presence of some dimer in their preparations. They also examined TNFf.
again expressed in E. coli, and obtained a result (56 kDa) that was also
consistent with a trimeric structure.

Recombinant TNF receptor, and its complexes with TNFa and TNFP have
also been studied (see. e.g., Sreekrishna er al.. 1989). Using sedimentation
equilibrium, Loetscher et af. (1991) found a molecular mass of 25 k[Da for the
receptor (less than half of the value estimated by gel filtration — probably a
reflection of a non-compact structure) and 140 kDa for complexes of the
receptor with either TNFa or TNFf, strongly suggesting a stoichiometry of
three receptor molecules binding to each TNFa or TNFPB trimer. Values for
the sedimentation coefficients and also estimates for the translational diffu-
sion coefficient from dynamic light scattering suggested an extended confor-
mation for both the receptor and its complexes. In an independent study,
Pennica et al. (1992) obtained similar results for the molecular weights of the
receptor determined by sedimentation equilibrium (25 kDa) and gel filtra-
tion. although the molecular weight of the complex was somewhat less
(114 kDa). The authors concluded that 2-3 receptor molecules bind to each
TNFua (see also Shire. Pennica and Goeddel, 1992),

RECOMBINANT HEAT SHOCK PROTEIN HSP25

The heat shock protein hsp25 (23 kDa), which is associated with Ehrlich
ascites carcinoma, has had its gene expressed in E. coli in sufficient quantitics
for detailed hydrodynamic analysis. Behlke et al. (1991) have used a
combination of sedimentation velocity (sedimentation coefficient determina-
tion} and boundary spreading (translational diffusion coefficient) measure-
ments in the ultracentrifuge with electron microscopy to observe the
formation of high-order association products. A molecular mass of
750 £ 25 kDa was obtained from the Svedberg equation method. corre-
sponding to a 32 subunit structure. From the frictional ratio. a compact
hexagonat type of packing was proposed. consistent with electron micros-
copy. The resistance of the complex to distuption by detergent was also
investigated.

RECOMBINANT HUMAN STEM CELL FACTOR (SCF)

Stem cell factor (SCF), also known as ‘mast cell growth factor’, acts on
primitive hematopoietic progenitor cells of the marrow. and can operate
synergistically in conjunction with other factors such as the interleukins Il-1.
IL-3, IL-6 and IL-7, granulocyte and granulocyte-macrophage colony stimu-
tating factors and erythropoietin (the latter considered below). In a recent
study (Arakawa er al.. 1991). sufficient quantities of this recombinant
glycoprotein (in both unglycosylated form, after gene expression in £, coli,
and glycosylated form, as expressed in Chinese hamster ovary cells} have
been produced to enable reasonably detailed physicochemical investigations.
Both the glycosylated and unglycosylated forms were shown to be dimeric by
combining the sedimentation equilibrium molecular weights (53 090 and
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36 080 Da, respectively) with estimates for the monomer molecular weights
from SDS-PAGE (18 300 and 28 000-35 000 Da, respectively) after atlow-
ance for anomalous binding of SDS to the glycosylated form: glycosylation
does not appear to hold the key to the self-association process. The finding
that SCF exists as a dimer is interesting in that other simifar factors are also
dimeric. such as the macrophage colony stimulating factor (CSF) and the
platelet-derived growth factor {PDGF).

RECOMBINANT HUMAN ERYTHROPOIETIN

This factor is related to the stem cell factor and the gene for it has also been
expressed — as a glycoprotein - in Chinese hamster ovary cells in sufficient
quantities for physicochemicat study {Davis ef /., 1987). Conventional long
column sedimentation equilibrium was used to obtain a molecular weight
(z-average) of 30 400 Da with no evidence for any polydispersity or self-
association behaviour. This compares with an amino acid sequence molecular
weight of 18 399 Da, suggesting the weight fraction of carbohydrate, like that
for stem cell factor, is very high (0.395 £ 0.008). Comparison with the
estimated hydrodynamic radius of the protein from gel filtration suggests
either high expansion through solvation or considerable asymmetry.

RECOMBINANT CELL ADHESION MOLECULES

Cell adhesion molecules (CAMs) play a crucial role in the development and
upkeep of adult tissues of multicellular organisms. A synthetic peptide has
been produced, reproducing the Ca®* binding motif of the ccll adhesion
molecule uvomorulin (Ozawa, Engel and Kemier, 1990}. After point muta-
genesis, where the first Asp was replaced by a Lys, a loss of Ca** binding and
cell adhesion properties was observed. Sedimentation equilibrium analysis
has confirmed that the monomeric state of this peptide is still retained after
mutagenesis.

RECOMBINANT INTERFERONS

Natural human interferon y (IFN-y) is known to be uastable at low pH,
although the nature of this instability, in terms of associative behaviour or
other mechanisms, is largely unknown. In an attempt to address this issue,
Yphantis and Arawaka (1987). and Arakawa and Hsu (1987) used sedimenta-
tion equilibrium in conjunction with circular dichroism to look at the effect of
lowering the pH on the state of association and conformation of [FN-y after
its gene had been expressed in sufficient quantities in £. coli. After due care
about the selection of the rotor speed because of the large sizes of the
macromolecular species present in some solvent conditions — potably in the
presence of 0.1 M NaCl — sedimentation equilibrium (using Rayleigh optics)
viclded a lfargely unknown state of self-association of human interferon v,
expressed in E. coli. Acid-induced unfolding was confirmed by circuiar
dichroism. At low pH (3.3) in the absence of salt, almost complete dissocia-
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tiont of the protein into monomers was observed: in the presence of salt, large
aggregates were present at this pH. At a higher pH (6.9), the ‘natural’ dimeric
form s reproduced; the presence of salt (0.1 M NaCl) does not appear to
produce significant amounts of aggregate as observed at pH 3.5. The
assoctation state of human and murine interferon y has also been investigated
by Nagata ef al. (1987).

The stoichiometry of the interaction between interferon y and its receptor
produced in both E. coli {unglycosylated) and baculovirus infected insect Sf9
and CHO cells (the latter giving glycosylated receptor molecules), also cloned
in E. coli, has been studied by Fountoulakis er al. (1992). Single species only
were observed in sedimentation diagrams from sedimentation vetocity if the
molecule and its (glycosylated) receptor were in a 1 : 2 molar ratio mixture.
Both sedimentation equilibrium and the sedimentation coefficient (combined
with the transiational diffusion coefficient from dynamic light scattering) were
used to obtain estimates of the molecular weight of the complex, and were in
general agreement. The presence of glycosylation appeared to be important,
with a binding stoichiometry (ligand : receptor) of 1 : 1 for unglycosylated
and 1 : 2 for glycosylated receptors. This is another good demonstration of
the importance of post-translational processing on the properties of recom-
binant proteins. and the perils of ignoring this fact.

RECOMBINANT FHHRUDIN

Hirudin, a small peptide hormone (7 kDa), is so named because of the
orgamism that produces it naturally (Hirudo medicinalis, the leech). and is
responsible for the anti-blood coagulation reputation of this organism.
Attempts have been made to clone its gene so that quantitics can be made
available without destroying the world’s supply of leeches.

Recombinant hirudin produced in yeast was studied using sedimentation
equilibrium analysis by Rowe et al. (1989) using Rayleigh optics with a novel
data capture system. A value for the (weight average) molecular weight of
7080 % 200 Da was obtained, almost in exact agreement with the amino-acid
scquence molecular weight of 6964 Da, confirming that the recombinant
peptide, like the wild-type peptide (Triebel and Walsmann, 1966). does not
seif-associate under dilute solution conditions. This observation was con-
firmed over a range of different solvent conditions by Otto and Seckler (1991)
from both sedimentation equilibrium and sedimentation coefficient measure-
ments,

PYRUVATE DEHYDROGENASE POINT MUTANTS

One of the most popular ‘metabolic pathway’ proteins studied by sedimenta-
tion analysis is pyruvate dehydrogenase (see. e.g. Gilbert and Gilbert, 1980).
Attention has recently focused on the effects of site-directed mutagenesis on
the mode of assembly of this multi-enzyme complex. Using sedimentation
velocity analysis combined with gel filtration, Schulze er af. (1991) investi-
gated the effect of point mutations in the E2p {dihydrolipoyl transacetylase)
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component on its binding of the peripheral components Elp and E3, and
showed that for example large deletions of the protease-sensitive region of
E2p resulted in a total loss of the Elp and E3 binding. In another study
(Schulze et al.. 1992), chimeric E2p components were constructed by
exchanging the three domains between E2p from E. coli and Azotebacter
vinelandii at the gene level, and the six chimeric E2p’s have been expressed
and purified from £. coli. Sedimentation coefficient analysis, in conjunction
with gel filtration, was again used, this time to study the binding or
‘reconstitution’ of these chimeric E2p’s with Elp and E3. Escherichia coli E3
was shown to interact with all the chimeras, whereas A. vinelandii only
interacted with those chimeras containing its own binding domain. The
binding of the E2p’s ta either the E. coli or A, vinelandii E1p’s also depended
strongly on whether or not the catalytic or lipoyl domains were from the same
organism or not.

RECOMBINANT NITRITE REDUCTASE

This dimeric enzyme from Pseudomonas aeruginosa has been difficult to
clone, because of the presence of two different prosthetic groups (haem c and
haem d1), which rule out cloning in E. coli. The gene for the protein has,
however, been successfully cloned in the related Pseudomonas putida: the
recombinant protein, containing only the chemically bound haem c¢ is
water-soluble {unlike the chemically prepared apoprotein}, and available in
sufficient quantities for characterization (Silverstrini ef a/., 1992). Based on a
comparison of sedimentation coefficients (6.55S native, 0.25 cloned), the
authors conclude that this difference is small enough for the cloned enzyme
also to be in a dimeric state.

RECOMBINANT PHOSPHOLIPASE

The significance of lipases in membrane-based processes is well recognized.
The gene for human phospholipase has been cloned and expressed in
sufficient quantities for sedimentation equilibrium analysis (Levin e al.,
1992).

RECOMBINANT 4-OXALOCROTONATE TAUTOMERASE

4-Oxalocrotonate tautomerase is a bacterial enzyme and is part of a set of
enzymes that oxidatively catabolize toluene, m- and p-xylene, 3-cthyltoluene
and 1.2.4-trimethylybenzene to intermediates in the Krebs cycle. The entire
pathway is encoded by the TOL plasmid pWWO0 and enables strains of soil
bacteria carrying this plasmid to utilize simple aromatic hydrocarbons such as
these as their sole sources of carbon and energy.

Chen er al. (1992) obtained a molecular mass of 32 000 Da from the
sedimentation coefficient and diffusion coefficient for the recombinant
enzyme of Pseudomonas putide expressed in E. coli. Because of the lack of
tyrosine and tryptophan, far-uv absorption optics had to be employed to
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record solute distributions. This value compares with a value of 37 000 Da
obtained by gel filtration for both the cloned and the wild-type enzyme. After
comparison with the sequence molecular mass of 6811 Da. a pentameric
structure for both the wild-type and cloned enzyme was proposed.

RECOMBINANT AMINOTRANSFERASE

This enzyme enables one pathway of amino acid catabolism, leading to the
synthesis of intermediate metabolites that can enter the Krebs cycle.
Although the molecular weight of the mammalian enzyme is known (50 kDa)
and that it exists as a ‘homodimer’ (two covalently linked subunits), not much
else is known because of insufficient purified material. It has been over-
expressed in sufficient quantities in both Saccharomyces and E. coli. Dietrich.
Lorber and Kern (1991) have used a combination of sedimentation velocity
(sedimentation coefficient) and boundary spreading (translational diffusion
coefficient) in the ultracentrifuge with other techniques (notably gel filtra-
tion, SDS and native PAGE) to assay the physical characteristics of the
recombinant protein. The results for the molecular weight (110 + 10 kDa)
and frictional ratio (1.8 % 0.2) of the protein are consistent only with a
dimeric protein that is either asymmetric and/or significantly hydrated.

ASPARTATE TRANSCARBAMOYLASE POINT MUTANTS

Aspartate transcarbamoylase (ATCase) is one of the most extensively studied
multi-subunit enzymes in terms of ligand binding, conformational change and
its allosteric activity (see, e.g. Schachman er al., 1984), and has been the
subject of several studies on the effects of point mutagenesis. This ‘new tool’
has been invaluable, since previously quantitative information on the energet-
ics of the various interchain interactions had been difficult to obtain because
of the strength and multiplicity of the subunit contacts stabilizing the
quaternary structure of the wild-type enzyme (see, e.g. Eisenstein. Markby
and Schachman, 1989). ATCase catalyses the first committed reaction in
pyrimidine biosynthesis in £. coli, exhibiting classical sigmoidal kinetics and
subject to feedback inhibition by CTP and activation by ATP. It consists of 12
subunits, two catalytic trimers and three regulatory dimers linked non-
covalently. The complex exists in either of two states: a low-affinity ‘R’
(‘retaxed’ or swollen) state or a high-affinity T~ {‘taut’) state. affected by CTP
and ATP binding. Boundary spreading sedimentation velocity experiments
on the wild-type enzyme compared with a missense “T-state' mutant
ATCase554 (in which serine at position 52 in the catalytic chains was replaced
by phenylalanine) indicated no significant intermediate conformation states
(Werner and Schachman, 1989: see also Werner ef al. . 1987) in the reaction,

Eisenstein, Markby and Schachman (1989) reported the effects of a
aumber of point mutations in a limited region of the zinc-binding domain of
the regulatory subunits. They compared changes in activity with changes in
conformation. as manifested by a fractional change in the sedimentation
coefficient of the enzyme, in the absence and in the presence of the ATP and



340 STEPHEN E. HARDING

CTP ligands. For example, replacement of an asparagine residue at the
interface between a regulatory and a catalytic chain in the opposing catalytic
trimer causes a complete loss of the homotropic and heterotropic effects
characteristic of wild-type ATCase. This corresponded with observations
from the fractional change in sedimentation coefficient upon binding a
bisubstrate ligand ‘PALA’ (viz “difference sedimentation coefficient” experi-
menis), that this mutant enzyme exists in the R conformation in the absence
of active site ligands due to preferential destabilization of the T conformation
relative to the R state.

To assist in the detection of any possible global conformation change
caused by the binding of the inhibitor CTP, Eisenstein, Markby and Sch-
achman (1990) replaced Lys143 in the regulatory chain Ala, thereby perturb-
ing interactions at the regulatory—catalytic interface and destabilizing the
T-state. Difference sedimentation velocity experiments involving measure-
ments of the changes caused by the binding of a bisubstrate analogue
demonstrated that the sedimentation coefficient of the mutant enzyme was
intermediate between that observed for the T and R states of the wild-type
ATCase. Together with equilibrium binding data, these results provide
convincing evidence that heterotropic effectors cause an alteration in the
gross conformation of ATCase and thereby regulate the activity of the
enzyme by perturbing the T == R equilibrium, refuting suggestions that only
local changes occur on binding of CTP or ATP.

In point mutation studies on the catalytic chain (Newell and Schachman,
1990), a Lysl64-Glu, Glu239-Lys or both showed that the mutationally
altered enzymes were devoid of both homotropic and heterotropic effects,
supporting the view that the allosteric properties of the wild-type enzyme are
linked to a ligand-induced alteration in quaternary structure.

Advantage has been taken of crystallographic studies which have pin-
pointed the nucleotide (i.e. CTP or ATP) binding region on the regulatory
chains. Wente and Schachman (1991) have shown that different point
mutations at the same positions (Lys-60 and Lys-94) cause ‘bewildering’
changes in allosteric properties, again using the fractional change in the
secimentation coefficient upon binding of the bisubstrate ligand as the
conformational probe. Similar studies have explored the effects of replace-
ment of the active site residues GIn231 (Peterson, Burman and Schachman,
1992) and GIn288 in the near-C-terminus o-helical region (Peterson and
Schachman, 1992) in the catalytic chains.

RECOMBINANT AND POINT MUTANT NUCLEIC ACID-BINDING PROTEINS

The tools of genetic engineering have themselves been the subject of
recombinant technology and point mutagenesis. The HIV-1 transactivating
protein HIV-1 Rev (13 kDa) has been produced in E. coli. This regulates
gene expression by binding to specific regions of viral mRNA. Wingfield et al.
(1991) nsed both sedimentation velocity and sedimentation equilibrium to
investigate the solution properties of the recombinant protein. Upward
curved log concentration versus distance squared plots were observed from
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sedimentation equilibrium, consistent with a significant self-association
[whole cell weight average (M%) 56 kDa, with point average molecular
weights ranging from 47 000 (cell meniscus) to 74 000 (cell base) at the rotor
speed used]. This evidence for a self-association was confirmed by sedimenta-
tion velocity with a classical increase in the sedimentation coefficient with
concentration.

Chakerian et al. (1991) used sedimentation velocity measurements in
conjunction with other techniques to look at evidence for a zipper motif in the
Lac repressor protein. and in a related study (Chakerian and Mathews., 1991)
investigated the effects of point mutations at positions 281 or 282 on the
oligomerization domain of the protein. The wild-type protein is a tetramer.
with an %, of 7.58. Depending on the substition, up to a three-fold
decrease in 5%, was observed, indicating this region is essential for
oligomerization.

Blondel and Bedouelle (1990} investigated the hydrodynamic properties
(sedimentation velocity and gel filtration) of the gene5 protein of phage M13
hybridized with the maltose binding protein of E. coli and expressed in the
latter. This hybridization route is considered a possible way of producing and
purifying proteins like gene5 protein. Both sedimentation velocity and gel
filtration are consistent with a monomer—dimer equilibrium for this hybrid.

Wallis et al. (1992} have over-produced colicin E9 immunity protein, a
bacteriat anti-suicide DNase protein, in sufficient quantity for sedimentation
velocity and equilibrium analysis. The molecular weight (9.4 kDa) came out
close to the sequence value. confirming a monomer. Some concern was
expressed about the very high concentration dependence of the (apparent)
molecular weight with concentration for a molecule so small. The sedimenta-
tion coefficient of 1.14S combined with the translational diffusion coefficient
from dynamic light scattering vields a very similar molecular mass.

HIV-1 reverse transcriptase, as considered above, is an «ff heterodimer
(M =66 kDa, My=51kDa). The « and B subunits, known as b6 and "p5l°.
respectively (Becerra et al., 1991). have been expressed individually in E.
coli, and have been the subject of extensive study by sedimentation equilib-
rium analysis. Studies in a solvent of moderate ionic strength (.25 M NaCl)
revealed that p66 was in a monomer—dimer equilibrium (K, 5.1 x 10* MY).
whereas p51 was monomeric. Mixing the p66 and p31 resulted in reconstitu-
tion of the 1:1 heterodimer with K, 4.9 X 10° M™'. This binding was
resistant to a high sait concentration (1 M NaCl). suggesting a strong hydro-
phobic interaction, whereas a 200 kDa C-terminal truncation of p51 climinated
all complex formation with p66 and a peptide corresponding to the C-terminal
15 kDa of p66 was not able to bind to p66. suggesting that the central region
of RT may contain sequences required for the dimerization process.

Point mutagenesis has been used to explore the tetramerization and
function of the single-stranded DNA binding protein, EcoSSB of E. coli
{Curth et al, 1991). In the native state, EcoSSB exists as a tetramer. Amino
acid 55 (His) in the polypeptide chain was thought to play a key role: mutants
were produced with tyr, glu, lys, phe and ile in this pesition. A combination
of sedimentation velocity (concentration dependence of the sedimentation
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coefficient), NMR, gel filtration and fluorimetric detection methods revealed
that whereas the phe and ile substitutions did not change the properties of the
protein appreciably, the others caused dissociation and loss of affinity for
poly(dT).

The class 11 restriction endonuclease FcoRI has also been the subject of
point mutagenesis studies (Geiger et al., 1989). Sedimentation velocity,
coupled with gel filtration, isoelectric focusing and circular dichroism studies
have shown an altered monomer/dimer equilibrium for the GlnddLys145 and
Ginl144Lys145Lys200 mutants.

RECOMBINANT POST-TRANSLATIONAL PROTEASES

Post-translational processing has been the thorn in the flesh for recombinant
technology, until this was at least partially circumvented by the use of
eukaryotic hosts, such as Chinese hamster ovary cells. One such post-
translational processing protein is the MAS gene-encoded processing pro-
tease of yeast mitochondria, which cleaves amino-terminal presequences of
proteins imported from the cytoplasm across the mitochondrial inner mem-
brane. This has two subunits, the MAS] gene encoded subunit and the MAS2
gene encoded subunit. These have themselves been the subject of over-
production experiments and the MAS2 gene encoded subunit has been
produced in sufficient quantities for sedimentation analysis (Geli et al., 1990).
Sedimentation velocity and sedimentation equilibrium experiments have
shown that the isolated MAS2 subunit is a monomer, with a molecular weight
{52 kDa) close to that predicted by the gene sequence, but with the presence
{20-30%) of some larger species of molecular weights 90 kDa and 254 kDa.

Glycosylation is one of the most crucial forms of post-translational process-
ing; among many other things, carbohydrate moieties are the key elements of
molecular recognition phenomena. One of the key sugars 1is
N-acetylneuraminic acid (NANA). Zapata er al. (1989) have cloned and
expressed the K1 CMO N-acetylneuraminic acid synthetase (49 kDa) gene
from E. coli and shown by sedimentation equilibrium analysis and gel
filtration that the enzyme is active as a monomer, although it may form
aggregates.

RECOMBINANT ANTENNAPEDIA HOMEODOMAIN

Homeotic genes and several other genes controlling development share a
characteristic DNA segment, the ‘homeobox’. Miller er af. (1988) have
expressed the Antennapedia gene of Drosophila in E. coli and analysed the
properties of the protein using sedimentation equilibrium and velocity
analyses. Under reducing conditions, the protein behaves as a monomer, with
a  sedimentation equilibrium  weight average molecular weight
(9.04 £ 0.34 kDa) close to the sequence value (8.545 kDa). By combining
this with the sedimentation coefficient (1.0 % 0.18), a globular structure was
inferred, from the axial ratio (1.4-1.8) of the equivalent prolate ellipsoid,
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assuming ‘typical’ hydration. In the absence of reducing conditions. the
protein showed a tendency to dimerize.

RECOMBINANT LAMIN

Chicken lamin B2, a structural filament protein related to myosin, has been
expressed in E. coli. The structure and assembly properties of the recom-
binant protein were examined by a combination of electron microscopy and
sedimentation velocity and equilibrium ultracentrifugation (Heitlinger er al.
1991). This protein was shown to form myosin-like 3.1S dimers. which
associate fongitudinally to form polar head-to-tail polymers.

RECOMBINANT N-TERMINAL GLOBULE OF COLLAGEN VI

The size and shape of a recombinant collagen fragment, N9-N2. has been
studied using sedimentation cquilibrium and velocity analyses by Specks ef al.
(1992). A molar mass from sedimentation equilibrium of 180 % § kDa was
inferred, consistent with an octameric structure. From the frictional ratio. a
high degree of asymmetry was inferred (axial ratio 9, assuming a prolate
ellipsoid model and ‘typical” hydration). consistent with electron microscopy.

RECOMBINANT ADENOVIRUS PROTEIN Iila

The gene for this has been cloned and expressed in £. coli, in both wild-type
and ts112 mutant forms (Cuillel ez al., 1989). Both proteins have been shown
by sedimentation velocity analysis (in sucrose density gradients) to be
monomeric. Both the hydrodynamic and electron microscopic data were
consistent with a cylindrical conformation of 20 nm length and 2.8 am
diameter.

VIRAL COAT PROTEIN MUTANTS

Shire et al. (1990} have looked at the self-assembly properties of recombinant
DNA derived tobacco mosaic virus protein, expressed in E. coli. The
recombinant protein lacks an acetyl group on the amino terminus of the
polypeptide chain, so by comparison with earlier results of self-assembly of
wild-type protein, important conclusions about the role of amino terminal
acetylation in the self-assembly process could be inferred. Sedimentation
velocity and equilibrium analysis was used in conjunction with electron
microscopy and circular dichroism to demonstrate a reversible endothermic
self-association. although the detail of the assembly process was different
from the wild-type. For example, in contrast to the wild-type assembly
process, the recombinant assemblies contain some unpolymerized disk-like
structures, which suggest either two structures for the 28S aggregates (not
seen in the wild-type}, two parallel polymerization pathways or both. The
effect of the extra charge through acetylation was thus shown to have
important consequences for quaternary structure, even though this end of the
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protein chain is on the outside of the protein in the assembly and in the virus.

Molina-Garcia er al. (1992) used sedimentation velocity and equilibrium
analyses to investigate the effect of coat protein point mutations on the
self-assembly of bacteriophage fd. Significant increases in the molecular
weight of the virus (from 15 000 to 20 000 kDa) were observed by the
substitution of the lysine residue in position 48 with either glutamine or
alanine. Combining with the measured sedimentation coefficients, these
results imply an increase in length of the virus from 900 to 1400 nm,
consistent with observations from electron microscopy.

Engineered polysaccharides

Genetic engineering — recombinant technology or mutagenesis — produces
directly enginecered proteins, and also engineered glycoproteins so fong as an
appropriate host organism is used. The technology is also having an impact on
the synthesis and properties of polysaccharides, although the only example 1
could find where ultracentrifuge analyses are involved was one involving
ourselves at Nottingham.

Pectins (polyuronides), with molar masses from a few thousand to several
million, are an important constituent of the celi walls of fruits, and are used
extensively by the food industry as thickening and gelling agents. In toma-
toes, the softening of the tomato during the green-red—rotten ripening
process is associated with a progressive degradation of the cell wall pectins: a
comparative sedimentation equiltbrium and gel filtration study on green and
red tomato pectins has confirmed this (Seymour and Harding, 1986). One of
the key enzymes responsible for the degradation of cell wall pectins is
polvgalacturonase. Smith er al. (1990) have produced novel mutant tomato
lines in which expression of the polygalacturonase gene has been downregu-
lated by antisense RNA: this antisense gene was inherited stably after two
generations. Molar masses (apparent values at a single low concentration) of
pectins from red tomatoes — which had either 20% (GR95 progeny) or 1%
{GR105 progeny) residual pelygalacturonase activity — were measured by
sedimentation equilibrium and compared with values for green and wild-type
red tomato pectins. Samples from green tomatoes of antisense and wild-type
plants had a similar apparent M, of 158 kDa. As ripening progressed, pectin
breakdown occurred, resulting in an increase in the amount but decrease in
the size of soluble polyuronide fragments. In normal fruit, M, had dropped to
80 kDa by 14 days, whereas it was 95 kDa for GR95 and as high as 135 kDa
for GRI1G3. These results demonstrate that while in vive solubilization of
pectin was not affected by substantially reduced polygalacturonase levels,
depolymerization of the pectin was largely prevented.

The engineering of polysaccharides is clearly an untapped gold mine ~ and
not just for the ultracentrifuge.



Analytical ultracentrifugation 345
References

AMERO, S.A., OGLE, R.C., KEATING, J.L., MONTOYA, V.L.. MURDGCH. W.L. AND
GRAINGER, R.M. (1988). The purification of ribosomal RNA gene chromatin
from Physarum polycephalum. Journal of Biological Chemistry 263, 10 725-
10 733,

ARAKAWA. T. AND HSU, Y.-R. (1987). Acid unfolding and self-association of
recombinant Escherichia coli derived human interferon v. Biochemistry 36,
5428-5432.

ARAKAWA. T. AND YPHANTIS. D.A. (1987). Molecular weight of recombinant human
tumor necrosis factor-oe. Journal of Biological Chemistry 262, 74847485

ARAKAWA, T., YPHANTIS, D A LARY, LW, NARHI, L.O. LU, H.S., PRESTRELSKI.
5.J.. Croaston, C.L., ZsEBO, K.M., MENDIAZ. E.A.. WYPYCH, |. AND
LanGLey, K.E. (1991). Glycosylated and unglycosvlated recombinant-derived
human stem cell factors are dimeric and have extensive reguiar sccondary
structure. Journal of Biological Chemistry 266, 18 942-18 948,

AUSIO, J. {1988). An unusual cystein-containing histone Hl-like protein and two
protamine-like proteins are the major nuciear proteins of the sperm of the bivalve
molluse Macoma nasuta. Journal of Biological Chemisiry 263, 10 141-10 150.

Ausic, J.. DONG, F. anD van HoLbz, K.D. (1989). Use of selectively trypsinized
nucleosome core particle to analyze the role of the histone ‘tails” in the
stabilization of the nucleosome. Journal of Molecular Biology 206, 451-463.

Ausi0. 1., Ziou, G. aND vaN HOLDE. K. (1987). A reexamination of the reported
B-Z DNA transition in nucleosomes reconstituted with poly(dG-m®dC)-paly(dG-
m*dC). Biochenmistry 26. 55955599,

Baxevanis, A.D., Goprrey, J.E. AND MOUDRIANAKIS, E.N. {1991). Associative
behaviour of the histone (H3-H4), tetramer: Dependence on ionic environment,
Biochemistry 30, 8817-8823.

BECERRA, S.P.. KUMAR. A.. LEWIS, M.S.. WIDEN, S.G.. ABBOTTS. J.. KARAWYA.
E.M., HUGHES. S.H.. SHILOACH. ]. AND WILSON. S.H. (1991). Protein—protein
interactions of HIV-1 reverse transcriptase: Implication of central and C-terminal
regions in subunit binding. Biochemistry 30, 11 707-11 719.

BelLKE. J.. Lutsci. G.. GAESTEL. M. anD Bierka. H. (1991). Supramaolecular
structure of the recombinant mwurine small heat shock protein hsp23. FEBS
Letters 288, 119-122,

BICKHARDT. S., EBERT, G.. NIsHI, N. AND HAGIWARA. K. (1991). Sedimentation
velocity analysis of the DNA-protamine interaction. Progress in Colloid and
Polviner Science 86. 36-40.

Biswop. P.D.. TELLER. D.C.. SMITH. R.A.. LASSER. G.W.. GILBERT, T. AND
SEARLE, R.L. (1990). Expression. purification. and characterization of human
factor XIIL in Saccharomyces cerevisiae. Biochemistry 29, 1861-1869.

Blazy. B.. TAKAHASHL. M. AND BAUDRAS. A. (1980). Molecilar Biology Reports 6.
39-43.

BLONDEL, A, AND BEDOUELLE. H. {(1990). Export and purification of a cytoplasmic
dimeric protein by fusion to the maltose-binding protein of Escherichia coli.
LEuropean Journal of Biochemisiry 193, 325-330).

BLOOMFIELD. V. AL (1981). Quasi-clastic light scattering applications in biochemistry
and biology. Annual Review of Biophysics and Bioenginecring 10, 421450,

BoGpanov. ALA L CricHkova, NV KOPYLOv, A M., MANKIN, A.S. AND SKRIP.
KIN. E.A. (1988). Surface topography of ribosomal RNA. In Methods in
Enzymology (H.F. Noller and K. Moldave, Eds). Vol. 164. pp. 440-456.
Academic Press, San Diego, CA.

BommEer, U-ALL Lutscii, G., BEHLKE. J., STAHNL. J.. NESYTOVA. N.. HENSKE. A.
AND BIELKA. H. (1988). Shape and location of eukaryotic initiation factor elF-2
on the 408 ribosomal subunit of rat liver: Immuno-electron-microscopic and
bydrodynamic investigations. European Journal of Biochemistry 172, 653-662.

BrasweLL. E.H.. Ziang, C.. Znu. D. anp COLE. R, (19923, Sedimentation



346 STEPHEN E. HARDING

equilibrium studies of several DNA nonamers. Biophysical Journal 61, A301.

BRENNER, S.L., ZLOTNICK, A. AND STAFFORD, W.F., HI (1990). RecA protein
self-assembly. [, Anatytical equilibrium ultracentrifugation studies of the
entropy-driven self-association of RecA. Journal of Molecular Biology 216,
040964,

Broitman, S.L., Im, D.D. anDp Fresco, J.R. (1987). Formation of the tripie-
stranded polynucleotide helix poly (AAU). Proceedings of the National Academy
of Sciences, USA 84, 51205124,

Burns, N.R., SamsiL, H.R., WHITE, N.S., ParRDON, 1.F., TimMmins, P.A., RICHARD-
soN, S.M.H., RicHARDS, B.M., Apams, S.E., KINGSMAN, S.M. AND KINGS-
MAN, A.J. (1992). Symmetry, flexibility and permeability in the structure of yeast
retrotransposon virus-like particles. EMBO Journal 11, 1155-1164,

Burzow, J1.J., OEHRL, L.L. AND EicHORN, G.L. {1991). Selectivity of Escherichia
coli RNA polymerase for template conformation. Biochemisiry 30, 6454-0464.

Byrown, O. (1992). Solution studies on the conformation and assembly of the
monoclonal antibody B72.3. PhD dissertation, University of Nottingham, UK.

CavLract, T.P., Cal, G.-Z., LEE. J.C., DaLy, T.J. aAND WU, C. (1990). Assembly of
Xenopus transcription factor 11 A-38 RNA complex. Biochemistry 29, 1653
4639.

CanTor, C.R. AND SCHIMMEL, P.R. (1980). Biophysical Chemistry. Part 11 Tech-
niques for the Study of Biological Structure and Function. W.H. Freeman, San
Francisco.

CHAXERIAN, A.E. AND MaTHEws, K.§. {1991). Characterization of mutations in
oligomerization domain of lac repressor protein. Journal of Biological Chemistry
266, 22 206-22 214.

CHAKERIAN, A E., TESMER, V.M., MANLY, §.P., BRackeTT, J.K., Luncu, M.J.,
Hott, J.T. AND MATTHEWS, K.S. (1991). Evidence of leucine zipper motif in
lactose repressor protein. Journal of Biological Chemistry 266, 1371-1374.

CHeN, C., RINGOUIST, S. aND HaNLON, S. (1987). Covalent attachment of an
atkylamine prevents the B to Z transition in poly (dG-dC). Biochemistry 26,
8213-8221.

Chuen, L.H., Kenvon, G.L., CurTiN, F., Haravama, S.. BEMBENEK, M.E.,
HaJrour, G. AND WHITEMAN, C.P. (1992). 4-Oxalocrotonate tautomerase, an
enzyme composed of 62 amino acid residues per monomer. Journal of Biological
Chemistry 267, 11 716-11 721,

COLOMBATTI, M., Jounson, V.., SKopIcKl, H. A, FENDLEY, B., LEwIs, M.S. AND
YOULE, R.J. (1987), Identification and characterization of the monoclonat
antibody recognizing a galactose-binding domain of the toxin ricin. Journal of
Immunology 138, 3339-3344.

COoMPER, W.D. AND PRESTON, B.N. {1992). The analytical ultracentrifuge as a tool
for diffusion measurements: Cross-diffusion effects in ternary polymer : polymer-
solvent systems. In Analytical Ultracentrifugation in Biochemistry and Polymer
Science (S.E. Harding, A.J. Rowe and J.C. Horton, Eds}, pp. 428-442. Royal
Society of Chemistry, Cambridge.

CREETH, J.M. anD HorTON, J.R. (1977). Macromolecular distribution near the limits
of density-gradient columns. Some applications to the separation and fractiona-
tion of glycoproteins. Biochemical Journal 161, 449,

CuiLLgEL, M., CorTOLEZZ1S, B., CHROBOCZEK, J., LANGOWSKI, J.. RUIGROK,
R.W.H. anD Jacror, B. (1989). Purification and characterization of wild-type
and 5112 mutant protein [IIa of human edenovirus 2 expressed in Escherichia
coli. Virology 175, 222-231.

Curth, U., BAYER, I., GREIPEL, J., MAYER, F., URBANKE, C. aAND Maass, G.
(1991}. Amino acid 55 plays a central role in tetramerization and function of
Escherichiu coli single-stranded DNA binding protein. Euwropean Journal of
Biochemnistry 196, 87-93.

Davis. J.M., Arakawa, R., STRICKLAND, T.W. anND Yeuantis, D A (1987).



Analytical ultracentrifugation 347

Characterization of recombinant human erythropoietin produced in Chinese
hamster ovary celis, Biochemistry 26, 2633-2638.

DIETRICH, 1.B., LORBER, B. anD KERN, D. (1991). Expression of mammalian
tyrosine aminotransferase in Saccharomyces cereivisiae and Escherichia coli,
European Journal of Biochemistry 201, 399407,

bobp, J. anp HILL, W.E. (1987). Physical characteristics of ribosomal protein 54
from Escherichia coli. Journal of Biological Chemistry 262, 2478-2484.

DonaG, F. anD van HoLpe, K.E. (1991). Nucleosome positioning is determined by
the (M3-H4), tetramer. Proceedings of the National Academy of Sciences, USA
88, 10 596-10 600.

DuranTe, M., CremoniNg, R., TAGLIASACHHI, A.M., Foring, L.M.C. AND
CiomNa. P.G. (1987). Characterization and chromosomal localization of fast
renaturing and satellite DNA sequences in Phaseolus coccineus. Protoplasma
137, 100-108.

EickBust, R.H., Goprrey, LE., Euia, M.C. AND Moubrianakis, E.N. (1988).
H2a-specific proteolysis as a unique probe in the analysis of the histone octamer.
Journal of Biolagical Chemistry 263. 18 972-18 978.

EISENSTEIN, E., MARKBY, D.W. AND SCHaCHMAN, H.K. (1989). Changes in stability
and allosteric properties of dispartate transcarbomoylase resulting from amino
acid substitutions in the zinc-binding domain of the regulatory chains. Proceed-
ings of the National Academy of Sciences, USA 86, 3(094-3(98.

EISENSTEIN, E., MARKBY, D.W. anND ScHACHMAN, H.K. (1990). Heterotropic
effectors promote a global conformational change in aspartate transcarbamoy-
lase. Biochemistry 29, 37244394,

FOUNTOULAKIS, M., ZULAUF, M., LUSTIG, A. AND GAROTTA, G. (1992). Stoichiom-
etry of interaction between interferon y and its receptor. European Journal of
Biochemisiry 208, 781-787.

FOURNIER, M., PLANTARD, C.. LABOUESSE, B. AND LABOUESSE, 1. (1987). Binding
stoichiometry of tRNA"™ and tryptophanyl-tRNA synthetase from bovine
pancreas under pH conditions of maximum activity: Analysis by ultracentrifuga-
tion, fluorescence quenching and chemical modification. Biochimica Biophysica
Acta 916, 350-357.

FREERKSEN, D.L., SHiH, P.C.-F., Vasta-RusstLL, J.F., HORLICK, R.A. AND YAU,
W.W. (1990). Single stranded RNA molecular weight and shape determination
by differential pressure capillary viscometry, sedimentation velocity and gel
electrophoresis. Analytical Biochemistry 189, 163—168.

FREIRE, J.J. AND GARCIA DE LA TORRE, J. (1992). Sedimentation cocfficients of
flexible chain polymers. In Analyrical Ultracentrifugation in Biochemisiry and
Polymer Science (8. E. Harding, A.J. Rowe and }.C. Horton, Eds), pp. 346-338.
Royal Society of Chemistry, Cambridge.

FURTH, A. AND MOORE, R. (1986). Self-Assemnbly of Macromolecules, pp. 50-99.
Open University Press, Milton Keynes.

GALE, .M. AND SMERDON, M.J. (1988). UV-induced pyrimidine dimers and trimeth-
ylsporalen cross-links do not alter chromatin folding in vitro. Biocheniistry 27,
7197-7205.

GARCIA-RAMIREZ, M., DONG, F. AND AUsIO, 1. {1992). Role of the histone ‘tails’ in
the folding of oligonucleosomes depleted of histone H1. Journal of Biological
Chemistry 267, 19 587-19 595.

Garcia DE LA TORRE, J. (1989). Hydrodynamic properties of macromolecular
assemblies. In Dynamic Propertics of Biomolecular Assemblies (S.E. Harding and
A.J. Rowe, Eds), pp. 3-31. Royal Society of Chemistry. Cambridge.

GeiGER, R., RUTER, T., ALVES. J.. FUESs, A., WOLFES. H.. PINGOUD, V..
URBANKE, C., MaAaSss, G.. PINGOUD. A., DUSTERHOFT, A. AND KROGER. M.
{1989). Genetic engincering of EcoRI mutants with ajtered amino acid residues in
the DNA binding site: Physiochemical investigations give evidence for an latered



348 STEPHEN E. HARDING

monomer/dimer equilibrium for the Gindd4Lysl4> and GlnlddLys145Lys200
mutants. Biochemnistry 28, 2667-2677.

GEISELMANN, J. anp von Hieper, P.H. (1992). Functional interactions of ligand
cofactors with Escherichia coli transcription factor tho I: Binding of ATP. Proswein
Science 2, 850-860).

GEISELMANN, J., YaGer, T.D. anDp von HirpEL, P.H. (1992). Functional interac-
tions of ligand cofactors with Escherichia coli transcription termination factor rho
II: Binding of RNA. Protein Science 1, 861-873.

GEISELMANN, I., YAGER, R.D., Gitr. 8.C., CALMETTES, P. AND vON Hirpee, P.H.
(1992). Physical properties of the Escherichiia coli transcription termination factor
rho I: Association states and geometry of the rho hexamer. Biochemisiry 31,
{11121,

GELL, V., YANG, M., Supa, K.. LUSTIG, A. AND SCHATZ. G. (1990}, The MAS-
encoded processing protease of yeast mitochondria: Overproduction and charae-
terization of its two nonidentical subunits, Journal of Biological Chemistry 265,
19 216-19 222

GEGRGALIS, Y., DUK, J., LABISCHINSKI, H, AND WiLLS, P.R. (1989). The tetrameric
form of ribosomal protein L7/Li2 from Escherichia coli. Journal of Biological
Chemistry 264, 9210-9214.

GILBERT, G.A. AND GILBERT, L. M. (1980}. Determination in the ultracentrifuge of
protein heterogeneity by computer modelling, illustrated by pyruvate dehydroge-
nase multi-enzyme complex. Journal of Molecular Biology 144, 405-408,

G, S.C., YAGER, T.D. anD von HippeL, P.H. (1991). Escherichia coli ¢7 and
NusA proteins, II. Physical properties and self-association states. Jowrnal of
Molecular Biology 220, 325-333.

GoDFRrEY, J.E., ElckBusH, T.H. aND MOUDRIANAKIS, E.N. (1980). Reversible
association of calf thymus histones to form the symmetrical octanes
(H2ZAH2BH3H4).: A case of a mixed-associating system. Biochemisiry 19,
1339-1346.

Hansen, J.C. AND WOLFFE, A P. {1992). Intluence of chromatin folding on transcrip-
tion initation and elongation by RNA polymerase IL. Biochemisiry 31, 7977~
7988.

HanseN, J.C., van HoLpe, K.E. anp Lour, D. (1991). The mechanism of
nuclecsome assenmbly onto oligomers of the sea urchin 55 DNA positioning
sequence. Journal of Biological Chentistry 266, 4276-4282.

Hansen, J.C., Austo, J., Stanik, V.H. axD vaN HOLDE, K.E. (1989). Homogene-
ous reconstituted oligonucicosomes: Evidence for salt-dependent foiding in the
absence of histone HI. Biochemistry 28, 9129-9136.

Harping, S.E. {1989). Modelling the gross conformation of assemblies using
hydrodynamics: The whole body approach. In Dynamic Properties of Biomolecu-
lar Assentblies (8.E. Harding and A.J. Rowe. Eds), pp. 32-56. Royal Society of
Chemistry, Cambridge.

HarpING, S.E. (1993a). Determination of macromolecular homogeneity, shape and
interactions using sedimentation velocity analytical ultracentrifugation. In Merh-
ods in Molecular Biology, Vol 22: Optical Specrroscopy and Muacroscopic
Technigues (C. Jones, B. Mulloy and A.H. Thomas. Eds). pp. 61-72. Humana
Press, Totowa, New Jersey, USA.

HARDING. S.E. (1993b). Determination of absolute molecular weights using sedimen-
tation equilibrium analvtical ultracentrifugation. In Methods in Molecular Biol-
ogy, Vol 22: Optical Spectroscopy and Macroscopic Technigues (C. Jones, B.
Mulloy and A H. Thomas, Eds). pp. 72-84. Humana Press, Totowa, New Jersey.
USA.

HARDING, 5.E. (in press). Sedimentation equilibrivm analysis of glycopolymers.
Colloid and Polvnier Science.

HARDING. S§.E. AND Tomss, M.P. (1989). Protein diffusion through interfuces. In
Interactions in Protein Systems (K.D. Schwenke and B. Raab, Eds). pp. 65-72.



Analviical ultracentrifugation 349

Abhandlungen der Akademie der Wissenschaften der DDR. Akademie-Verlag.
Berlin.

HARDING, S.E., HORTON, J.C. AND MORGAN, P.J. (1992). MSTARA: A FORTRAN
program for the model independent molecular weight analysis of macromoleculcs
using low speed or high speed sedimentation equilibrium. In Analvtical Ultracen-
trifugation in Biochemistry and Polymer Science (S.E. Harding., A.J. Rowe and
I.C. Horten. Eds). pp. 275-294. Royal Society of Chemistry. Cambridge,

HarpING, S.E.. ROWE. A.J. anp Horton. 1.C. (Eds) (1992). Analvtical Uleracen-
frifugation in Biochemistry and Polymer Science. Royal Society of Chemistry,
Cambridge.

HARDING. S E., VARUM, K-M.. STORKE, B.-T. ann SMIDsRoD. O. (1991). Molecu-
lar weight determination of polysaccharides. In Advances in Carbohvdrare
Analysis (C. White, Ed.). Vol. 1, pp. 63-144. JAJ Press. New York.

HEITLINGER, E.. PETER. M., HANER. M.. LUSTIG. A.. AEBL U. AND NIGG. E.A
(1991). Expression of chicken lamin B in Escherichia coii: Characterization of its
structure, assembly. and molecular interactions. Jowrnal of Cell Biology 113.
485493,

HErRANZ, L.. BORDAS, J., TOWNS-ANDREWS. E.. MENDEZ, E.. USOBIAGA, P. AND
Carrascosa. J.L. (1990). Conformationat changes in bacteriophage 29 con-
nector prevents DNA-binding activity, Journal ()f Molecular Biology 213. 263
273,

Hirar, MUK, NOMURA, N MITA. KL ICHIMURA. 5. TOKUNAGA. F. AND ISITKAWA,
Y. (1988). Interpasticle interactions and structural changes of nucleosome core
particles in low-salt solution. Biochemisery 27, 7924-7931.

Howarp, F.B.. Citen, C.. Ross, P.I}. AND MILEs. H.T. (1991). Hairpin formation in
the self-complementary dodecamer d-GGTACGCGTACC and its derivatives
containing GA and [A mispairs. Biochemistry 30, 779-782,

JAENICKE, R, MUIZNIEKS, 1., AstaniDis, C. AND SCHMITT. R. (1990}, Ultracentrifu-
gal analysis of the quaternary structure of the raf repressor from Esclierichia coli.
FEBS Letters 260, 233-233.

Jarvis. T.C.. PauL. L.S. anp vox HippgL, P.H. {1989). Structural and enzymatic
studies of the T4 DNA replication system. I Physical characterization of the
polymerase accessory protein complex. Journal of Biological Chemisiry 264.

12 709-12 716.

Jentorr. LE. AND BouINGER. L. (1987). Forms of a seif- associating autoantibody
complex between monoclonal human 1eG1 and heman serum albumin. Molecuiar
[mmr.'irolog_\ 24 163-109.

Jones, K.S.. CotpmMan. J. MERKEL. G.W., LAUE. T.M. AND SKALKA. A.M. (1992).
Retroviral integrase functions as a multimer and can turn over catalyticallv.
Jouwrnal of Bmiog:(a[ Chemistry 267, 16 037-16 04().

JUTGLER, L. BORRELL. J.I. AND AUSIO. 1. (1991). Primary. secondary and tertiary
structure of the core of a histone Hl-like protein from the sperm of Myrifus.
Journal of Biological Chenifstry 266, §184-8101.

Katner, H. (1948). Jowrnal of Ph).ma! and Colloid Chemisiry 52, 676,

KInG. D0 Byron, Q.D.. MounTain, A., WEIR. N.. HARVEY., A., LAWSON.
AD.G. PROUDFOOT. KLA. BALDOCK. D.. HARDING. §.E.. YARRANTON, G.T.
anD OwENS. R.I. (1993). Expression. purification and characterization of B72-3
Fv fragments. Biochenical Journal 290, 723-729.

Kircuporr, H. anp FLOSSDORF. 1. (1987). Determination of the guanine-plus-

cytosine content of Mollicutes by isopyenic gradient centrifugation. fnrernational
Journat of Svstematic Bacter 1010:3\ 37, 454455,

KiTacisil K., Osatra. H, anp Konpo, T. (1987). Effect of zine deficicney on 808
ribosome content of meristematic tissues of rice plant, Soil Science and Plant
Nutrition 33, 423-429.

Lavg, T.M. (1992). On-line data acquisition and analysis from the Rayleigh interfer-
ometer. In Analviical Ultracentrifugation in B!r)chc’mmr\ arnd Pr)h mer Science



350 STEPHEN E. HARDING

(S.E. Harding, A.J. Rowe and J.C. Horton, Eds). pp. 63-89. Roval Society of
Chemistry, Cambridge.

Lave, T.M., KLEVIT, R.E., STAROVASNIK, M.A. anD WEINTRAUB, H. (1992a). The
reversible micellization of myocyte differentiation factor (MyoD). Biophysical
Jouranal 61, A476.

Lauve, T.M., WaxManN, E.. KONIGSBERG, W.K., NEMERSON, Y. AND R0Oss, J.B. A.
(1992b). Testing a working model for human tissue factor (TF): Hydrodynamics
of TF : VIIa complex by centrifugation. Biophysical Journal 61, A65.

LEDERER, H.. May, R.P.. Kiems, J K., BAEr, G. aND HeuMmann, H. (1986).
Solution structure of a short DNA fragment studied by neutron scattering.
European Journal of Biochemistry 161, 191-196.

LEviN, W, DANIEL, R.F., STONER, C.R., STOLLER, T.J., WARDWELL-SWANSON,
JA L ANGELILLO, Y. M., FAMILLETI, P.C. anD CrOw, R.M. (1992). Purification
of recombinant human secretory phospholipase A, (Group ) produced in
long-term immobilized cell culture. Protein Expression and Purification 3, 27-35.

Lewis, M.S., KM, §.-J., KuMaR, A. AnD WILsoN, S.H. {1992). Thermodynamic
parameters of oligodeoxynucteotide binding to DNA-B-polymerase revealed by
equilibrium ultracentrifugation. Biophysical Journal 61, A489.

Lewis, P.J., RaisToN, G.B., CHRISTOPHERSON, R.I. AND WaKE, R.G. (1990).
Identification of the replication terminator protein binding sites in the terminus
region of the Bacillus subtilis chromosome and steichiometry of the binding.
Journal of Molecular Biology 214, 73-84.

LABERTINI, L.J. AND SMALL, E.W. (1987). Reversibility of the low-salt transition of
chromatin core particles. Nucleic Acids Research 15, 6655-00664.

Licon, I.M., BoLen, P.L., HiLL, D.S., BorHasT, R.J. AND KURTZMAN, C.P.
(1989). Physical and biological characterization of linear DNA plasmids of the
yeast Pichia inositovora. Plasmid 21, 185-194.

Lin, T.-H., Quinn, T., WarsH, M., GRANDGENETT, D, AND LEE, J.C. {1991). Avian
myeloblastosis reverse transcriptase: Effects of glycerol on its hydrodynamic
properties, Journal of Biological Chemistry 266, 1635-1640.

LoetscHER, H., GeEnTZ, R.. ZuLaur, M., Lusntia, A., TaBUCHI, H., SCHLAEGER,
E.-J., BROCKHAUS, M., GaLLATI, H., MANNBERG, M. AND LESSLAUER, W.
(1991). Recombinant 55-kDa tumor necrosis factor {TNF) receptor: Stoichiom-
etry of binding to TNFuo and TNFP and inhibition of TNG activity. Journal of
Biological Chemistry 266, 18 324-18 329,

Luo, C., TaisLENs, N.M., GacNon, 1., GaL, P., Sarvarl, M., TSENG, Y., Tosl,
M., ZavOoDsKy, P., ARLSUD, G.J. AND SCHUMAKER, V.N. (1992}, Recombinant
human complement subcomponent C2s lacking P-hydrodyasparagine, sialic acid,
and one of its two carbohydrate chains still reassembies with Cig and Clr to form
a functionat C1 complex. Biochemistry 31, 42544262

Manrstt, E.N. AND HARDING, S.E. (1993). Methylmalonyl-CoA mutase from Propi-
onibacterium shermanii: Characterization of the cobalamin-inhibited form and
subunit-cofactor interactions studied by analytical uitracentrifugation. Biochemi-
cal Journal 290, 551-555.

Marsi, EXN., HARDING, S.E. anD LEaDLEY, P.F. (1989}, Subunit interactions in
Propionibacterivm shermanii methylmalonyl-CoA mutase studied by analytical
ultracentrifugation. Biochemical Journal 260, 353-358.

MCINTYRE, M., ROSENBAUM, V., RarpOLD, W., DESSELBERGER, M., WooD, D.
AND DESSELBERGER, U. (1987). Biophysical characterization of rotavirus parti-
cles containing rearranged genomes. Journal of Genera! Virology 68, 2961-2966.

MESELSON, M. AND STAHL, F.W. (1958). Proceedings of the National Academy of
Sciences, USA 44, 671.

MEeSgELSON, M., STAHL, F.W. AND VINOGRAD, J. (1957). Proceedings of the National
Academy of Sciences, USA 43, 581,

Moens, C.P., BAXEvaNis, A.D., MOuUDRIANAKIS, E.N. AND SPIKER, S. (1992).



Analytical ultracentrifugation 351

Enhanced stability of histone octamers from plant nucleosomes: Role of H2ZA and
H2B histones. Biochemistry 31. 10 844-10 851.

MoLNa Garcia, A.D.. HARDING, S.E.. Di1az, F.G.. GARCIA DE LA TORRE. J..
Rowitcl. D. ano PErnam, R.N. (1992). Effect of coat protein mutations in
bacteriophage fd studied by sedimentation analysis. Biophysical Journal 63,
12931298,

MorGan, P.J. BYRON, O.D. AnD HARDING. S.E. (1992). The solution conformation
of novel antibody fragments studied using the Optima™ XI1.-A Analytical
Ultracentrifuge. Technical Information DS-834. Spinco Business Unit, Palo Alto,
CA.

MORGAN. P.J., HARDING, S.E.. PLYTE. S.E. anp KNEALE. G.G. {1989}, Sedimenta-
tion analysis of the PfI gene 5 protein. Biochemical Society Transactions 17,
234-235.

Morcan, W.T., MusTER. P.. TATUM, F.M.. McCoONNELL, J.. Conway, T.P.,
HENSLEYM. P. AND SMImi, AL (1988). Use of hemopexin domains and mono-
clonal antibodies to hemopexin to probe the molecular determinants of
hemopexin-mediated heme transport. Journa! of Biological Chemistry 163,
8§220-8225.

MULLER, M., AFPOLTER. M.. LEUPIN, W.. OTTING. G.. WUTHRICH, K. AND
GEHRING, W.J. (1988). Isolation and sequence-specific DNA binding of the
Antennapedia homecdomain. EMBO Journal 7, 42994304,

NAGaTA, K., lzuMi, T.. Kitacawa. T. anp TosHiba. N. {1987). Oligomeric
structure of recombinant human and murine immune interferons by means of
sedimentation equilibrium. Journal of Interferon Research 7, 313-320).

NEWELL. J.O. AND ScHachman, HLK. (1990). Amino acid substitutions which
stabilize aspartate transcarbamyolase in the R state disrupt both homotropic and
heterotropic effects. Biophysical Chemistry 37, 183-196,

Osirova, T.N.. KarRPOVA, W. V. aND VOROBEV, V.1. (1990). Chromatin higher-
order structure: Two-starch double superhelix formed by zig-zag shaped nucleo-
some chain with folded linker DNA. Journal of Biomolecular Structure and
Dynamics 8, 11-22.

O110. A, AND SECKLER, R. (1991}, Characterization. stability and refolding of
recombinant hirudin. European Journal of Biochemistry 202, 67-73.

OVERMAN, O.B.. BUIALOWSKL, W. AND LoHMAaN, T.M. {1988). Equilibrium binding
of Escherichia coli single-strand binding protein to single-stranded nucleic acids in
the (55B},s binding mode: Cation and anion effects and polynucleotide specifi-
city. Biochemistry 27, 456-471.

Ozawa. M., ENGEL, J. aND KeMIER. R. (19903}, Single amino acid substitutions in
one Ca binding site of uvomorulin abolish the adhesive function. Cefl 63.
1033-1038.

Pack, P. AND PLUCKTHUN, A, (1992). Miniantibodies; Use of amphipathic helices to
produce functional. flexibly linked dimeric F, fragments with high avidity in
Escherichia coli. Biocheruisiry 31, 1579-1584.

PARIS, W.. DAVIDSON, A, KEELER, C.L. R AND GoLD, M. {1988). The Nul subunit
of bacteriophage v terminase. Journal of Biological Chemisiry 263, 8413-8419,

Pennica. Do Konr, W, FenpLy, B.M., SHIRE, S.I.. Raap, H.E.. BORCHARDT.
P.E.. LEwIs, M. anD GOEDDEL, D.V. (1992). Characterization of a recombinant
extracellular domain of the type | tumor necrosis factor receptor: Evidence for
tumor necrosis factor-o induced receptor aggregation. Biochenuistry 31, {134~
1141.

PENNINGS, S.. MUYLDERMANS, S. anty Wyns. L. (1986). Limitations of the poly-
(glutamic acid) reconstitution method in the reassembly of mono- and dinucleo-
somes. Biochemistry 25, 5043-5051.

PERKINS, §.F. (1989). Hydrodynamic modelling of complement. In Dywamic Proper-
ties of Biomolecular Assemblies {S.E. Harding and A.J. Rowe, Eds). pp.
226-245. Royal Society of Chemistry, Cambridge.



352 STEPHEN E. HARDING

PETERSON, C.B. AND Schacuman, H.K. (1992). Long range effects of amino acid
substitutions in the catalytic chain of aspartate transcarbamyolase: Localized
replacements in the carboxyl-terminal a-helix cause marked alterations in allos-
teric properties and inter-subunit interactions. Jouwrnal of Biological Chemistry
267, 2443-2450.,

PETERSON, C.B., BURMAN, D.L. anD ScnachMan, H.K. (1992). Effects of replace-
ment of active site residue glutamine 231 on activity and allosteric properties of
aspartate transcarbamovylase. Biochemistry 31, 8508-8515.

PiNGOUD, A., WEHRMANN, M., PIEPER. U., GasT, F.-U., URBANKE, C., ALVES, J.,
FEUERSTEIN, J. aND WITTINGHOFER. A. (1988). Spectroscopic and hydrody-
namic studies reveal structural differences in normal and transforming H-ras gene
products. Biochemistry 27, 4735-4740.

PINKNEY, M. AND HoGGeTT, 1.G. (1988). Binding of the cyclic AMP receptor protein
of Escherichia coli to RNA polymerase. Biochemical Journal 250, 897-902.

PREVELIGE, P.E. J& aND Fasman, G.D. {1987). Structurat studies of acetytated and
control inner core histones. Biochemistry 26, 2944-2935.

PROUDFOOT, AE.L, Farran, D., Kawasiima, E.H., BERNARD, A. AND WING-
FIELD, P.T. {1990). Preparation and characterization of human interleukin-3
expressed in recombiant Escherichia coli. Biochemical Journal 270, 357-361.

Pusey, P.N. (1989). Dynamic light scattering by partially fluctuating media. In
Dynamic Properties of Biomolecular Assemblies (S.E. Harding and A.J, Rowe,
Eds). pp. 90-102. Royal Soctety of Chemistry, Cambridge.

RaLsToN, HEB. AnD Morris, M.B. (1992). The use of the omega function for
sedimentation equilibrium analysis. In Analytical Uliracentrifugaiion in Biochem-
istry and Polymer Science (S.E. Harding, A.J. Rowe and J.C. Horton, Eds), pp.
253-274. Royal Society of Chemistry, Cambridge,

RAMACHANDRAN, C. AND Naravan, R.K.J. (1990). Satellite DNA specific to knob
heterochromatin in Cucuniis netuliferus (Cucurbitaceae), Genetica 80, 129-138.

RANBY. B. (1987). Physical Chemisiry of Colloids and Mucromolecules. Blackweli
Scientific, Oxford.

RicHARD, AJ. (1987). A comparison by ultracentrifugation of the effects on DNA of
ethidium bromide and of acridine orange at low ionic strength. Biophvsical
Chemisiry 27, 191-195.

RICHET, E. anD Ra1sauD, O. (1987). Purification and properties of the MalT
protein, the transcription activator of the Escherichia coli maltose regulon.
Journal of Biological Chemistry 262, 12 64712 633,

Rivas, U.. RissE. B., JAENICKE, R., BROKER, M., KarRGEs, H.E., Keprer, H.A.
AND ZETTLMEISSL, G. (1990). Characterization of recombinant factor XIIIa
produced in Succharomyces cerevisiae. BiolTechrology 8, 543-346.

RixGouist, S., Stunn, R, AND HanpLon, S, (1989). Linking number anomalies in
DNA under conditions close to condensation. Biochentistry 28, 10761085,

Riou, I.-F., GasiLeor, M., PuiLiere, M., SCHREVEL, J. aND Riou, G. (1986).
Purification and characterization of Plasmodium berghei DNA topoisomerases 1
and [I: Drug action, inhibition of decatenation and relaxation, and stimulation of
DNA cleavage. Biochemistry 25, 14711479,

ROBERT, C.H. aND van HowpE, K.E. (1992). Prediction of sedimentation distribu-
tions for positioned nucleosomes on DNA templates at arbitrary saturation.
FASERB Journal 6, A6H.

Ross, P.D., HowarD, F.B. anp Lewss, M.S. (1991}, Thermodynamics of antiparal-
lel hairpin-double helix equilibria in DNA oligonucleotides from equilibrium
ultracentrifugation. Blochemistry 30, 6269-6273.

Rowr, AJ., WynnE Jones, S, THoMas, D.G. AN HARDING, S.E. {1989). Analysis
of solute concentration and concentration derivative distribution by means of
frameshift Fourier and other algorithms applied to Rayleigh interferometric and
Fresnel fringe patters. SPIE Vol. 1163, Fringe Pattern Analvsis. pp. 138-148.



a2

Analyiical ultracentrifugation 35

SPIE-International Society for Optical Engineering, Bellingham. Washington.
USA.

ROWE. A J., WYNNE JONES. 5., THOMAS. D.G. AND HArDING, S.E. (1992). Methods
for off-line analysis of sedimentation velocity and sedimentation equilibrium
pattern. In Analytical Ultracentrifugation in Biochemisiry and Polviner Science
(S.E. Harding, A.J. Rowe and J.C. MHorton, Eds). pp. 49-62. Roval Society of
Chemistry, Cambridge.

Sas. T.. PLEY. C. AND MANDEL, M. (1990). A hydrodynamic study with quasielastic
light scattering and sedimentation of bacterial elongation factor EF-Tu-
guanosine-5'-diphosphate complex under nonassociating conditions. Biopolymers
30. 299-3080.

SARFERT, E.. SEDOVA, V.. TRIEBEL. H.. Bar. H. anD ZimMEeRr, C. (1989). DNA
binding protein from Strepiomyees Iygroscopicus: Detection of binding by gel
retardation, sedimentation and effects on the transcriptional activity /n virro.
Biomedica Biochimica Acta 48, 633-643.

Scarla. PV SHIRE, S.J. aND SHAFER. R.H. (1992). Quadruplex structure of
d(G,T,G;) stabilized by K* or Na™ is an asymmetric hairpin dimer. Proceedings
of the National Acadeny of Sciences, USA 89, 10 33610 340

ScHACHMAN, HLKL (1992). Is there a future for the ultracentrifuge? In Analvrical
Ultracentrifugation in Biochemistry and Palymer Science (S.E. Harding, Al
Rowe and J.C. Horton, Eds). pp. 3-15. Royal Society of Chemistry. Cambridge.

SCHACHMAN, LK., Pauza. C.D.. NaVRE. M.. KARELA, M.J.. WU L. AND YANG.
Y.R. {1984). Location of amino acid alterations in mutants of aspartate transcar-
bamoylase. Structural aspects of interallelic complementation. Proceedings of the
National Academy of Sciences, USA 81, 115-119.

SCHAPER. A.. URBANKE. C., KOHRING. C.-W. AND Maass, G, (1991). Structure and
dynamics of the complex of single stranded DNA binding protein of Escherichia
coli with circular single stranded DNA deduced from boundary sedimentation.
Journal of Biomolecular Structure and Dynamics 3. 887-898.

SCHILDKRAUT. C.L.. MARMUR. J. AND DoOTY. P, (1962). Determination of the base
composition of deoxyribonucleic acid from its buoyant density in CsCL. Journal of
Molecular Biology 4, 430-433.

SCMiDT. B. AND Riesner, B. (1992). A fluorescence detection system for the
analytical ultracentrifuge and its application to proteins, nucleic acids, viroids and
viruses. In Analytical Ultracentrifugation in Biochemistry and Polvmer Science
(S.E. Harding. A.J. Rowe and J.C. Horton. Eds). pp. 176-207. Royal Society of
Chemistry, Cambridge.

SCHMIDT, B.. RapporD, W.. ROSENBAUM. V.. FISCHER, R, AND RIESNER, D). (19903,
A fluorescence detection system for the analytical ultracentrifuge and its applica-
tion to proteins, nucleic acids and viruses. Colloid and Polymer Science 268,
43-54.

SCHOENFELD. J.-}.. POESCHL. B.. FrEy. J.R.. LOETSCHER, H., HUNZIKER, W,
LUSTIG. A, AND ZuLaur, M. (1991}. Efficient purification of recombinant
human tumor necrosis factor-f} from Escherichia coli yields biologically active
protein with trimeric structare that binds to both tumor necrosis factor receptors.
Journal of Biological Chemistry 266, 3863-3869,

SCHULZE, E.. WESTPHAL, A.H.. Bounmans, H. anD DE KOK. A. (1991). Site-directed
mutagenesis of the dihydrelipoyi transacetylase component (E2p) of the pyruvate
dehydrogenase complex from Azotobacier vinelandii: Binding of the peripheral
components Elp and E3. Euwropean Journal of Biochemistry 202, 841-848,

SCHULZE, E. WgasTPHAL, A H. VEEGER. C. AND DE KOK, A. (1992). Reconstitution
of pyruvate dehydrogenase multienzyme complexes based on chimeric core
structures of Azofobacter vinelandii and Escherichia coli. European Journal of
Biochemistry 206, 427-435,

SHIRE. S.J., PENNICA. D. AND GOEDDEL, D.V. (1992). TNF-« induced receptor



354 STEPHEN E. HARDING

aggregation as assessed by analytical ultracentrifugation. Biophysical Journal 61,
AD3,

SHirg, 8.1, McKay, P., LEUNG, D.W., Caciiangs, G.I., Jackson, E. AND WOOD,
W.I {1990}, Preparation and properties of recombinant DNA derived tobacco
mosaic virus coat protein. Biochemistry 29, 5119-5126.

SILVERSTRINI, M.C., CUuTRUZZOLA, F., D’ALESSANDRO, R., BRUNORI, M., FOCHE-
SATO, No aND ZENNARO, E. (1992). Expression of Psendomonas putida nitvite
reductase and characterization of the recombinant protein. Biochemical Journal
285, 661-666.

Stopowskl, O., BoiM, I., SCHONE. B. anND OTTO, B. (1991}, carboxy-terminal
truncated rhulFN-y with a substitution of Gini33 or Serl32 te leucine leads to
higher biclogical activity than in the wild type. Ewropean Journal of Biochemistry
202, 1133-1140.

SMIDsrED, O. AND ANDRESEN, L-L. {(1979). Biopolymerkjemi. Tapir Press, Trond-
heim.

SmiTH, C.J., WaTtson, C.F., Morris, P.C., Bikp, C.R., SEYMour, G.B., GRAY,
LE.. ARNOLD, C., TUCKER, G.A.. SCHUCH, W., HARDING, 5. AND GRIERSON,
D. (1990). Inheritance and effect on ripening of antisense polygalacturonase in
transgenic tomatoes. Planr Molecular Biology 14, 369-379.

SMITH, R.M. anp RiLL, R.L. (1989). Mobile histone tails in nucleosomes: Assign-
ments of mobile segments and investigations of their role in chromatin folding.
Jowrnal of Bivlogical Chemistry 264, 10 574-10 581.

SPECKS, U., MAYER, U., NisCHT, R., SPIsSINGER, R., MannN, K., Timre, R., ENGEL,
I, anp CHU, M.-L. {19%2). Structure of recombinant N-terminal globule of type
VI collagen o3 chain and its binding to heparin and hyaluronan. EMBO Journal
1., 4281-4290.

SREEKRISHNA, K., NELLES, L., POTENZ, R., CRUZE, 1., MAZZAFERRO, P., FISH, W.,
Fuxe, M., HoipEN, K., PHELFS, D., WooD, P. AND PARKER, K. (1989).
High-level expression, purification, and characterization of recombinant human
tumor necrosis factor synthesized in the methylotrophic yeast Pichia pastoria.
Biochemisiry 28, 4117-4123.

STArrorDR, W.F. 11 (1992). Methods for obtaining sedimentation coetficient distribu-
teons. In Analytical Ultracentrifugation in Biochemistry and Polymer Science (S.E.
Harding, A.I. Rowe and J.C. Horton, Eds}. pp. 339-393. Royal Society of
Chemistry, Cambridge.

STAROVASNER, M, A., Brackwerr, T.K., Lavug, T.M., WEINTRAUB, H. AND
KLeEviT, R.E. (1992). Folding topology of the disulfide-bonded dimeric DNA-
binding domain of the myogenic determination factor MyoD. Biochemistry 31,
9891-9903.

STEGER, G.. BRUGGERMANN, W., CoLpaN, M., KLoTz, G.. SANGER, H.-L. axD
Rigsner, D. (1986). Structure of viroid replicative intermediates: Physicochemi-
cal studies on SP6 transcripts of cloned oligomeric potato spindle tuber viroid.
Nucleie Acids Research 14, 9613-9630.

SuzUkI, M. (1990). The heptad repeat in the largest subunit of RNA polymerase 11
binds by intercalating into DNA. Nature 344, 562-563.

TanroRD, C. (1961). Physical Chemistry of Macromolecules. John Wiley, New York.

TANG, L.H. AND ADaMS, ET. IR (1973), Archives of Biochemistry and Biophysics
157, 520.

THANARAT, T.A. AND PanDIT, M.W. (1987). Buoyant density and molecular weight
calcutations on an Apple I1 microcomputer from equilibrium banding experi-
ments on analytical ultracentrifuge. Computer Methods and Programs in Bio-
medicine 24, 189-193.

THOMAS, J.C.. NESSLER, €. AND KATTERMAN, F. (1989). Interruption of somatic
embryogenesis in Dawcus carora L. by 5-bromodeoxyuridine. Plant Physiclogy
90, 921-927,

TomBs, M.P. aND HARDING, S.E. (1988). Protein transport processes in the water—



Analytical ultracentrifugation 355

water interface in incompatible two-phase systems. [n Advances in Separations
Using Aqueous Phase Systems in Cell Biology and Blotechnology (D. Fisher and
I. Satherland, Eds). pp. 229-232. Plenum Press. New York,

TRIEBEL, H. AND WALSMANN, P. (1966}. Die Bestimmung des Molekulargewichtes
von Hirudin in der Ultrazentrifuge. Binchinica Biophysica Acta 120, 137-14().

TriepeL. H.. von Mickwitz, C.-U.. BAR, H. AND BURCKHARDT, G. (19¥8),
Mg**-induced transition to strongly cooperative binding of histone 1 to linear
DNA. International Tournal of Biological Macromolecules 10, 322-328,

TrROHALAKL, S.. Frisc. H.L. anp LERMAN. L.S. (1991). The effects of lithium,
rubidium. cesium and magnesium ions on the close packing of persistence-length
DNA fragments. Biophysical Chemistry 40, 197-205.

VAN HOLDE, K.E. (1983). Physical Biochemistry. 2nd edn. Prentice-Hall. Englewood
Cliffs. NI

vaN HoLbe, K.E. (1989). Chromatin. Springer, New York.,

WaLLIs, R.. REH.LY. A.. ROWE. A.. MOORE. G.R.. JaMES., R. AND KLEANTHOUS.
C. (1992). in vive and in virre characterization of overproduced colicin EY
immunity protein. European Journal of Biochemistry 207, 687-093.

WANG, A AL SULLIVAN, LK. AND LEBOWITZ. 1. {1989). Immunoassays for carbodi-
imide modified DNA-detection of unpaired transitions in super coiled ColElL
DNA. Nucleic Acids Research 17, 9957-9977.

Waxman, E.. Ross, LB A, Lauie, T.M.. GUuHA, A.. THIRUVIKRAMAN, S.V., LN,
T.C.. KONIGSBERG, W.H. AND NEMERSON. Y. {1992). Tissue factor and its
extracellular soluble domain: The relationship between intermolecular associa-
tion with factor VIla and enzymatic activity of the complex. Biochemisiry 31,
3998-4003.

WEINBLUM, D., GEISERT. M, AND OSTWALD. E. {1990}, Numerical analysis of density
gradient centrifugation profiles from eukaryotic DNA. Colloid and Polvier
Science 268, 55-39.

WEISENBERG, R.C., Borisy. G.G. axDp TavLor, E.W. {1968). The colchicine-
binding protein of mammalian brain and its relation to microtubules. Biochemis-
iry 7, 4466.

WELLER., }.W. aND HILL, W.E. (1992). Probing dynamic changes in tRNA conforma-
tion in the 308 subunit of the Escherichia coli ribosome. Biochemisiry 31,
2748-2757.

WENTE, S.R. AND ScHacnMan, H.K. (1991). Different amino acid substitutions at
the same position in the nucleotide-binding of aspartate transcarbamoylase have
diverse effects on the allosteric properties of the enzyvme. Journal of Biological
Chemistry 266, 20 833-20 839.

WERNER, W.E. aAND ScHacHMan, H K. (1989}, Analysis of the ligand-promoted
global conformational change in aspartate transcarbamoylase: Evidence for a
two-state transition from boundary spreading sedimentation velocity experi-
ments. Journal of Molecular Biology 206, 221-231).

WERNER, W.E.. Cann. JLR. aND ScHACHMAN, H. K. (1989). Boundary spreading in
sedimentation velocity experiments on partially liganded aspartate transcar-
bamoylase: A ligand-mediated isomerization, Jowrnal of Moleeular Biology 206,
231237,

WESTKAEMPER, R.B. AND RicHARD, A J. (1987). Effects of diadenosine 37, 5"-P1 . P4-
tetraphosphate and adenosine 5'-triphosphate on the higher order structure of
calf thymus DNA. Biochemistry und Biophysics Research Communications 143,
617-623.

WHITE, G.A.. WoOoD. T. anNp HiLL, W.E. (1988). Probing the a-sarcin region of
Escherichia coli 23S rRNA with a ¢cDNA oligomer. Nucleic Acids Research 16,
10 817-10 831.

WILHELM, P.. FRIGUET, B., Diavap-Onanmiance, L., Pz, 1. AND GOLDBERG.
M.E. (1987). Epitope localization in antigen—-monoclonal antibody complexes by
small angle X-ray scattering: An approach to domain organization in the §,



356 STEPHEN E. HARDING

subunit of Escherichia ¢fi tryptophan synthase. European Journal of Biochemistry
164, 103-109.

WINGFIELD, P.. PAYTON, M., TAVERNIER, J., BARNES, J., Snaw. A.. RosE, K.,
Sivona, M.G., DEMCzuUK, S., WILLIAMSON, K. AND DAYER, J.-M. {1986).
Purification and characterization of human interfeukin-1} expressed in recom-
binant Escherichia coli. European Journal of Biochemistry 160, 491-497,

WINGFIELD, P., PAYTON, M., GRABER, P., Rose, K.. DavEeR, J.-M., Sliaw, A.R.
AND  SCHMESSNER, J. (1987). Purification and characterization of human
interfeukin-loe produced in Escherichia coli. European Journal of Biochemistry
165, 537-541.

WINGFIELD, P., GRABER, P., MOONEN, P., CRAIG, S. AND PamN, R.H. {1988). The
conformation and stability of recombinant-derived granulocyte-macrophage
colony stimulating factors. European Journal of Biochenusiry 173, 65-72.

WINGFIELD, P.T,, StanL, 8.J., Payron, M.A., VENKATESAN, S., MIsra, M. anD
STEVEN. A.C. (1991). HIV-1 Rev expressed in recombinant Escherichia coli:
Purification, polymerization and conformational properties. Biocleniisiry 30,
7527-7534.

YAGER, T.D., MCMURRAY. C.T. anD van Horpe, K. E. {1989). Salt-induced release
of DNA from nucleosome core particles, Biochemistry 28, 2271-2281.

Yruantis, DAL (1964). Equilibrium ultracentrifugation of dilute solutions. Biochem-
istry 3, 297-317.

YPHANTIS, DA, (1987). Sedimentation equilibrium measurements of recombinant
DNA derived human interferon v. Biochemisiry 26, 5422-5427.

Zapara, G., Vann, W.F.. AARONSON, W., LEWIS, M.§. AND Moos, M. (1989).
Sequence of the cloned Escherichia coli K1 CMP-N-acetylneuraminic acid
synthetase gene. Journal of Biological Chemisiry 264, 14 76914 774.





